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Il. Abstract

Experimental autoimmune encephalomyelitis (EAE) is a widely exploited animal model
of multiple sclerosis (MS) and is a valuable tool in understanding the cellular and
molecular basis of autoimmunity and inflammation in the central nervous system
(CNS). Like MS, the primary pathogenic event in EAE is the infiltration of
encephalitogenic CD4" T cells into the brain and spinal cord, particularly autoantigen-
specific, IL-17-producing Th17 cells, and IFN-y-producing Th1 cells. Once these cells
enter the CNS, they mediate damage to axons through targeted destruction of the
myelin sheath, and thus contribute to neuronal dysfunction. Recently is has come to
light that cells of the innate immune system, such as natural killer (NK) cells, and
macrophages, may also play a critical role in the induction of EAE through modulation

of the encephalitogenicity of CD4" T cells.

It was demonstrated that IFN-y-producing NK cells infiltrated the CNS before the onset
of EAE, and significantly, before the entry of Thl and Th17 cells. The infiltration of
IFN-y-producing NK cells was associated with an increase in production of the M1-
related cytokine, TNF-a, by microglia. /n vitro studies revealed that NK cells were
potent activators of microglia, and could simultaneously enhance microglial mRNA
expression of the M1 markers iNOS, TNF-a. and MHC Il, and reduce the expression of

the M2 markers MRC1 and ARG1.

While depletion of NK cells continuously throughout, or at the effector stage of EAE
had no effect on clinical scores, depletion of NK cells at the induction of disease
significantly diminished the severity of EAE. This attenuation was associated with a
significant reduction in the infiltration of Th1 and Th17 cells into the brain. In contrast,
depletion of NK cells at the induction of EAE had no effect on the progression of
disease in IFN-y‘/' mice, confirming that the observed effects of NK cells early in EAE

are mediated by IFN-y.

Very late antigen-4 (VLA-4) is a critical mediator of the encephalitogenicity of CD4™ T
cells in EAE and is required for the infiltration of these cells into the CNS. Blockade of
VLA-4 using a monoclonal antibody against the a4 subunit, CD49d, was effective in
reducing clinical scores in EAE when administered at the effector phase of active



disease and completely preventing the development of EAE when administered at the
time of adoptive transfer of MOG-specific cells. Co-incubation experiments revealed
that NK cells, through polarisation of macrophages to the M1 phenotype, could
enhance VLA-4 expression on CD4" T cells, thus providing a mechanism for the

observed pathogenicity of IFN-y-producing NK cells early in EAE.

IL-4 is the signature cytokine of Th2 cells and is required for M2 polarisation of
macrophages, which are instrumental in the resolution of inflammation. This study
identified a suppressive role for IL-4 in EAE. Culturing MOG-specific cells with
exogenous IL-4 enhanced the mRNA expression of the M2 markers MRC1 and ARG1,
and reduced expression of the M1 marker iNOS. IL-4 also reduced expression of VLA-4
by CD4" T cells in the culture. In vivo, MOG-specific cells re-stimulated with MOG, IL-1f
and IL-23 with exogenous IL-4 failed to transfer EAE, and recipient mice displayed
diminished expression of MHC Il by microglia. This was associated with a reduced
infiltration of Th1l and Th17 cells into the brain. Further in vitro assays revealed that IL-
4 could reduce VLA-4 expression by CD4" T cells in two ways; directly, or through
induction of M2 macrophages, which suppressed the expression of this integrin by

CD4" T cells in culture.

Collectively, the results from this thesis establish a crucial role for cells of the innate
immune system in the induction of EAE. NK cells, by virtue of innate IFN-y production,
can polarise microglia to the M1 phenotype and contribute to neuroinflammation. In
the periphery, IFN-y-producing NK cells can induce the M1 state in macrophages,
which in turn enhance VLA-4 expression by CD4" T cells. In contrast, the induction of
the M2 state in macrophages by IL-4 can reduce expression of this integrin and thus

prevent disease.



lll. Lay Abstract

EAE is an animal model for MS, and has been widely used to gain an understanding of
the biological events which are responsible for the illness. A commonality between
EAE and MS is the infiltration of CD4" T cells into the brain and spinal cord. These cells,
which can produce inflammatory proteins, called cytokines, like IFN-y (Th1 cells) or IL-
17 (Th17 cells) target and destroy myelin, a fatty substance which surrounds neurons
and is crucial for their function. Destruction of myelin can lead to neuronal death

which correlates with the motor, sensory and autonomic deficits in MS.

CD4" T cells constitute part of the adaptive immune system, which is so-called due to
its ability to recognise and remember specific antigens or foreign substances and
mount a tailored response against the offending agent. MS and EAE are autoimmune
diseases, in which the adaptive immune system erroneously targets self-antigens and
causes damage to the host. In MS and EAE, the self-antigens in question are
components of the myelin sheath, for example myelin oligodendrocyte glycoprotein
(MOG) .For many years, the autoantigen-specific, adaptive, CD4" T cells have been
considered the primary disease-causing cells. However, more recent evidence suggests
that cells of the innate immune system, which is the first line of defence against
foreign agents, may also have an important role to play. Of particular interest are two
cell types, called NK cells and macrophages. This study has highlighted a role for these

cells in modulating the disease-causing ability, or encephalitogenicity, of CD4" T cells.

Flow cytometric analysis of the brains of mice with EAE revealed that IFN-y-producing
NK cells infiltrated the CNS before the onset of EAE, and significantly, before the entry
of Thl and Th17 cells. The infiltration of IFN-y-producing NK cells was associated with
an increase in production of an inflammatory cytokine, TNF-a, by microglia, the
resident immune cells of the CNS. Microglia and macrophages, while distinct in their
origin, share an important characteristic, namely the capacity to adopt distinct
“activation states” in response to their environment. Exposure to IFN-y or the bacterial
component LPS induces the classical or M1 activation state, which is associated with
the production of pro-inflammatory cytokines and nitric oxide, which are required for

pathogen destruction. Conversely, the M2 or alternative activation state is induced by



exposure to the anti-inflammatory cytokine IL-4, and is associated with resolution of
inflammation and wound healing. As TNF-a is the signature cytokine of the M1
activation state, the correlation between IFN-y-producing NK cell infiltration and TNF-a
production by microglia suggested that NK cells may play a role in microglial
activation. In vitro studies revealed that NK cells were potent activators of microglia,
and could simultaneously enhance microglial mRNA expression of the M1 markers
iNOS, TNF-a. and MHC Il, and reduce the expression of the M2 markers MRC1 and
ARGL.

To further investigate the role of NK cells in the pathogenesis of EAE, these cells were
depleted from mice with EAE using an antibody against asialo GM1, which induces NK
cell death in vivo. While depletion of NK cells continuously throughout, or at the
effector stage of EAE had no effect on clinical scores, depletion of NK cells at the
induction of disease significantly diminished the severity of EAE. This attenuation was
associated with a significant reduction in the infiltration of Thl and Th17 cells into the
brain. In contrast, depletion of NK cells at the induction of EAE had no effect on the
progression of disease in genetically modified mice deficient in IFN-y, confirming that

the observed effects of NK cells early in EAE are mediated by IFN-y.

The integrin very late antigen-4 (VLA-4) is a critical mediator of the encephalitogenicity
of CD4" T cells in EAE and is required for the infiltration of these cells into the CNS.
Blockade of VLA-4 using a monoclonal antibody against the a4 subunit, CD49d, was
effective in reducing clinical scores in EAE when administered at the effector phase of
active disease and completely preventing the development of EAE when administered
at the time of adoptive transfer of MOG-specific cells. Co-incubation experiments
revealed that NK cells, through polarisation of macrophages to the M1 phenotype,
could enhance VLA-4 expression on CD4" T cells, thus providing a mechanism for the

observed pathogenicity of IFN-y-producing NK cells early in EAE.

IL-4 is required for M2 polarisation of macrophages, which are instrumental in the
resolution of inflammation. This study identified a suppressive role for IL-4 in EAE.
Culturing MOG-specific cells with exogenous IL-4 enhanced the mRNA expression of

the M2 markers MRC1 and ARG1, and reduced expression of the M1 marker iNOS. IL-4

Vi



also reduced expression of VLA-4 by CD4" T cells in the culture. In vivo, MOG-specific
cells re-stimulated with MOG and exogenous IL-4 failed to transfer EAE, and recipient
mice displayed diminished expression of the M1 marker MHC Il by microglia. This was
associated with a reduced infiltration of Th1l and Th17 cells into the brain. Further in
vitro assays revealed that IL-4 could reduce VLA-4 expression by CD4" T cells in two
ways; directly, or through induction of M2 macrophages, which suppressed the

expression of this integrin by CD4" T cells in culture.

Collectively, the results from this thesis establish a crucial role for cells of the innate
immune system in the induction of EAE. NK cells, by virtue of innate IFN-y production,
can polarise microglia to the M1 phenotype and contribute to neuroinflammation. In
the periphery, IFN-y-producing NK cells can induce the M1 state in macrophages,
which in turn enhance VLA-4 expression by CD4" T cells. In contrast, the induction of
the M2 state in macrophages by IL-4 can reduce expression of this integrin and thus

prevent disease.
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VI. Aims and Hypothesis

Aims |

1) To investigate the effect of IFN-y and IL-4 on mRNA expression of M1 and M2

markers in macrophages, microglia and astrocytes.
2) To elucidate the metabolic profiles of IFN-y and IL-4-polarised cells.
Hypothesis |

1) The mRNA expression of M1 and M2 markers in response to treatment with IFN-y

and IL-4 respectively will be similar in macrophages, microglia and astrocytes.

2) The similarities in mRNA expression profiles will be mirrored in the metabolic

phenotypes in these cell types.
Aims |l

1) To investigate the kinetics of NK cell infiltration into the CNS of mice with EAE.
2) To examine IFN-y production by NK cells in the CNS of mice with in EAE.

3) To determine the effect of NK cell depletion at different time points on the severity
of EAE.

Hypothesis Il

1) The temporal profile of NK cell infiltration into the CNS will mirror that of CD4" T

cells, and will be present in highest numbers in the peak of EAE.

2) IFN-y production by NK cells in the CNS of mice with in EAE will be high at the peak

of disease.
3) NK cell depletion at all timepoints in EAE will result in reduction in disease severity.
Aims Il

1) To establish whether the pattern of CNS NK cell infiltration and IFN-y production

correlated with an upregulation in the M1 state in microglia.

xi



2) To investigate the effect of NK cell co-incubation with glia and macrophages on cell

phenotype.

3) To examine the effect of NK cell co-incubation with macrophages on cell phenotype

and consequently VLA-4 expression on CD4" T cells.

4) To determine the effect of VLA-4 blockade at the induction and effector phases of

EAE.
Hypothesis IlI

1) NK cell infiltration and IFN-y in the CNS will positively correlate with an increase in

the expression of M1 markers in microglia.

2) Incubation of glia and macrophages with NK cells will result in polarisation of the

former to the M1 phenotype.

3) Incubation of glia and macrophages with NK cells will result in polarisation of the
former to the M1 phenotype and will therefore elicit an increase in VLA-4 expression

by CD4" T cells.
4) VLA-4 blockade will diminish EAE severity.
Aims IV

1) To assess the effect of IL-4 addition on the M1/M2 polarisation status of a MOG-

specific culture.

2) To examine the effect of IL-4 addition to a culture of MOG-specific cells on
encephalitogenic function of CD4" T cells through assessment of VLA-4 expression and

cytokine production.

3) To assess the effect of IL-4 addition to a culture of MOG-specific cells on their ability

to induce EAE in recipient mice.

4) To investigate microglial activation/infiltration of CD4" T cells in the brains of

recipient mice that received MOG-specific cells treated with IL-4.

xii



5) To elucidate the direct effect of IL-4 on VLA-4 expression on CD4" T cells, as well as

indirectly through induction of M2-polarised innate cells.
Hypothesis IV
1) IL-4 addition will induce the M2 state in a MOG-specific culture.

2) IL-4 addition to a culture of MOG-specific cells will reduce expression of VLA-4 and

pathogenic cytokine production.

3) IL-4 addition to a culture of MOG-specific cells will reduce their ability to induce EAE

in recipient mice.

4) Microglial activation/infiltration of CD4" T cells in the brains of recipient mice that

received MOG-specific cells treated with IL-4 will be reduced.

5) Direct application of IL-4 to CD4" T cells will reduce VLA-4 expression, as will

incubation with M2-polarised innate cells.
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VIl. Value of Research

Despite the fact that MS was first characterised in 1868, and that its animal model EAE
was developed in the early 1930s, the etiology of MS remains unclear. While
compounds that prevent T cell egress from the lymph nodes (Fingolimd) or infiltration
into the CNS (Natalizumab) have been successful in reducing MS symptoms in a subset
of patients, neither have been capable of curing the disease, nor even halting its
progession in a large number of cases. This highlights a need to understand the early
events underlying MS pathogenesis, and identify the cellular interactions responsible
for the observed encephalitogenicity of CD4" T cells. Here a role for innate cells in the
initiation of EAE has been presented. Prior to the appearance of CD4" T cells in the
CNS, NK cells infiltrate and produce IFN-y, thus contributing to neuroinflammation
through induction of the inflammatory M1 state in glia. In the periphery, these IFN-y
producing cells also elicit an enhancement in the M1 state in macrophages, which can
enhance CD4" T cell encephalitogenicity through induction of VLA-4 expression by
these cells. In contrast, EAE can be prevented through polarisation of innate cells to
the M2 phenotype (using IL-4), which reverses the VLA-4 induction observed with

exposure to IFN-y from NK cells.

Taken together, these data uncover a novel role for innate immune cells in the
initiation of EAE. It is yet to be elucidated whether or not these early events also occur
in MS. If so, the work in this thesis further highlight the need for the development of
prophylactic therapies which will target the early M1 polarisation of innate immune
cells, and thus prevent the enhancement of VLA-4 expression of CD4" T cells prior to

their migration to the CNS, which ultimately results in irreversible neurodegeneration.
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Chapter 1: Introduction






1.1 Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic, debilitating inflammatory disorder of the central
nervous system (CNS) which was first described by Jean-Martin Charcot in 1868
(Murray, 2009). MS is a demyelinating disease, which is thought to be caused by
infiltration of CD4" T cells into the CNS which mediate damage to the myelin sheath
(Lassmann et al., 2001). It affects an estimated 2 million people worldwide and most
commonly occurs in persons aged 20 to 50 years (Milo and Kahana, 2010). The CNS
location of the demyelinating “lesions” determines the presentation of symptoms,
which range from sensory (chronic pain) to motor (spasticity, rigidity and ambulatory
deficits) to autonomic (micturition deficits, sexual dysfunction) to emotional
(depression, fatigue) (Thompson et al., 2010). MS disease course varies from patient to
patient. Figure 1.1 outlines the four main types of MS, and their progression in

descending order of incidence.
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Figure 1.1 Types of multiple sclerosis (Lublin and Reingold, 1996)

Relapsing-remitting MS (RRMS) accounts for 85% of cases, and is characterised by episodic
relapses that are punctuated by periods of remission, which may be partial or complete. After
a number of years, a proportion of these patients may enter a phase of progressively
worsening MS, with or without attacks. This type of MS has been called secondary-progressive
MS (SPMS). Approximately 15% of patients experience primary progressive MS (PPMS) which
is associated with a slow, gradual worsening of symptoms over time. A small number of these
patients may relapse, and this type of MS is termed progressive-relapsing MS (PRMS). PRMS is
the least common form of the disease. (Murray, 2006).



Demyelination and inflammatory events that occur in the immediate vicinity of
demyelinating lesions are thought to account for periods of relapse, and conversely,
resolution of inflammation and limited remyelination by oligodendrocyte precursor
cells are thought to be responsible for the intermittent periods of remission. The
irreversibility of disability in patients with progressive disease has been found to
correlate with axonal loss, which can be substantial over a lifetime with MS (Bjartmar

et al., 2003).

1.1.1 MS therapies

MS is presently an incurable disease; however a number of therapies have been
developed with the aim of managing symptoms, with varying degrees of success.
Interferon beta (IFN-B), which received FDA approval in 1993 (Paty and Li, 1993) is
thought to lessen the severity of disease by exerting anti-inflammatory effects on the
damaged CNS and also by reducing blood-brain barrier (BBB) permeability (Comabella
et al.,, 2009). Glatiramer acetate (GA) received FDA approval 3 years later in 1996
(Comi et al., 2001). GA is thought to act by binding to MHC molecules, thereby
preventing the T cell response to several myelin antigens (Schrempf and Ziemssen,

2007).

Two more recent therapies act by preventing the infiltration of encephalitogenic cells
into the CNS. Natalizumab (Tysabri®) is a monoclonal antibody against the a4 subunit
of very late antigen 4 (VLA-4 - a dimer of a4 and 1 integrins), which is expressed on
almost all activated leukocytes and facilitates travel across the blood-brain barrier.
Natalizumab received FDA approval in 2004, but was later withdrawn from the market
when it was linked with a small number of cases of a rare, fatal neurological disorder
called progressive multifocal leukoencephalopathy (PML). Despite the high risk (1:100)
of developing the condition after 2 years of use, the benefits are regarded to outweigh

the risk and so natalizumab re-entered the market in 2009 (Clifford et al., 2010).

Fingolimod (FTY720, Gilenya), which received FDA approval in 2010 is the first oral
drug for MS (all aforementioned therapies are administered through subcutaneous or

intramuscular injection). Fingolimod is a functional antagonist of the sphingosine-1



phosphate receptor 1 (S1PR1), inhibits S1IP1-mediated egress of lymphocytes from the
secondary lymphoid organs, and thus prevents their trafficking into the CNS. The route
of administration and (on average) 50% reduction in relapse frequency have made

fingolimod a promising therapy for MS (Kappos et al., 2010).

As RRMS is the most common form of MS, these disease modifying drugs are only
effective in ameliorating this type of disease, and unfortunately there are very few
treatments for the progressive forms of MS. One is mitoxantrone, which received FDA
approval as a therapy for SPMS in 2000. It was originally developed as an anti-cancer
drug, used in the treatment of acute myeloid leukaemia and symptomatic hormone-
refractory prostate cancer. Its efficacy in MS is due to its ability to inhibit antigen
presentation and the secretion of pro-inflammatory cytokines, as well as its
downregulation of macrophage-mediated myelin degradation. Some of the side
effects (cardiotoxicity) mean that the life-time dosage of this drug is limited, however,

in many cases it is the only option available to patients with SPMS (Fox, 2004).

Despite these advances in MS treatment, the fact still remains that MS is an incurable
disease, and once patients reach the phase of severe disability, as precipitated by
irreversible neurodegeneration, treatment is no longer possible. As the damaging
events leading to the development of MS can occur prior to the onset of clinical
symptoms, it would seem that the best strategy for the management of MS is probably
a preventative one. Furthermore, recent evidence has challenged the simple paradigm
that MS is caused by dysregulation of the adaptive immune system, indeed innate
immune cells such as macrophages, microglia and NK cells may also play an important
role in the pathogenesis of MS and should be considered in the development of future

therapies (Haghikia et al., 2013).

1.2 Murine Experimental Autoimmune Encephalomyelitis

Experimental autoimmune encephalomyelitis (EAE) is a widely-exploited animal model
of autoimmunity and is most commonly used in the study of MS (Baxter, 2007). The
model was first described in primates by Thomas M. Rivers (Rivers and Schwentker,

1935). The condition is associated with a progressive ascending paralysis, and a clinical



score, usually between 0 and 5, ranging from a limp tail (1) to tetra paralysis (5)) (Lalor

et al.,, 2011).

The disease can be induced either actively or by adoptive transfer of autoantigen-
specific T cells. In active induction, the animal is immunised subcutaneously with a
myelin antigen, with a concomitant intraperitoneal injection with the microbial
product pertussis toxin (PT). The use of PT became more widespread in the 1970s;
prior to that the disease incidence was low and followed an unpredictable course,
even in a genetically-homogeneous population. The exacerbative effect of pertussis
toxin is thought to be due to a reduction in the integrity of the blood-brain barrier and
greater ease of infiltration of encephalitogenic T cells into the CNS (Hofstetter et al.,
2002). In adoptive transfer (also referred to as “passive EAE”), an experimentally naive
“donor” mouse is immunised subcutaneously with myelin antigen without PT.
Encephalitogenic T cells are isolated from these animals, restimulated with the myelin
antigen in vitro for 72 h, and injected intraperitoneally or intravenously into a

“recipient” mouse (Stromnes and Goverman, 2006).

The disease course depends upon the strain of mouse and also the particular antigen
used. The two most commonly-used mouse models are a chronic progressive form of
the disease induced by immunisation of C57BL/6 mice with myelin oligodendrocyte
glycoprotein (MOG) in complete Freund’s adjuvant (CFA) and a relapsing remitting EAE
induced in the SJL/J strain using proteolipid protein (PLP) in CFA (Gold et al., 2006).

The most common forms of EAE in the literature are outlined in Table 1.1



Induction Agent

Species/strain

Disease course

Pathology

MOG;s.

ss/immunodominant
peptide* in CFA with

Ptx or transfer of
MOG-specific cell
lines

Mouse (C57BL/6,
Biozzi ABH, SJL,
B.10 PL)

Rat (Dark Agouti,
Lewis)

Monophasic,
chronic in C57BL/6
mice.

Relapsing-
remitting EAE in
SJL mice.
*MOG;.»; can
induce chronic-
relapsing EAE in
Biozzi ABH mice.
*MOG;.135 can
induce chronic-
relapsing EAE in
Dark Agouti and

Multifocal areas of
inflammatory cell
infiltration,
demyelination in
cervical spinal cord
white matter.

Lewis rats.
MBPg,. Mouse (C57BL/6, Monophasic, Severe
104/immunodominant | PLJ, SIL, B.10 PL) chronic. inflammation
peptide in CFA with Rat (Dark Agouti, Relapsing- particularly in
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MBP-specific cell
lines

Lewis)

remitting in SJL
mice and Lewis
rats.

lumbar regions of
spinal cord, little
demyelination.

PLP139.151,PLP178.

191/immunodominant

peptide in CFA

Mouse (SJL)

Relapsing-
remitting

Inflammation in
optic nerve,
brainstem, spinal
cord, cerebellum
and cortex,
followed by
resolution of the
inflammation with
concurrent
progression of
white matter
demyelination.

Table 1.1 The most common types of EAE




Demyelination in EAE usually occurs perivenously in the spinal cord and brain.
Localisation of inflammatory lesions depends on which autoantigen is selected for
induction of the disease. In MBP and PLP-mediated EAE, inflammation is predominant
in lumbar regions, whereas in the MOG-mediated disease, inflammation is more

clearly seen in the cervical region of the spinal cord (Sriram and Steiner, 2005).

EAE is certainly not a flawless model of MS. While a number of transgenic models
facilitate the study of spontaneously developed EAE, most forms of EAE require active
immunisation with CNS antigens in the presence of strong adjuvants. The
immunostimulatory effects of such adjuvants are unlikely to occur under normal
physiological conditions, even in infection. Furthermore, MS is an extremely
heterogeneous disease, with patterns of demyelination and axonal degeneration
varying widely from patient to patient. This is in stark contrast with the predictable
and homogeneous disease course observed in an inbred mouse strain (Gold et al.,
2006). Despite the fact that EAE does not faithfully recapitulate all aspects of MS, it
has been an invaluable tool in the understanding of CNS inflammation and the
development of a number of therapies for MS (natalizumab, for example), it reflects
the increased female susceptibility to MS, and is characterised by similar white and
grey matter pathology to the human disease. The examination of a number of disease
models should continue to provide new insights into CNS autoimmunity and prove
instrumental in the ongoing development of new therapies (Steinman and Zamvil,

2005).

1.3 The role of T cells in MS/EAE

1.3.1 Type 1T helper (Th1) cells

The development of EAE and MS is primarily dependent on the action of T cells
positive for the cluster of differentiation 4 (CD4") immunophenotype. T helper cell
differentiation is outlined in Figure. Induction of EAE preferentially promotes the
activation of T cells that express major histocompatibility complex (MHC) Class I,
which can bind one or more myelin peptide-derived antigens. Within this grouping, it

was originally thought that a further subtype, the T helper 1 (Th1) effector T cells were



the primary effector T cells responsible for EAE pathology. This theory was supported
by a number of observations. Adoptive transfer of myelin-specific Thl cells was
sufficient to induce disease (Lovett-Racke et al., 2011). Interferon gamma (IFN-y), the
primary Th1l cytokine, was found to enhance disease severity when it underwent
clinical trials as an MS treatment in the 1980s (Panitch et al., 1987). Th1 differentiation
requires interleukin-12 (IL-12), which is a heterodimer of p35 and p40, and mice
deficient in IL-12p40 are resistant to EAE (Gran et al., 2002). However, this paradigm
was challenged by the finding that both mice deficient in IFN-y and IL-12p35 were still
susceptible to EAE (Ferber et al., 1996, Gran et al., 2002). The latter result was
particularly surprising as both IL-12p35'/' and IL-12p40'/' mice fail to produce the IL-12
p70 heterodimer, and in both of these knockouts, differentiation of Th1 cells during a
primary immune response cannot occur (Becher et al., 2002). This apparent paradox
was resolved by the discovery of IL-23, a heterodimer of p19 and IL-12p40 (Oppmann
et al., 2000).

1.3.2 Th17 cells

The newly-discovered IL-23 was found to be vital for the differentiation of a distinct
CD4" T cell subset, which could produce IL-17A, IL-17F and IL-6, as well as contribute to
autoimmune inflammation. These Th17 cells were found to surpass Thl cells in
encephalitogenicity — PLP-specific draining lymph node (DLN) cells cultured with IL-23
induced severe EAE, which was absent in mice that received the same number of
antigen-specific DLN cells cultured with IL-12. Furthermore, IL-23p19'/' mice were
resistant to EAE, in spite of the fact that these mice had an intact Th1 response, as well
as detectable Th1l cells in the CNS (Langrish et al., 2005). Since their discovery, Th17
cells have also been found to play a role in the pathogenesis of a number of
autoimmune diseases such as psoriasis (Lowes et al., 2008), rheumatoid arthritis (Shen

et al., 2009) and of course, MS (Fletcher et al., 2009).

For almost a decade after their identification, the factor that was responsible for Th17
encephalitogenicity was debated. IL-17A seemed like a likely candidate, until the
discovery that Th17 cells, which produced abundant levels of IL-17A and IL-10 in

response to stimulation with transforming growth factor beta (TGF-f3) and IL-6, were



not pathogenic. The addition of anti-IL-10 to these cells did not restore pathogenicity,
suggesting that IL-17A production is not sufficient to cause EAE (McGeachy et al.,
2007). A study by El-Behi and colleagues proposed that the elusive encephalitogenicity
factor was granulocyte macrophage colony-stimulating factor (GM-CSF), which is
produced by Th17 cells in response to IL-1B and IL-23. It had already been
demonstrated that GM-CSF deficient mice were resistant to EAE (McQualter et al.,
2001) and that GM-CSF deficient CD4" T cells were incapable of transferring EAE to
naive hosts, even in the presence of GM-CSF from other sources (Ponomarev et al.,
2007c). In this study, it was also shown that GM-CSF production by CD4" T cells can
induce IL-23 expression by APCs, resulting in maintenance of the Th17 phenotype and
amplification of the inflammatory response. Interestingly, Th1 cells were also found to
produce GM-CSF in response to IL-1, however it is possible that as a large proportion
of Th1l cells in the CNS originated from Th17 cells, that both the Th17 and “ex-Th17”
cells are responsible for GM-CSF production and pathogenicity, with the classical Thl

cells assuming a less important role (El-Behi et al., 2011a).
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Figure 1.2 The differentiation of T helper cell subsets

Antigen-activated naive CD4" T cells (Tnaive) adopt distinct phenotypes as directed by cytokine
cues within the local microenvironment and by transcription factors (in bold).
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1.3.3CD8" T cells

CD8" T cells (also referred to as cytotoxic T-lymphocytes (CTLs)) recognise antigens
presented on MHC class |, and kill the antigen-bearing cells through the perforin and
Fas pathways (Mosmann et al., 1997). These cells have been identified in MS lesions,
those that are myelin-reactive are present in higher numbers in MS patients
(McFarland and Martin, 2007) and a model of EAE induced by adoptive transfer of

CD8" T cells alone has been developed (Ji and Goverman, 2007).

1.3.4 y6 T cells

Whereas the vast majority of T cells express a T cell receptor (TCR) made up of an aff
heterodimer, a small subset express a y6 TCR. These cells can act as an innate source
of IFN-y and IL-17, thus providing the first line of defence against infection (Ribot et al.,
2010). Although the role of y& T cells in EAE/MS is contentious, the majority of the
data would suggest a pathogenic role for these cells, especially early in disease. y&6 T
cells have been found in the CSF of recently-diagnosed MS patients (Burns et al.,
1995). y& T cells have also been detected in the CNS of mice with EAE, and the
proportion of these cells rose and fell with corresponding peaks and troughs in disease
activity (Rajan et al., 1996). In agreement with this, EAE is less severe in a transgenic
model which renders the yé TCR unresponsive (TCRd'/'). v6 T cell pathogenicity may be
attributed to the fact that IL-17 from these cells can also augment further IL-17
production by CD4" T cells (Sutton et al., 2009).

1.4 The role of integrins in T cell pathogenicity in MS/EAE

Under physiological conditions, the CNS is protected from the aberrant entry of large
molecules and peripheral immune cells by the blood-brain barrier (BBB). This barrier
has a number of unique features that contribute to its formidable integrity; (i) the CNS
microvessels are continuous and unfenestrated, (ii), they are surrounded by
endothelial cells which are connected by “tight junctions”, (iii) the abluminal faces of
these endothelial cells are protected by a “basement membrane, containing mural
cells and pericytes and (iv) astrocytes extend processes called “end-feet” that in turn

ensheath these cells (Daneman and Prat, 2015)
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However, in EAE and MS, the potency of the BBB is compromised. Specifically, the
tight junction proteins claudin 1 and 3 are lost, with downregulation of laminin in the
basal membrane (Abbott et al., 2006). An early event in both EAE and MS is the
infiltration of peripheral leukocytes into the CNS compartment. Whether or not this is
a cause or effect of BBB permeability is yet to be determined. Entry of peripheral
leukocytes into the CNS is sequential; first the cells loosely tether to the endothelial
cells which can then be activated and enhance their expression of cell adhesion
molecules and chemokines. This in turn strengthens the association between the
endothelial cells and leukocytes, which now undergo arrest and adhesion. The
leukocytes can then extravasate in either a para- or trans-cellular manner (Sallusto et

al., 2012).

1.4.1 VLA-4 (04P1 integrin)

The processes of arrest and adhesion have been of particular interest to those
engaged in a search for promising therapeutic targets in MS. In a seminal paper
published in the early 1990s, Yednock and colleagues described complete prevention
of EAE in Lewis rats by the administration of an antibody against a4p1 integrin (also
known as very late antigen 4 or VLA-4) (Yednock et al.,, 1992a). a4p1 integrin is
expressed on most leukocytes, including activated CD4" T cells. The ligand for a4f1
integrin is vascular cell adhesion molecule-1 (VCAM-1), which is upregulated by
activated endothelial cells. The signalling induced by interaction of VLA-4 with VCAM-1
on endothelial cells is outlined in Figure 1.3. VLA-4 is a heterodimer, composed of
CD49d (a4 integrin) and CD29 (B1 integrin). The blockade of either subunit has proven
effective in the reduction of EAE severity in a number of species, including mice, rats
and guinea pigs. This is due to the fact that functional blocking of these molecules
leads to instantaneous detachment of disease-causing intraluminally attached T cells,
and this provides the scientific basis for the development of natalizumab (Engelhardt

and Ransohoff, 2012).
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Figure 1.3 Membrane topology and signalling of VCAM-1

VCAM-1 expression is upregulated on activated endothelial cells. Binding with VLA-4 on
leukocytes triggers downstream signalling which culminates in actin reorganisation, allowing
for leukocyte transmigration.

1.4.2 LFA-1 (aLP2 integrin)

Another adhesion protein implicated in the pathogeneses of both MS and EAE is alL32
integrin, also known as lymphocyte function-associated antigen 1 (LFA-1). LFA-1 is a
heterodimer, composed of CD11a (aL integrin) and CD18 (B2 integrin). LFA-1 binds to
intercellular adhesion molecule-1 (ICAM-1) on endothelial cells, and high
immunoreactivity for both of these molecules has been reported in MS brain tissue,

particularly in chronic active lesions (Cannella and Raine, 1995).

Interference with LFA-1 in EAE has yielded conflicting results. In one study, it was
reported that actively-induced EAE was reduced in CD11a” mice. Interestingly, while
transfer of MOG specific cells from CD11a” mice to WT mice resulted in a similar
reduction in disease severity was reported with active induction, transfer of WT cells
to CD11a” mice resulted in more pronounced disability (Dugger et al., 2009). A
possible explanation for this anomaly was provided by a study the following year in

which the authors demonstrated that these knockout mice have a deficit in thymic
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regulatory T (Treg) cell generation. Thus, the enhanced disease in the CD11la” mice
may thus be due to enhanced expansion and activation of encephalitogenic cells in the

absence of a full Treg cell cohort (Giltner et al., 2010).

More recently it has been proposed that encephalitogenic Th17 cells preferentially
require LFA-1 to enter the spinal cord parenchyma, unlike Th1 cells, which have been
conclusively proven to depend upon VLA-4 for this process. In a4 integrin-deficient
mice, Th17 cells can enter supraspinal regions of the CNS and cause an “atypical”
ataxic syndrome. The treatment of these mice with anti-CD11a completely abolished
Th17 cells entry into the CNS and reversed clinical symptoms (Rothhammer et al.,

2011).

1.5 Natural killer Cells

Natural killer (NK) cells were identified in 1975 as a subset of lymphoid cells that were
cytolytically reactive towards allogeneic and syngeneic tumour cells (Kiessling et al.,
1975, Herberman et al., 1975). They were identified as lymphocytes on the basis of
their morphology and presence of lymphoid markers. The speculation that they were a
subpopulation of T cells was abandoned when it was discovered that they did not
express T cell antigen receptors or the CD3 complex. NK cells were henceforth
regarded as effector cells of the innate immune system. However, recent evidence has
suggested that NK cells are in fact endowed with a certain degree of immunological

adaptivity and have a type of antigen-specific memory (Vivier et al., 2011).

1.5.1 NK cell maturation

Despite the wealth of knowledge in the literature regarding NK cell function, the
sequence of events leading to NK cell maturation has not yet been wholly defined,
however, the basic mechanism seems to be largely conserved between rodents and
primates. First, the haematopoietic stem cell (HSC) becomes committed to the
lymphoid versus the myeloid lineage, forming a common lymphoid progenitor (CLP).
This cell can give rise to T cells, B cells, dendritic cells (DCs) and NK cells. The first step
in the generation of NK cells appears to be related to the acquisition of the IL-15

receptor complex, which is comprised of the IL-15 receptor a (IL-15Ra), IL-2RB (CD122)
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and IL-2 receptor common y (IL-2Ryc) chains which allow the NK precursor (NKP) cell
to become responsive to IL-15. IL-15 is required for subsequent NK cell development
and survival (Kim et al., 2002). In the mouse, these cells can progress to the immature
NK cell (iNK) stage, which is characterised by the acquisition of NK1.1 and activating
receptor NKG2D expression. A fully functional, mature NK cell gains cell surface
expression of receptors of the Ly49 family, which recognise major histocompatibility
complex | (MHCI) proteins and are similar to the killer cell immunoglobulin-like
receptors (KIRs) in humans. Mature NK cells also express members of the DX5 family,

such as CD49b, the a2 subunit of VLA-2 (Fathman et al., 2011).

Human NK precursors become immature NK cells with the acquisition of CD161, which
is the human equivalent of the murine NK1.1 marker. However, progression to a fully
mature state differs between mice and humans, due to the existence of two distinct
subsets of human NK cells, the separation of which is based on degrees of expression
of CD16 and CD56 (Caligiuri, 2008). These were first identified in the early 1980s
(Lanier et al., 1983) and have since been well characterised. CD16'CD56"™ cells are
considered to be the more “mature” cell, and the remainder are the immature CD16
CD56""8" subset. Both cell types express the activating receptor NKp46, but CD56*™
cells are considered the more mature cell type by virtue of their expression of KIRs,
which are absent on the CD56°"" subset. They also differ in their expression of the
inhibitory receptor CD94/NKG2A, which is more highly expressed on CD56°"8" cells
(Poli et al., 2009).

Recent evidence suggests that the bone marrow is the primary site of NK cell
development and maturation in mice (Fathman et al., 2011). However, a small
population of CD127-expressing NK cells have been found to develop in the thymus,
and a population of immature NK cells also reside in the liver (Sun and Lanier, 2011). It
is also likely that NK cell development does not occur solely in the bone marrow in
humans. The first challenge to this simple paradigm was the discovery of a population
of CD56""" cells in the lymph nodes and tonsils (Caligiuri, 2008). It is still unclear
whether or not these populations are distinct NK cell lineages in mouse and human, or
are merely less mature cells that originated in the bone marrow and migrated to these

sites early in development.
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1.5.2 NK cell distribution

NK cells are widely distributed in mammals in both lymphoid and non-lymphoid
organs, although whether this is due to their recirculation or their development in situ
is not yet clear. The following murine organs have appreciable NK cell populations,
ordered according to NK cell population size: spleen > lung > bone marrow >
peripheral blood mononuclear cells (PBMCs) > lymph nodes > liver > thymus (Grégoire
et al., 2007). There is also some evidence to suggest the presence of NK cells in healthy
epithelial tissue such as the skin in humans (Ebert et al., 2006) and the gut in mice
(Reynders et al., 2011). NK cells have also been detected in the uterus during
pregnancy in both humans and mice. They can develop in situ or migrate from the
periphery to the decidua (uterine lining during gestation) in response to trophoblast
chemokine secretion. Their role in the uterus is unclear, although it has been
suggested that they may contribute to vascular modifications during pregnancy (Shi et

al., 2011a).

1.5.3 NK cell function

NK cells in both rodents and primates display a striking functional heterogeneity,
reflected by differential expression of inhibitory receptors across the NK cell
population (Colucci et al., 2002). CD16'CD56"" cells contain more intracellular perforin

Me" subset produce

and are more efficient cytotoxic cells, whereas the CD16 CD56
greater amounts and a wider variety of cytokines, however they can also become
cytotoxic after prolonged stimulation (Strowig et al., 2008). The most common NK cell-
produced cytokines are IFN-y, tumour necrosis factor alpha (TNF-a), GM-CSF, IL-13 and

IL-10 (Huntington et al., 2007).

NK cells can rapidly mobilise and migrate to the site of infection or trauma. For
example, these cells have been shown to migrate in large numbers to the synovial fluid
surrounding the damaged joint in human patients with rheumatoid arthritis and in
mice with collagen-induced arthritis, where they are thought to exacerbate the

inflammatory status of the site (Séderstrom et al., 2010).
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NK cells, as well as being competent cytokine producers, also express a large array of
cytokine receptors on their cell surface. IL-2 enhances the proliferation and
cytotoxicity of NK cells in vitro and in vivo, and can also enhance responsiveness to IL-
12 by (i) upregulating cell surface expression of the IL-12 receptor and (ii) enhancing
IL-12-mediated IFN-y production (Wang et al., 2000). The cytokines TNF-a, IL-1f3, IL-15
and IL-18 (previously referred to as interferon-y-inducing factor or IGIF) can also
synergise with IL-12 to enhance IFN-y production which is crucial in modulating the

adaptive immune response to viral invasion and other insults (Biron et al., 1999).

The direct cytolytic activity of NK cells is mediated by perforin, a protein which induces
the formation of pores in the target cell, an action which ultimately results in
apoptosis of that cell. After the formation of an immune synapse, NK cell secretory
granules migrate to the point of contact with the target cell, fuse with the NK cell
membrane, and release their contents into the synapse (Stinchcombe and Griffiths,
2007). The potential for self-destruction is tightly controlled by a tolerance mechanism
mediated by inhibitory receptors for major histocompatibility complex (MHC) class 1
molecules, which are present on healthy cells (Figure 1.4). NK cells express a suite of
such inhibitory receptors. The NKG2A/CD94 receptor is conserved in rodents and
primates. This heterodimeric receptor recognises HLA-E in humans and the murine
homologue QA1°. The Ly49 family of receptors, expressed only in mice, recognise
polymorphic epitopes on H-2D and H-2K class 1 molecules. The killer cell
immunoglobulin-like receptors (KIR, also collectively known as CD158), expressed only
in primates, recognize polymorphic epitopes on human leukocyte antigen classes HLA-
A, HLA-B, and HLA-C (Ravetch and Lanier, 2000). Infected cells or tumour cells lose
expression of MHCI and this loss of self (along with potential cell-surface expression of
viral haemagglutinin (HA) which ligates with an activating receptor in the example of a
virally infected cell) leads to NK cell activation and targeted cell killing (Figure 1.5 (A)
and (B)). The activating NKp46 receptor is expressed in both primates and rodents

(Kim et al., 2005).
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NK CELL

Figure 1.4 NK cell tolerance

Healthy cells express self antigens through MHC |, which ligate with the inhibitory receptor
CD94/NKG2A on the surface of the NK cell. This leads to tolerance.

/ \ PERFORIN AND GRANZYMES

. u® .

1

Figure 1.5 NK cell killing

In the case of viral infection, the host cell loses self antigen expression. This lack of binding to
the NK cell inhibitory receptor, coupled with the ligation of viral HA with the NK cell activating
receptor, NKP46 results in a loss of tolerance, activation of the NK cell, release of lytic granules
and subsequently death of the target cell.
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1.6 The role of NK cells in EAE/MS

One of the first observations that NK cells might be implicated in the pathogenesis of
MS was made by Benczur and colleagues in the late 1970s, who found that the
cytolytic activity, reactivity to interferon and viral infection (as replicated with Poly I:C
stimulation) of NK cells taken from MS patients was greatly reduced relative to healthy
age-matched controls. This was particularly evident in the male subjects with
progressive, rather than relapsing, disease (Benczur et al., 1980). The advent and
widespread use of flow cytometry allowed further characterisation of this apparent
MS-related NK cell deficit, and it was later found that the number of circulating NK
cells was in fact lower in active relapsing MS patients than controls (Munschauer et al.,
1995). Subsequent studies elaborated on this finding, discovering that this reduction
in NK cell number and functional activity seemed to reflect increased susceptibility to
the formation of active lesions and clinical attack or relapse (Kastrukoff et al., 1998,

Kastrukoff et al., 2003).

The general consensus in the literature to date is that the role of NK cells in MS is a
protective one, and that NK cell killing activity dampens autoimmunity. Recently, the

focus has shifted to the immature CD56™&"

subset, as it has been found that a number
of disease modifying therapies, like IFN-f3 and natalizumab, as well as those currently
in clinical trials, such as daclizumab and alemtuzumab, can elicit an expansion of this
subset of NK cells in the peripheral blood (Chanvillard et al., 2013). Interestingly, this
population of NK cells is the predominant one in the cerebrospinal fluid (CSF) of

patients with neuroinflammatory disorders, including MS (Hamann et al., 2013).

The specific targets of CD56"®"

immunoregulatory NK cells have recently been
identified. Nielsen and colleagues recently demonstrated that both CD56"&" NK cells
kill activated, but not resting, autologous CD4" T cells by inducing apoptosis through
degranulation (Nielsen et al., 2012). More specifically, these cells seem to
preferentially transfer the less well-known Granzyme K, which causes mitochondrial
dysfunction and subsequent, caspase-independent apoptosis in activated T cells (Jiang

et al., 2011).
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The role of NK cells in the pathogenesis of EAE is considerably more controversial.
There are two dominant schools of thought regarding the role of NK cells in EAE. One
is that NK cells are inherently protective in the disease state, and modulate the
magnitude of autoimmunity through direct cytolytic activity against encephalitogenic T
cells (Xu et al., 2005). A potential mechanism may involve CD94-NKG2A inhibitory
receptors expressed by NK cells interacting with MHC molecule Qa-1-Qdm on
activated T cells; disruption of the inhibitory Qa-1-NKG2A interaction may allow NK
cell-dependent elimination of activated autoreactive cells (Lu et al., 2007b). A more
recent study has demonstrated that NK cells may also kill aberrantly-activated
microglia through this CD94-NKG2A: Qa-1-Qdm interaction (Hao et al., 2010b). It has
been suggested that antibody-mediated targeting of this interaction may prove
clinically useful; anti-NKG2A treatment was shown to diminish progression of both
actively induced and adoptively-transferred EAE progression by skewing the
proportion of IL-17 and IFN-y producing CD4" T cells toward the more protective IL-4
and IL-10-secreting CD4" subpopulations (Leavenworth et al., 2010b). The other school
of thought suggests that NK cells promote EAE by secreting IFN-y, thus directing
differentiation of naive CD4" T cells and Th1 polarisation (Tian et al., 2012).

Considering the relative ease with which NK cells can be depleted from mice, thus
offering indirect insight into the role they may play in EAE, there is still huge variation
in the reported outcomes of depletion experiments. These are outlined in Table 1.2.
The two antibodies most commonly used in the depletion of NK cells are anti-NK1.1
and anti-asialo GM1. Administration of the monoclonal anti-NK1.1 in vivo induces
apoptosis in NK 1.1-expressing cells (NK and NKT cells) (Asea and Stein-Streilein, 1998).
This alloantigen is not expressed in certain mouse strains, like the BALB/C or SJL strain
and so is most commonly used in C57BL/6 mouse models. Asialo GM1 is the more
concise name for asialo ganglio-N-tetraosylceramide, which is a glycolipid, similar in
structure to a ganglioside, but without a sialic acid group. Asialo GM1 is expressed on
murine, human, bovine and hamster NK cells (Naiki et al., 1974) and administration of
the polyclonal antibody anti-asialo GM1 causes complement-dependent lysis of these

cells (Shimada and Iwata, 1987).
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Reference Antibody Administration | Effect
(Zhang et al., 1997b) Anti-NK1.1 -1d PI Increase in MOG-induced
EAE in C57BL/6 mice
(Hao et al., 2010b) Anti-NK1.1 -2 d Pl, every 5d | Increase in MOG-induced
thereafter EAE in C57BL/6 mice
(Xu et al., 2005) Anti-NK1.1 -1d, 14d PI Increase in PLP-induced
EAE in SJL mice
(Winkler-Pickett et al., | Anti-NK1.1 -3dto-1d PI Decrease in MOG-induced
2008) EAE in C57BL/6 mice
(Shi et al., 2000) Anti-NK1.1 -2 d Pl, every 5d | Decrease in MOG-induced
thereafter EAE in C57BL/6 mice
(Matsumoto et al., | Anti-asialo -7, -3, 0, 7, 14d | Increase in MBP-induced
1998b) GM1 Pl EAE in Lewis rats
(Winkler-Pickett et al., | Anti-asialo -3dto-1d PI Decrease in MOG-induced
2008) GM1 EAE in C57BL/6 mice

Table 1.2 Reported effects of NK cell depletion in EAE

The discrepancies regarding the reported effect of NK cell depletion on EAE in the
literature are most likely due to a difference in the administration regimen, species as
well as differing EAE induction and clinical score regimes. Anti NK1.1-mediated

depletion is effective for up to 7 days (Carroll et al., 2001) after that the efficacy may
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begin to wane, confounding the interpretation of some of the results. Similarly,
according to the guidelines provided by Wako Chemicals, the distributor of the anti-
asialo GM1 antibody used in these studies, one should expect a “gradual dimunition” 4
days after the initial injection. As such, these data should be viewed in light of such
facts and interpreted carefully. The role of NK cells in the pathogenesis of EAE still

remains elusive despite almost two decades of research.

1.7 An introduction to IFN-y

The interferons (IFNs) were originally identified as molecules that could inhibit viral
replication (lsaacs and Lindenmann, 1957). Where once they were characterised
according to the secretory cell type, now they are classified according to structure and
receptor specificity. The type 1 IFNs (IFN-a, IFN-f, IFN-w and IFN-t) and bind to a
heterodimeric receptor comprised of IFNAR1 and IFNAR2 chains. IFN-y on the other
hand, is the only type 2 IFN and binds to the IFN-y receptor (IFNGR) which is made up
of two ligand-binding IFNGR1 chains and two signal-transducing IFNGR2 chains (Pestka
et al., 2004). Type 1 and 2 IFN signalling is outlined in Figure 1.6. IFN-y is produced by a
host of immune cell types, including Th1 cells, CD8" cytotoxic T cells, NK cells, NKT cells
and some professional antigen presenting cells (APCs), like macrophages and dendritic
cells. The production of IFN-y is induced by exposure of these cells to cytokines
produced by APCs, IL-12 and IL-18 in particular. When IFN-y binds to its receptor, the
janus kinase/ signal transducer and activator of transcription (JAK/STAT) signalling
pathway is initiated, with eventual activation of the transcription factor STAT1, and

transcription of immune effector genes (Schroder et al., 2004).

IFN-y signalling is immunostimulatory. Not only can it enhance antigen presenting
capacity and thus CD4" T cell activation by upregulating expression of MHC | and Il in
APCs, it can also act upon naive CD4" cells themselves, influencing Th1 differentiation
(Boehm et al., 1997). IFN-y as well as certain Toll-like receptor (TLR) agonists are
capable of inducing classically-activated, M1-type macrophages and microglia
(discussed in Section 1.13.1). The ability of IFN-y to orchestrate such an array of
cellular programs means has made it a subject of intense research in the field of

inflammatory disease. Of particular interest in this context is its role in MS and EAE.
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Figure 1.6 Signalling induced by ligation of Type 1 and Type 2 interferons with their
cognate receptors

Binding IFN-o. with its receptor (composed of IFNAR1 and IFNAR2 subunits), leads to
activation of JAK1 and TYK2 recruitment and phosphorylation of STAT1 and STAT2. STAT1 and
STAT2 form a heterodimer, to which IRF9 binds, and which translocates o the nucleus and
induces transcription of Type 1 IFN-stimulated genes. Binding of IFN-y with its receptor
(composed of IFNGR1 and IFNGR2 subunits) leads to activation of JAK1 and JAK2, recruitment
and phosphorylation of STAT 1, which forms a homodimer and translocates to the nucleus and
induces transcription of IFN-y-responsive genes.
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1.8 The role of IFN-y in MS/EAE

The role of IFN-y in both MS and EAE is controversial, and it is still unclear whether it is
pathogenic or protective in either disease state (Arellano et al., 2015). As IFN-f3 was
found to have a beneficial therapeutic effect in the treatment of MS, and there were
some reports of a deficient IFN-y production in patients affected by the disease
(Neighbour et al., 1981), administration of the cytokine as a therapy for MS underwent
clinical trials in the mid-1980s. This treatment caused a significant increase in clinical
severity in these patients, with enhanced MHC Il expression in circulating monocytes,
proliferation in peripheral blood leukocytes and augmented NK cell activity (Panitch et
al., 1987). Microarray analysis of MS lesions revealed increased transcription of a
number of genes that code for pro-inflammatory cytokines, notably IL-6, IL-17 and IFN-

vy (Lock et al., 2002).

In the relapsing-remitting EAE model, transgenic expression of IFN-y in murine
oligodendrocytes prevented remission and resulted in chronic demyelination (Renno
et al.,, 1998). However, the discovery that EAE could occur in the absence of IFN-y
(Ferber et al., 1996) or the IFNGR (Willenborg et al., 1996), suggested that while this
cytokine certainly plays a role in the pathogenesis of EAE, it is not essential. In
agreement with these studies, it was reported that administration of a neutralising

antibody against IFN-y exacerbated EAE (Billiau et al., 1988).

1.9 An introduction to IL-4

IL-4 is a pleiotropic cytokine with a diverse array of effects on the immune response.
IL-4 is produced by activated T cells, eosinophils and basophils, and shares many
features with IL-13, namely sequence homology, cell surface receptors and signalling
induced by receptor binding (Mueller et al., 2002). IL-4 receptor (IL-4R) complexes
themselves lack intrinsic kinase activity, but dimerisation of the receptor complexes
following ligand binding leads to activation of the JAKs and eventual tyrosine
phosporylation of STAT-6 (Mikita et al., 1996). An outline of the signalling cascade can
be seen in Figure 1.7. IL-4 signalling is perhaps most well known for its vital role in
regulating Th2 differentiation (Swain et al.,, 1990) which is instrumental in the

orchestration of an immune response to allergy and parasitic infection (Yazdanbakhsh
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“

et al.,, 2002) and also in inducing the “alternative” or “M2” activation state in
macrophages (Gordon, 2003) and microglia (Ponomarev et al., 2007a). A reciprocal
inhibition can occur between the archetypal Thl cytokine IFN-y and the IL-4, the
primary Th2 cytokine whereby IL-4 can inhibit Th1 cells and IFN-y can inhibit Th2 cells
(Maggi et al.,, 1992). This antagonism also occurs within the M1/classical and

M?2/alternative states, which is discussed in detail in Sections and 1.13.1 and 1.13.2.

Type 1 Type 2
yp IL-4 yp

IL-4R IL-4R IL-4/13

Survival and Induction of
proliferation IL-4-responsive genes

Nucleus

Figure 1.7 IL-4 signalling

The Type 1 IL-4 receptor is composed of the common yC and the IL-4Ra subunits, and the Type
2 IL-4 receptor is composed of the IL-4Ra and the IL-13Ra subunits. The Type 1 IL-4R mediates
its effects through JAK1 and JAK2, while the Type 2 IL-4R associates with TYK2 and JAK1. On
both cases, ligation of the receptor leads to phosphorylation of STAT6, which forms a
homodimer and translocates to the nucleus where it induces gene transcription. Binding of IL-
4 to the Type 1 receptor also induces activation of the PI3K/AKT pathway which is important in
the regulation of the cell cycle.
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1.10 The role of IL-4 in EAE/MS

The literature concerning a direct role for IL-4 in modulating neuroinflammation is
sparse; however, on the whole, it seems that IL-4 may be protective in MS and EAE
(Singh et al., 1999). It has been reported that administration of the MS-modifying
therapy GA enhanced serum levels of IL-4 in patients (Oreja-Guevara et al., 2012).
Circulating numbers of a T cell subset that co-express surface B7-1 and intracellular IL-

4 were also found to be decreased in MS patients (Kipp et al., 2000).

The data on the role of IL-4 in EAE, while similarly scant, are certainly more convincing.
Firstly, IL-4-deficient C57BL/6 mice exhibit significantly enhanced EAE scores. This
exacerbation is associated with an increase in perivascular inflammation,
demyelination and mRNA expression of IFN-y, IL-1 and TNF-a (Falcone et al., 1998).
This was further investigated in a study in which chimera mice were generated by
transplanting WT bone marrow into IL-47 mice. The IL-4 deficiency was thus CNS-
specific and induction of EAE in these mice, in agreement with the previous study, was
more severe than WT chimeras, with an earlier onset. On analysis of the IL-4-deficient
CNS, this enhancement in EAE severity corresponded with an increase in infiltrating

peripheral lymphocytes and macrophages (Ponomarev et al., 2007a).

Consistent with these studies was the observation that administration of IL-4 for 5
days before immunisation of Lewis rats with MBP significantly reduced EAE clinical
scores (Der Meide, 1999), as did IL-4 administration following transfer of MBP-specific
lymph node cells to these animals (Racke et al., 1994). Furthermore, incubation of
PLP-stimulated spleen cells with IL-4 failed to transfer EAE to SJL/J mice (Young et al.,
2000). Taken together these data suggest that IL-4 is protective in CNS autoimmunity,
although the principal cellular source of this cytokine, as well as the mechanism

underlying this protection, have yet to be determined.
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1.11 Microglia

“By reason of its difference in characteristics and origin from nerve cells (first element)
and neuroglia (second element), the microglia constitute the true “third element” of

the CNS”.

Pio del Rio-Hortega, 1932 (Rezaie and Male, 2002)

Microglia are a class of CNS-resident mononuclear phagocytes which were named and
characterised by Pio del Rio-Hortega in 1932. Microglia account for 10 to 15% of all
glial cells, and despite ontogenic distinction, are often referred to as the “tissue
specific macrophages of the CNS” (Nayak et al., 2014). The origin of microglia has
been a subject of debate for decades. It has been agreed that microglia are of
mesodermal origin, unlike neurons, oligodendrocytes and astrocytes, all of which
originate in the neuroectoderm. Whereas mac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>