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Abstract

In patients with multiple sclerosis (MS), microglia become activated due to the
autoimmune inflammatory response which is directed against the central nervous system
(CNS). Following the first disease relapse, microglia remain activated and do not return to a
resting state during remissions. Chronically-activated microglia release inflammatory
mediators that cause CNS tissue damage, and as such, MS progression has been associated
with widespread, chronic microglial activation that correlates with neurodegeneration. To
date, only one histone demethylase, Jmjd3, has been described to have a role in inflammation.
In agreement with this, up-regulation of Jmjd3 expression was observed following microglial
treatment with several pro-inflammatory stimuli, including a range of toll-like receptors
ligands and cytokines, suggesting a universal role of Jmjd3 during microglial activation.
Subsequent ChIP-qPCR assays revealed that Jmjd3 was recruited to the promoters of 116, Ccl3,
Ccl5 and NosZ following activation, which, in turn, presented a decrease in their H3K27me3
levels. Using an experimental autoimmune encephalomyelitis (EAE) mouse model of MS,
Jmjd3 expression was shown to be increased in activated microglia from mice in the acute and
late phases of disease. Immunization with complete Freud’s adjuvant (CFA) alone, also caused
microglial activation with Jmjd3 induction, indicating a CFA-mediated TLR2 and TLR4
stimulation of microglia. Further investigation, in which primary microglia were isolated from
mice deficient in Jmjd3 (Jmjd3-/-), however demonstrated that the absence of Jmjd3 alone had
no resultant effect on the expression of a subset of immune response and inflammation
related genes, including the Jmjd3 target genes 116, Ccl3, Ccl5 and NosZ, before or after
activation. This suggested that Jmjd3 acts in concert with a repertoire of other demethylases
to facilitate microglia activation, and as such was rendered redundant in this setting.
Deciphering the epigenetic profile of microglia in MS and determining whether it is involved
in the maintenance of chronic microglial activation in the progressive phase of the disease
remains an important line of investigation, and through a clearer understanding of its role in
MS pathophysiology, could lead to the development of novel therapeutic interventions in the

future.
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1. Introduction

1.1. Multiple sclerosis

Multiple sclerosis (MS) is an autoimmune, chronic inflammatory and
neurodegenerative disease of the central nervous system (CNS) that targets the myelin sheath
and oligodendrocytes. It constitutes the leading cause of progressive neurological disability in

young adults in the Western world (Compston and Coles, 2008).

1.1.1. MS etiology
MS is a multifactorial disease with both environmental factors and genetic susceptibility

implicated in its etiology (Compston and Coles, 2008; Noseworthy et al., 2000).

1.1.1.1. Genetic factors

Genetic susceptibility has an essential role in the development of MS. The importance of
genetic factors is demonstrated by an approximate 30% concordance rate in monozygotic
twins and by a 10 to 25 times higher risk of developing MS in first-degree relatives of MS
patients when compared to the general population (Robertson et al.,, 1996; Sadovnick et al,,
1993; Sadovnick et al., 1988).

Human leukocyte antigen (HLA) gene variants (alleles) have the strongest genetic effect in MS
(Oksenberg et al., 2008). The major contribution to disease risk is conferred by the HLA-DR2
haplotype, a major histocompatability complex (MHC) class II region that contains the alleles
HLA-DRB1*1501, HLA-DRB5*0101 and HLA-DQB1*0602, which are most commonly
inherited together in a block (linkage disequilibrium) (Olerup and Hillert, 1991). Of these
alleles, HLA-DRB1*1501 (encoding HLA-DR2b) is the main susceptibility allele in MS

(Oksenberg et al., 2004). The HLA-DRB1* 0801 allele and the HLA-DRB1*1401 allele confer



higher and lower MS risk respectively, if carried by HLA-DRB1*1501 positive subjects
(Barcellos et al., 2006). The MHC class I region also contains susceptibility loci. The HLA-
A*0301 allele predisposes individuals to disease while HLA-A*0201 and HLA-C*05 show a
protective effect (Brynedal et al., 2007; Fogdell-Hahn et al., 2000; Yeo et al., 2007).

More recently, genome wide association studies have identified added gene variants that
confer minor risk of developing MS. These include single nucleotide polymorphisms at
immunological and neurological genes such as interleukin receptor 2 alpha (IL2RA),
interleukin receptor 7 (IL7R), tumour necrosis factor receptor 1 alpha (TNFR1A), tyrosine
kinase 2 (TYK2; a signal transduction molecule for various cytokines), and kinesin family
member 1B (KIF1B; an axonal transport protein) among others (T.I.M.S.G.C.T.W.T.C.C.C,

2011).

1.1.1.2. Environmental factors

Environmental factors substantially influence the development of MS in genetically
susceptible individuals.

The incidence and prevalence of MS increase with distance from the earth’s equator on both
sides (Kurtzke, 1993). Genetic and ethnic factors partially account for this distribution, since
MS is common within northern Europeans, however latitude is the strongest factor for risk
after controlling for ethnicity (Wallin et al.,, 2004). Sunlight exposure and vitamin D levels
have been suggested as a possible explanation for the influence of latitude in MS incidence, as
past sunlight exposure and serum levels of the active form of vitamin D are inversely related
to MS susceptibility (Mei et al., 2003; Munger Kl, 2006). Moreover, there is a correlation
between the risk of MS and the place of residence before adolescence. Immigrants that move
residency during childhood acquire the risk of the new region while the ones that migrate

later in life retain the risk of their country of origin (Dean, 1967; Dean and Elian, 1997).



Therefore, it seems like environmental exposure early in life can increase susceptibility to MS
(Ramagopalan et al., 2010).

Viral infections have been linked with an increased risk of developing MS, including Epstein-
Barr virus, rubella, and human herpesvirus 6 among others (Andersson et al., 1994; Kurtzke,
1993; Levin Li and et al,, 2003; Soldan et al., 1997; Thacker et al,, 2006). However, it seems
that delayed infection in life rather than a unique infection contributes to disease
development by causing abnormal immune responses (Ascherio and Munger, 2007;
Ramagopalan et al,, 2010). Infectious agents might also provide the appropriate conditions for
the start of an autoimmune response against the CNS (Frohman et al, 2006). Pathogens
stimulate toll-like receptors (receptors that recognise pathogen-associated molecular
patterns) in the surface of innate immune system cells and promote the secretion of pro-
inflammatory cytokines, including IL-12 and IL-23, that might contribute to the differentiation
of naive autoreactive CD4+ T cells into effector cells (Waldner et al., 2004). Systemic infections
could also activate the cerebrovascular endothelium and up-regulate the expression of
adhesion molecules necessary for the migration of autoreactive T cells into the CNS (Kerfoot
et al, 2004). However, Epstein-Barr virus and enterobacteria might actually initiate MS in
susceptible individuals through molecular mimicry with myelin antigens. These pathogens
possess peptides that have a similar amino acid sequence or molecular structure with myelin
self antigens. This causes T cell responses to the infection that cross-react with myelin,
producing CNS inflammation and demyelination (Harkiolaki et al., 2009; Lang et al., 2002).
Other environmental factors that have been involved in MS are toxins found in cigarettes and

pollution (Hawkes, 2007; Marrie, 2004).



1.1.2. Clinical course

MS presents three main clinical courses: relapsing-remitting (affecting 80% of patients),
secondary progressive and primary progressive (Lublin et al., 1996). Relapsing-remitting MS
(RRMS) has an average age of onset of approximately 30 years and is around two times more
common in women than in men (Orton et al., 2006; Weinshenker et al., 1989). Around 80% of
patients debut as a clinically isolated syndrome, which is the first neurologic episode with
clinical manifestations suggestive of MS. The chance of developing RRMS is 50% at 2 years
and 82% at 20 years if the clinical episode is accompanied by white matter abnormalities in
the magnetic resonance imaging (MRI) (Fisniku et al., 2008). In the early phase, relapsing-
remitting patients have further acute episodes (relapses) in which symptoms and signs
develop over the course of several days, become stable and then improve within weeks
(remission). These symptoms and signs include limb weakness, sensory disturbances, fatigue,
optic neuritis, diplopia, gait ataxia and bladder and bowel dysfunction, among others. Later in
the disease, cognitive impairment, spasticity, depression, dysarthria (speech difficulty),
dysphagia (impaired swallowing), sensory loss, progressive quadriparesis and tremors are
also added to the clinical presentation. Over time, the recovery after episodes becomes
incomplete and the patients present persistent and progressive signs of CNS dysfunction with
increasing motor, sensory and autonomic disability (secondary progressive MS). Primary
progressive patients show a progressive disease course from the onset (Compston and Coles,

2008; Noseworthy et al,, 2000).

1.1.3. Mouse models of MS
Given the limited availability of CNS tissue from MS patients, especially from those in the

active stage of disease, MS research has largely relied on an animal model of experimental



autoimmune encephalomyelitis (EAE) to elucidate the molecular and inflammatory
mechanisms of the disease (Gold et al., 2006).

EAE models were originally developed after the observation that multiple injections with
emulsified brain and spinal cord caused signs and symptoms similar to MS in rabbits and
monkeys (Rivers et al, 1933). It was later seen in rabbits that the more antigenic the
emulsion administered, the higher the antibody titer and the number of affected rabbits. This
allowed researches to establish an association between brain-specific antibodies and
demyelination, and also to hypothesise that the disease was caused by a targeted immune
response (Schwentker and Rivers, 1934). To try to enhance the response to sensitisation with
CNS homogenates, different research groups started using a mineral oil-based adjuvant
developed by Jules Freund to which heat-inactivated mycobacterium tuberculosis was added
(complete Freund’s adjuvant, CFA). The use of adjuvant allowed the induction of autoimmune
encephalomyelitis in a wider range of species with only a few injections of CNS emulsion
(Freund et al,, 1947; Kabat et al., 1947).

Since then, EAE has been induced in guinea pigs, goats, mice, rats, hamsters, dogs, sheep,
marmosets and chickens. The clinical features and the histopathology of the disease vary
significantly between experimental protocols, depending on the mode of induction, the
immunizing antigen and the animal model used. Diverse, well characterised rodent and
primate models that imitate different immunopathological aspects of MS have been developed
(Baxter, 2007; Gold et al, 2006). However, in general EAE displays histopathological
characteristics that resemble those of MS including: different degrees of myelin destruction
and widespread axonal damage, the presence of multiple CNS lesions distributed in time and
position with a predominant perivascular location, the transition from inflammation and

demyelination to gliosis and partial remyelination observed in the lesions, and the presence of



immunoglobulin in the CNS and cerebrospinal fluid (only in some models) (Adams and Kubik,
1952; Brown et al,, 1982; Wolf et al,, 1947).

Nowadays, mice and rats are the most commonly used species for the induction of EAE
because of their easier care and husbandry and because of the availability of genetically
modified specimens in the case of mice (Gold et al., 2006). EAE can be actively induced by
peripheral immunisation with myelin antigens (or astrocyte and neuronal antigens) (Bernard
and Carnegie, 1975; Gold et al, 2006) and can also be adoptively transferred by
encephalitogenic CD4* T cells or CD8* T cells into a naive animal (Berger et al., 1997; Huseby
et al,, 2001; Schluesener and Wekerle, 1985). It has also been spontaneously induced in
transgenic mice expressing myelin-specific T cell receptors (TCRs) (Bettelli et al., 2003;
Waldner et al., 2000). Theiler’s virus encephalomyelitis is an alternative model of MS based on
chronic virus induced inflammation and demyelination (Rodriguez et al., 1983).

In actively induced EAE, mice are immunised with peptide epitopes of myelin proteins, such
as myelin basic protein (MBP), proteolipid protein (PLP) and myelin oligodendrocytes
glycoprotein (MOG). These encephalitogenic antigens are emulsified with CFA in order to
enhance the immune response to immunisation and to obtain a higher disease incidence
(Bernard and Carnegie, 1975; Gold et al, 2006; Mendel et al,, 1995; Trotter et al, 1987).
Intravenous injections of pertussis toxin (PT) are also included in some protocols to facilitate
the induction of EAE (Munoz and Mackay, 1984). PT promotes EAE by increasing permeability
across the blood-brain barrier (BBB) and facilitating the entrance of pathogenic T cells to the
CNS, in addition to stimulating innate immune responses through Toll like receptor (TLR) 4
(Kerfoot et al., 2004). Around two weeks post-immunisation mice develop encephalomyelitis,
characterised by microglial activation, perivascular infiltrates of lymphocytes and
macrophages in the CNS white matter and anti-myelin antibodies (only in some mice strains

and after immunisation with MOG), which is all followed by demyelination. Inflammation in



EAE usually starts in the lumbar region of the spinal cord, spreading to the entire spinal cord
by the peak of disease, which is reflected as transient ascending hind-limb paralysis (Brown et
al,, 1982; Gold et al.,, 2006). EAE is a T-cell dependent disease, mediated by CD4+ T helper 1
(Tul) and T helper 17 (Tul7) cells that produce pro-inflammatory cytokines such as
interferon (IFN) y and IL-17. Anti-myelin Ty1 and Ty17 cells migrate into the CNS where they
get re-activated by resident antigen presenting cells (APCs) and secrete soluble mediators
that induce inflammation by recruiting monocytes and more T cells to the CNS parenchyma
and by activating microglia (Ando et al., 1989; Komiyama et al., 2006; Park et al., 2005; Powell
etal., 1990).

The murine models of EAE include acute, chronic, and relapsing-remitting disease, which is
mainly dependent on the immunizing antigen, the mouse strain used and its genetic
background (Gold et al., 2006). MBP-induced EAE in the PL/] strain is usually characterised by
an acute paralytic episode from which the mice recover either partially or totally (Zamvil et
al,, 1988), while EAE in C57BL/6 mice immunised with MOG or MOGss.ss is usually observed
as a chronic monophasic disease with partial recovery (Mendel et al, 1995). Chronic
relapsing-remitting EAE (CR-EAE) is normally seen in PLP139-151 immunised SJL/] mice (Tuohy
and Thomas, 1995) and in MOGs.z1 and MOGss.ss immunised Biozzi ABH mice (Baker et al,,
1990). In this last model acute disease is accompanied by little demyelination, while marked
inflammation and demyelination as well as anti-MOG antibodies are present in the CNS during
the relapse phase (Morris-Downes et al., 2002).

The CR-EAE histopathological and clinical similarities with relapsing-remitting MS, makes it
an ideal model to study the molecular basis of both disease induction and progression (Amor

etal, 2005).



1.1.4. Immunopathogenesis of MS

The immunopathogenesis of MS has not been completely elucidated, but the disease is
considered to be caused by an abnormal immune response against myelin self antigens,
initiated by autoreactive T cells. The heterogeneity of MS clinical presentation, severity and
pathological characteristics of lesions suggest the involvement of multiple mechanisms in the
disease pathogenesis (Frohman et al,, 2006; Lucchinetti et al., 2004).

The myelin sheath surrounds axons in the white matter of the brain and spinal cord,
providing throphic support, protection and insulation that facilitate conduction of nerve
impulses (Wilkins et al., 2003). Axons are slim, long neural projections that conduct sensory
stimuli and motor responses to and from the neuron’s cell body in the form of electrical
impulses. Myelin is made of elongated oligodendrocytes’ processes that encircle an axon and
extend along it to form a myelinated segment. Ranvier nodes are located in between the
axonal myelinated segments and contain sodium channels. Electrical resistance is low in
these nodes, facilitating the production of action potentials and the production of electrical
current that “jump” from one node to another (saltatory conduction), resulting in a faster
propagation speed (Compston and McAlpine, 2005).

The events that lead to the development of MS are believed to start with the activation of
autoreactive CD4+ T cells in the periphery, which transform them into effector Tyl and Tu17
cells and upregulate surface cell adhesion molecules (like integrin VLA-4) (Kebir et al,, 2007;
Sospedra and Martin, 2005; Steinman et al., 2002). The mechanisms by which autoreactive T
cells are activated in the periphery are unclear. However, this activation could occur following
the recognition of viral peptides by molecular mimicry (McCoy et al., 2006) or through the
presentation of CNS antigens by APCs in deep cervical lymph nodes (Flugel et al.,, 2001), on
the background of genetic susceptibility. Tumor necrosis factor (TNF) a and IFNy produced

during a systemic infection might activate the perivascular endothelial cells of the blood-brain



barrier (BBB) and up-regulate the expression of adhesion molecules (ICAM-1, VCAM-1 and E-
selectin) (Doukas and Pober, 1990; Kerfoot et al., 2004; Sospedra and Martin, 2005), which
allow the activated autoreactive T cells to transmigrate into the CNS. Alternatively, T cells that
enter the sub-arachnoid space (SAS) at the choroid plexus (where adhesion molecules are
constitutively expressed) as part of normal immune surveillance might get activated by SAS
macrophages presenting CNS antigens, triggering a pathological pro-inflammatory immune
response and activating perivascular endothelial cells (Goverman, 2009).

Once inside the CNS parenchyma, the autoreactive effector CD4* T cells encounter their self
myelin antigens (or other non myelin antigens) and are stimulated to secrete pro-
inflammatory cytokines such as IFNy and TNFa (Olsson et al., 1990; Powell et al., 1990).
These cytokines activate resident microglia and CNS macrophages, which in turn release more
pro-inflammatory cytokines (IL-12, IL-6, IL-23, TNFa, IL-1p, etc.) and chemokines (CCL2,
CCL3, CCL5, CXCL10, etc.) that recruit and activate other immune cells from the periphery,
including monocytes, CD8* T cells, B cells and more CD4* T cells, which amplify the
autoimmune response (Ajami et al, 2011; Heppner et al., 2005; Kebir et al., 2007; Marik et al,,
2007; Raivich and Banati, 2004; Sospedra and Martin, 2005). Matrix metalloproteinases
produced by the activated autoreactive T cells and microglia further facilitate this peripheral
leukocyte infiltration by disrupting the BBB (Lindberg et al.,, 2001; Maeda and Sobel, 1996;
Marik et al., 2007). This BBB disruption also allows circulating anti-myelin antibodies and
complement components to enter the CNS (Lucchinetti et al., 2000; Storch et al., 1998).
Additionally, cytokines produced by the effector T cells and activated macrophages and
microglia, such as IFNy, IL-23 and IL-6, promote pro-inflammatory Tyl and Tul7
differentiation of newly infiltrating naive CD4+ T cells (Bettelli et al., 2006; Mosmann et al,,
1986; Park et al., 2005). Activated CNS macrophages, microglia and infiltrating macrophages

become APCs that activate these later infiltrating T cells, resulting in a further amplification of



the inflammatory response accompanied by T cell proliferation and production of added pro-
inflammatory mediators and toxic substances that cause tissue damage (Greter et al., 2005;
Hickey and Kimura, 1988; Juedes and Ruddle, 2001; Mack et al., 2003).

Numerous mechanisms might bring about the immune-mediated injury of the myelin sheath,
oligodendrocytes and axons. These include direct injury by nitric oxide (NO), reactive oxygen
species (ROS) and cytokines (TNFa and IFNy) (Felts et al., 2005; Marik et al., 2007; Smith et
al,, 2001); antibody-mediated complement activation and cytolis; antibody-dependent myelin
phagocytosis (Berger et al., 1997; Linington et al., 1988; Storch et al., 1998); and direct injury
of axons and oligodendrocytes by CD8+ cytotoxic T cells (Bitsch et al, 2000; Medana et al,,
2001; Sun etal., 2001) .

The damage to oligodendrocytes and myelin results in denuded axons that are no longer able
to transmit action potentials efficiently (Smith et al., 1981; Waxman and Brill, 1978). This
slowing or blocking of the axonal conductivity within the CNS causes the signs and symptoms
observed during the relapses in the early phase of MS (Compston and Coles, 2008; Gronseth
and Ashman, 2000; Youl et al.,, 1991). When the inflammation resolves, axons are partially re-
myelinated by surviving oligodendrocytes or by the recruitment and differentiation of
resident oligodendrocyte precursor cells, leading to the functional recovery seen during
remissions (Kornek et al., 2000; Patrikios et al., 2006; Scolding et al., 1998; Youl et al,, 1991).
However, the original thickness of the myelin sheath is not regained and the conduction
velocity is slower in these repaired areas (Patrikios et al., 2006). Eventually repeated cycles of
demyelination and remyelination exhaust these tissue repair mechanisms (Wolswijk, 1998).
Demyelination is also accompanied by compensatory spread of sodium channels from the
nodes of Ranvier to the denuded axon segments, which helps to partially restore conduction
but is also detrimental. The increased entry of sodium actually slows or even blocks

conduction and propitiates a reversal of the sodium-calcium exchanger causing increased
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entrance of calcium to the axon. This is followed by calcium-dependent protease mediated
injury with a blockade of axonal transport and finally axonal disruption (transection) (Coman
etal., 2006; Craner et al.,, 2004a; Craner et al., 2004b; Howell et al., 2006).

Although axons seem to be relatively spared in acute lesions, axonal injury starts early in the
disease course (Bitsch et al., 2000; Ferguson et al., 1997; Kornek et al,, 2000). The exposed
axon segments lose the trophic support provided by oligodendrocytes (Wilkins et al., 2003)
and are susceptible to be damaged by inflammatory soluble mediators (cytokines, NO, ROS,
complement, and proteases), which can result in irreversible acute axonal injury (such as
axonal transection) (Bitsch et al, 2000; Ferguson et al, 1997; Smith et al., 2001). After
repeated relapses, axonal damage and loss accumulate, resulting in permanent and
progressive neurologic disability (Bjartmar et al., 2000). The pathological characteristics of
the disease also change with time as acute inflammation produced by infiltrating peripheral
leukocytes is replaced by mild, but generalised inflammation caused by widespread microglial

activation (Kutzelnigg et al.,, 2005).

1.1.5. Role of the adaptive immune system in MS

1.1.5.1. T cells

EAE studies have demonstrated that autoreactive CD4+ T and CD8+* T cells can cause
inflammatory demyelination of the CNS similar to that observed in MS (Ando et al,, 1989;
Berger et al,, 1997; Huseby et al,, 2001). Interestingly, MS patients and healthy controls seem
to have similar numbers of circulating autoreactive T cells (Burns et al., 1983; Ota et al., 1990).
However, myelin-reactive T cells from patients with MS have an activated or memory
phenotype, whereas they show a naive phenotype in healthy people (Lovett-Racke et al,
1998). After antigen encounter, MS myelin-reactive CD4+ T cells tend to adopt a pro-

inflammatory Tyl profile while myelin-reactive CD4+ T cells from healthy donors are more
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likely to produce anti-inflammatory Tu2 responses (Crawford et al., 2004). Importantly, CD4+
T cells reactive to myelin antigens tend to be restricted by MS risk associated HLA class Il
molecules in patients with MS. This has been proven by experiments with humanised
transgenic mouse models, where mice expressing an MS patient derived T cell receptor (TCR)
specific for an MBP epitope along with HLA-DRB1*1501 and HLA-DRB5*0101 developed
spontaneous EAE (Madsen et al., 1999). Additionally, CD4* T cells from patients with multiple
sclerosis have a higher expression of $-arrestin 1, a positive regulator of CD4+* T cell survival
that reduces apoptosis (Shi et al.,, 2007).

For a long time EAE and MS were considered to be mainly mediated by IFNy producing Tu1
autoimmune responses (Ando et al., 1989). Later EAE studies showed that IL-23 plays a more
essential role in CNS inflammation than the closely related IL-12 (Cua et al., 2003). IL-23 along
with IL-6 and a few other cytokines produced by microglia and infiltrating macrophages
induce Tu17 differentiation of CD4+ T cells and the production of IL-17 (Bettelli et al., 2006;
Park et al,, 2005). These Tx17 cells are critical for induction of disease activity, at least in the
EAE model (Komiyama et al., 2006; Park et al., 2005). The pro-inflammatory cytokine IL-17
might also be important for MS immunopathogenesis, since gene expression and
immunohistochemical studies have demonstrated an increased expression of IL-17 as well as
an enrichment in MS lesions of both IL-17+*CD4+ and CD8+* T cells (Lock et al,, 2002; Tzartos et
al., 2008). Moreover, myeloid dendritic cells of MS patients produce more IL-23 than healthy
controls and the cytokine is expressed in both active and chronic MS lesions.

Several studies have shown that lymphocytes other than CD4+ T cells also contribute to the
inflammatory response in MS. Autoreactive, neuroantigen-specific CD8+T cells seem to have a
higher prevalence in MS patients than in healthy controls (Crawford et al, 2004). In MS
lesions CD8* T cells outnumber CD4+* T cells and they can be found at the edge of the lesions as

well as in the perivascular cuffs, while CD4+ T cells are usually only present in the edge (Booss
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etal, 1983; Gay et al,, 1997). Additionally, the axonal and tissue damage correlates better with
the number of infiltrating CD8+* T cells and macrophages than with CD4+ T cells (Bitsch et al,,
2000; Booss et al., 1983). CD8+ cytotoxic T cells directly injure oligodendrocytes and axons
that express MHC class [ via Fas/Fas ligand mediated cytolysis, through contact-mediated
lysis via perforin or by directed secretion of cytotoxic granules containing granzyme (Friese
and Fugger, 2005).

There is a deficiency of CD4+*CD25+ and CD8* regulatory T cells in MS patients, which could
play a role in the breakdown of tolerance to self-antigens (Balashov et al., 1995). It has also
been described that peripheral blood CD4+CD25h regulatory T cells from patients with MS
show a significant decrease in the effector function compared to healthy donors (Viglietta et

al, 2004).

1.1.5.2. B cells

Antibodies against myelin oligodendrocytes glycoprotein (MOG) and myelin basic protein
(MBP) have been found in the CNS of patients with MS (Belogurov et al., 2008; Berger et al,,
2003). Deposits of immunoglobulins and activated complement can be seen in MS and EAE
demyelinated acute lesions (Lucchinetti et al, 2000; Storch et al., 1998). A characteristic
clinical finding in MS is the presence of intrathecally synthesised immunoglobulin G in the
cerebrospinal fluid of patients. This is visualised as oligoclonal bands on gel electrophoresis
and reflects the presence of antigen specific B cells in the CNS (Colombo et al., 2000), usually

in meningeal follicules (Magliozzi et al., 2007).

13



1.1.6. Role of the CNS innate immune system in MS

The innate immune system has an important role in the initiation and progression of MS both
by influencing the effector function of T cells and by the direct production of tissue damage
through innate immunity effector mechanisms (Sospedra and Martin, 2005). This is evidenced
by the presence of infiltrating monocytes and macrophages as well as activated microglia in

the inflammatory CNS lesions of MS patients (Lucchinetti et al., 2000; Marik et al., 2007).

1.1.6.1. Microglia

Microglia are the myeloid resident innate immune cells of the CNS (del Rio-Hortega, 1932).
Given the obvious difficulties of studying human microglia in vivo, most of what is known
about these cells under physiological and pathological conditions comes from studies carried
out in mouse models and cultured cells. In vivo lineage tracing studies in mice have concluded
that adult microglia derive from primitive myeloid progenitors originating from the yolk sac
before embryonic day 8, which then migrate into the brain through blood vessels between
embryonic day 8.5 and 9.5 (before the start of definitive haematopoiesis in the liver, spleen
and the bone marrow) (Ginhoux et al,, 2010). Hence microglia are part of the mononuclear
phagocyte system but constitute a distinct population, since tissue macrophages derive from
bone marrow haematopoietic stem cells (van Furth and Cohn, 1968). Furthermore, parabiosis
studies (a technique that surgically connects the circulatory system of two animals) in mice
have shown that in the healthy adult CNS, circulating myeloid progenitor cells or monocytes
do not contribute to the maintenance of the microglial population. Instead the microglial
population has very little turn-over and is sustained by local self renewal (Ajami et al., 2007;
Ginhoux et al., 2010).

Under physiological conditions microglia show a ramified morphology and are in a relatively

latent state, although they constantly survey their local environment through their processes
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(Nimmerjahn et al., 2005). This repressed, surveying phenotype is mainly sustained by
inhibitory interactions with neurons. CX3CL1, a chemokine produced by neuronal cells, binds
to the cell surface receptor CX3CR1 and restrains microglial activation. In CX3CR1 knockout
mice, Parkinson’s disease and amyotrophic lateral sclerosis models, microglia become hyper-
reactive resulting in exaggerated neuronal loss after peripheral lipopolysaccharide (LPS)
injections (Cardona et al., 2006b).

Neurons also control microglia via cell contact mechanisms. The cell surface neuronal
proteins CD200, CD47, CD22 and HSP60 interact with the microglial receptors CD200R,
CD172, CD45 and TREM2 respectively, providing calming signals to microglia (Hoek et al,,
2000; Junker et al., 2009; Mott et al.,, 2004; Neumann and Takahashi, 2007; Piccio et al.,, 2007).
Microglia can adopt a range of different activation states depending on the type and intensity
of the stimulus and the surrounding environment. The outcomes of these states may be
neuroprotective, repairing, phagocytic or pro-inflammatory. The microglial activation
phenotype may also change throughout a pathological process by adapting to the signals
received from other CNS cells and infiltrating leukocytes (Block et al., 2007; Hanisch and
Kettenmann, 2007; Ransohoff and Perry, 2009).

Microglia constitute a different cell population from peripheral macrophages. Therefore, the
concepts of classical or M1 activation (activation by IFNy and TNFa produced by Tul
lymphocytes that results in NO and TNFa production) and alternative or M2 activation
(activation in response to IL-4 or IL-13 produced by Ts2 lymphocytes and granulocytes with
an important role in responses to parasite infection) that have been used to classify
macrophages (Mosser and Edwards, 2008) are not directly applicable to microglia. However,
in response to big insults such as infections, CNS tissue injury or inflammation, microglial cells
rapidly become activated and change to amoeboid microglia (Kreutzberg, 1996), adopting a

phenotype that resembles that of M1 activated macrophages. In vitro, this type of pro-
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inflammatory activated microglia (or reactive microglia) release a variety of soluble factors,
including ROS, NO, cytokines (IL-1f, IL-6, IL-12, TNFa, etc.) and chemokines (CCL3, CCL5,
CXCL10, etc.) (Block et al., 2007; Lee et al., 1993; Olson and Miller, 2004). They also increase
the expression of surface molecules involved in antigen presentation such as MHC class I,
CD80, CD86 and CD40 (Carson et al.,, 1998; Olson and Miller, 2004). Moreover, reactive
microglia secret IL-12 which promotes differentiation of CD4+ T cells into Tu1 cells, as well as
IL-23, transforming growth factor-f (TGF-f), IL-6 and IL-1f that induce CD4+T cell
differentiation into activated Tu17 cells (Li et al, 2007; O'Keefe et al., 2002; Olson and Miller,
2004). Therefore activated microglia are not only capable of starting innate immune
responses, but could also contribute to the development of adaptive immune responses in the
CNS. Additionally, activated microglia can proliferate, a process that under pathological
conditions is known as reactive microgliosis (Block et al., 2007).

Microglia can become over-activated and start an exaggerated immune response against
pathogens or misinterpret non-pathogenic stimuli as harmful. Such stimuli can include
environmental toxins and the products of neuronal and glial cell damage or death caused by
neurodegenerative disease, ischemia and brain trauma. Over-activated microglia produce
exaggerated amounts of inflammatory mediators causing further cellular death and
amplification of ongoing tissue damage that exacerbates disease processes (Block et al., 2007;
Hanisch and Kettenmann, 2007). Several endogenous ligands designated as damage
associated molecular pattern molecules (DAMPs) are released by injured or necrotic cells and
these can be detected by scavenger receptors, toll like receptors, receptors for advance
glycation end products (RAGE), integrins and metabotropic purine receptors present in the
surface of microglia. Such DAMPs include high mobility group box 1 protein (HMGB1), heat

shock proteins, histones, oxidised lipids, DNA and ATP among others. In addition, proteases
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and hydrolases released by dead cells degrade the extracellular matrix generating more
DAMPs, such as fibrinogen, heparan sulphate and hyaluronic acid (Kono and Rock, 2008).

In MS, microglial cells can become activated through different mechanisms. These include
activation by the pro-inflammatory cytokines released from T and B cells, activation
secondary to the phagocytosis of myelin and myelin debris, and activation via TLR receptors,
probably by pathogens or endogenous ligands (Sriram, 2011). In active MS and EAE lesions,
over-activated microglia release ROS, NO and pro-inflammatory cytokines and chemokines
that cause extensive damage to neurons, axons, oligodendrocytes and myelin (Bjartmar et al.,
2001; Raivich and Banati, 2004; Rasmussen et al., 2007). Furthermore, activation of resident
innate immune cells within the CNS has been demonstrated to be vital for the development
and maintenance of inflammatory autoimmune responses (Ajami et al., 2011; Heppner et al,,
2005; Marik et al., 2007).

Whether or not microglia contribute to the initiation and progression of MS and EAE as one of
the APCs that instigate the autoimmune adaptive response is still in debate. It has been shown
through immunohistochemistry that reactive microglia in MS and EAE upregulate MHC class I
and II as well as the costimulatory molecules CD40, CD80 and CD86 (Hayes et al., 1987;
Ponomarev et al., 2005; Windhagen et al.,, 1995), which in theory would enable them to
present antigens to T cells. EAE studies in which microglia and macrophages have been
isolated from the diseased CNS by flow cytometric sorting have yielded contradictory results.
Some reports have shown that macrophages, but not microglia, are the effective APCs in EAE,
while others have reported that microglia, as well as macrophages, are able to stimulate
proliferation and IFN-y production in T cells (Ford et al., 1995; Juedes and Ruddle, 2001; Mack
et al,, 2003). However, one caveat of these studies is that they have relied on CD45 (a cell
surface tyrosine phosphatase present on all hematopoietic cells) expression to differentiate

microglia from macrophages as first proposed by Sedgwick et al. CD45!w cells were
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considered as the resident microglia and CD45high cells as the CNS and peripheral
macrophages (Sedgwick et al., 1991). However, it has been shown that reactive microglia also
up-regulate CD45 along with other morphology changes that render them indistinguishable
from macrophages (Ponomarev et al,, 2005; Sedgwick et al., 1991). Therefore some of the cells
labelled as macrophages in these studies might actually have been activated microglia.
Despite this, it seems that blood-derived APCs located in the perivascular space are the main
cells that present antigen to T cells, at least in the case of EAE (Greter et al.,, 2005; Hickey and
Kimura, 1988).

Two EAE studies have shed light on the distinct roles of these two near morphologically
identical populations in the disease pathology. In order to distinguish between resident
activated microglial cells and infiltrating macrophages, Ponomarev et al. employed MHC
mismatched donor-recipient bone marrow chimera mice (Ponomarev et al, 2005) while
Ajami et al. used a combination of green fluorescence protein (GFP)-positive and GFP-negative
mice parabiosis and myeloablation (Ajami et al., 2011). The two groups found that microglia
become activated early in EAE disease (or even before the onset of symptoms in Ponomarev’s
study), prior to infiltration of peripheral monocytes into the CNS. This early microglial
activation coincided with T cell infiltration. This suggests microglia play a central role in
disease initiation, possibly by supporting the differentiation of naive or myelin-specific CD4+
T cells towards the Tyl and Tul7 type by producing IL-12 and IL-23, rather than by
presenting antigens. Additionally, such activated microglia multiplied extensively, as
measured by bromodeoxyuridine incorporation into cellular DNA (Ajami et al, 2011;
Ponomarev et al., 2005). Ajami et al. showed that when peripheral monocytes could not reach
the CNS, mice developed mild EAE that did not progress to paralysis, demonstrating that
whilst resident microglia and T cells are responsible for disease initiation, disease progression

is dependent on temporary monocyte infiltration (Ajami et al, 2011). Infiltrating

18



macrophages were phenotypically indistinguishable from activated microglia in the CNS
parenchyma. Moreover, at the peak of EAE disease, nearly 40% of the cells considered as
macrophages (CD45high cells) were actually activated microglial cells and co-localised with the
infiltrating macrophages in inflammatory lesions (Ajami et al.,, 2011; Ponomarev et al., 2005).
After EAE recovery, no remaining infiltrating macrophages were detectable in the CNS and
whilst most microglia underwent apoptosis at the peak of disease, proliferated microglia were
present a long time after disease remission (Ajami et al., 2011).

Interestingly, microglia outside the inflammatory lesions, in the normal-appearing white
matter (NAWM) and the gray matter (cortex), also show an activated phenotype in MS and
EAE (Banati et al,, 2000; Bjartmar et al.,, 2001; Rasmussen et al., 2007; Zeis et al,, 2008). In a
study with a relapsing-remitting EAE model in S]JL mice that develop forebrain lesions that
resemble those observed in MS, microglia acquired an activated morphology (enlarged cell
body with short, tick processes) at the onset of disease that reverted during the first
remission. However, after the first relapse, microglia remained permanently activated even
during remissions, in which infiltrating T cells have left the CNS, and did not return to the
surveying (“resting”) morphology that they exhibit in the normal CNS (Rasmussen et al,
2007). Such chronic microglial activation has also been described in MS tissue during the
progressive stage of disease, in which activated microglia are present throughout the whole
NAWM and correlate with neuronal dysfunction, loss of neuronal synapses and axonal
degeneration. Therefore, chronically activated microglia contribute to the permanent
neurological disability observed in progressive patients by causing widespread axonal and
neuronal injury, which is independent of the initial auto-inflammatory response (Kutzelnigg

etal, 2005).
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1.1.6.2. TLRs and activation of inflammation

The TLRs are pattern recognition receptors employed by the innate immune system to
recognise pathogen-associated molecular patterns (PAMPs) and initiate the appropriate
protective immune response against microorganisms, including bacteria, viruses, protozoa
and fungi (Medzhitov and Janeway, 1998). The TLRs can be divided in two groups according
to their cellular localisation. TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11 are expressed on the
cell surface and mainly identify lipids, lipoproteins and protein parts of microbial membranes.
TLR3, TLR7, TLR8 and TLRY are localised in intracellular vesicles and recognise pathogen
nucleic acids. Each TLR recognises one or more specific conserved pathogen structures and,
following ligand binding, form homodimers, with the exception of TLR2, which makes
heterodimers with TLR1 and TLR6 (Akira et al, 2006). TLR1/2 and TLR2/6 recognise
lipopeptides from bacteria, peptidoglycan and lipoteichoic acid from Gram-positive bacteria,
lipoarabinomannan from mycobacteria, zymosan from fungi, tGPI-mucin from Trypanosoma
cruzi and the hemaglutinin protein from measles virus. Specifically, TLR1/2 recognises
triacylated lipopeptides from Gram-negative bacteria and mycoplasma while TLR2/6
recognises diacylated lipopeptides from Grampositive bacteria and mycoplasma (Akira et al.,
2006; Takeuchi et al., 1999). TLR3 identifies double stranded viral RNA (Alexopoulou et al,,
2001). TLR4 in complex with MD-2 binds to LPS, a component of the outer membrane of
Gram-negative bacteria (Poltorak et al.,, 1998). TLR5 recognises the bacterial protein flagellin
(Hayashi et al., 2001), TLR7 and TLR8 single-stranded viral RNA (Heil et al., 2004), and TLR9
unmethylated cytosine-guanosine (CpG) DNA frequently present in bacteria and viruses
(Hemmi et al., 2000).

TLRs are type I integral membrane glycoproteins with extracellular domains containing
leucine-rich-repeat (LRR) motifs that mediate ligand binding and cytoplasmic signal

transduction Toll-interleukin 1 receptor (TIR) domains (Bowie and O'Neill, 2000). Upon
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ligand binding, TLR dimmers recruit TIR domain containing adaptor proteins to their
cytoplasmic portion which activates downstream signalling cascades. The signalling pathways
activated by TLRs are classified into myeloid differentiation factor 88 (MyD88) dependent
pathways and TIR-domain-containing adaptor-inducing interferon-f (TRIF) dependent
pathways (Akira et al.,, 2001). All the TLRs, with exception of TLR3, signal through the MyD88
dependent pathway which ultimately leads to the activation of the transcription factors NF-kB
and AP-1 and production of inflammatory cytokines, such as IL-1, IL-6, IL-12 and TNFa,
chemokines and induction of costimulatory molecules (Medzhitov et al, 1998). TLR3 and
TLR4 use the TRIF-dependent pathway that culminates in the activation of interferon
regulatory factor 3 (IRF3) and NF-kB and induction of type I interferon as well as
inflammatory cytokines (Yamamoto et al., 2003).

TLRs can also be activated by endogenous ligands, initiating inflammatory responses without
the presence of pathogens (Zhang and Schluesener, 2006). Several TLR 2 and 4 endogenous
ligands have been reported including products from the breakdown of the extracellular
matrix by cellular proteases released from dying cells. These include: hyaluronate, heparan
sulphate, biglycan, and extradomain A of fibronectin (Gondokaryono et al., 2007; Johnson et
al,, 2004; Taylor et al., 2004). Other intracellular molecules released by damaged or necrotic
cells include the nuclear high mobility group box 1 protein (HMGB1) and heat shock proteins.
These intracellular molecules, in addition to plasma fibrinogen leaked from the blood vessels
to the intercellular space during inflammation, are all TLR2 and TLR4 ligands (Ohashi et al,,
2000; Park et al.,, 2004; Smiley et al.,, 2001). TLR 3, 7 and 9 can become activated by self-
nucleic acids released from dead or dying cells that avoid cleavage by serum nucleases and get
inside the cell by forming complexes with endogenous proteins such as ribonucleoproteins
and antibodies, promoting systemic autoimmune diseases (Boulé et al., 2004; Brentano et al.,

2005; Vollmer et al., 2005). Some endogenous TLR ligands have been found in MS lesions.
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HMGB]1, a pro-inflammatory TLR2 and TLR4 endogenous ligand released by necrotic cells but
also from stimulated monocytes and macrophages, is highly expressed by microglia and
macrophages in active MS and EAE lesions and its levels correlate with inflammation
(Andersson et al., 2008). The coagulation cascade plasma protein fibrinogen, and its active
form fibrin, are also endogenous TLR4 ligands that have been found in acute MS lesions
secondary to blood brain barrier leakage (Gay and Esiri, 1991). Early in MS lesions
precipitated fibrin can be seen in the surface of activated microglia, suggesting a causal
relationship with activation (Marik et al, 2007). Fibrin has also been shown to increase
neurodegeneration in EAE (Adams et al, 2007). Oxidised lipids, by-products of the free
oxygen radicals mediated oxidation and breakdown of myelin, are present in the
cerebrospinal fluid (CSF) and serum of MS patients and can activate microglia via the TLR2
receptor (Diestel et al.,, 2003; Farez et al., 2010). Additionally, it is reasonable to hypothesise
that other endogenous ligands which are products of inflammation-related tissue injury might
also be present in the CNS of MS patients. For example, heat shock proteins 60 (HSP60)
released from necrotic or apoptotic CNS cells activates microglia through TLR4, inducing the
release of NO and widespread neuronal death as well as axonal loss in murine primary CNS
cultures (Lehnardt et al., 2008).

Human and murine microglia express TLRs 1 to 9 (Bsibsi et al,, 2002; Jack et al., 2005; Olson
and Miller, 2004). Various studies with human and murine cultured microglia, as well as with
mouse models, have shown that TLR2, 3, 4 and 9 stimulation in “resting” or surveying
microglia contributes to both innate and adaptive immune responses, leading to the
production of inflammatory mediators (IL-1f, IL-6, IL-10, IL-12, TNFa, CCL3, CCL5, CXCL10
and NO) and up-regulation of APC surface molecules as well as the TLRs expression (Becher
and Antel, 1996; Dalpke et al., 2002; Ebert et al., 2005; Jack et al.,, 2005; Kielian et al., 2005;

Lehnardt et al., 2003; Olson and Miller, 2004; Town et al., 2006).
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TLR activation of microglia in MS and EAE most probably plays a role in the adaptive
autoimmune response initiation and development through different mechanisms. Firstly TLR
activation induces microglial production of chemokines such as CCL2, CCL5 and CXCL10,
which recruit and facilitate the infiltration of peripheral monocytes and auto-reactive T cells
to the CNS (Jack et al., 2005; Olson and Miller, 2004). Secondly, microglia stimulated by TLR
agonists secrete cytokines that promote Tyl and Tul7-type pro-inflammatory responses
(O'Keefe et al.,, 2002; Olson and Miller, 2004). Lastly, microglial activation via TLR agonists up-
regulates the expression of costimulatory molecules and MHC class 11, which could enable the
cells to present myelin antigens to auto-reactive T cells (Becher and Antel, 1996; Dalpke et al,,
2002; Olson and Miller, 2004). Regardless of the mechanism of adaptive immune response,
the innate component of TLR microglial activation also contributes to the MS and EAE
pathophysiology via the release of cytotoxic and pro-inflammatory substances (Brenner et al,
1997; Marik et al.,, 2007). In mixed glial cultures, activation of microglia with the TLR4 agonist
LPS damages and kills both oligodendrocytes and neurons (Lehnardt et al., 2003). Likewise,
intracerebral injection of LPS in neonatal rats produces oligodendrocyte death and
hypomyelination, (Lehnardt et al, 2002; Pang et al., 2003). It has also been described that
infections can exacerbate and even initiate MS (Buljevac et al., 2002; Kurtzke, 1993). Hence,
TLR activation of microglia by either PAMPs or DAMPs plays an important role in the
induction and regulation of MS disease.

In MS active lesions there is a high expression of TLR3 and TLR4 in microglia, particularly in
perivascular areas at the centre and the borders of the lesions (Bsibsi et al,, 2002). In EAE, an
increase in TLR1, TLR2, TLR4, TLR6, TLR7, TLR8 and TLR9 as well as MyD88 within the spinal
cord has been shown, with TLR9 being increased later in the disease than the other TLRs
(Prinz et al., 2006). The results obtained by diverse studies on the influence of different TLRs

in EAE initiation and progression are contradictory. This has been attributed to the use of
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different EAE induction protocols. However, MyD88 has consistently been shown to be
necessary for EAE induction (Marta et al, 2008; Prinz et al, 2006), suggesting that TLR
signalling through this adaptor plays an essential role in EAE and perhaps in the development
of autoimmune CNS disease. Lethally irradiated MyD88-/- mice reconstituted with wild type
(WT) bone marrow, in which microglia remain MyD88-/-, continue to be susceptible to EAE
induction but show a much milder disease course. This implicates microglial TLR signalling as
an important player in the disease. Furthermore it seems that poor T cell priming is the cause
of the MyD88-/- mice resistance to EAE in this model (Prinz et al., 2006).

Although CFA (the adjuvant used in classical EAE induction) contains mycobacterial PAMPs
that bind to TLR2/6 and TRLR2/1, it has been shown these receptors have a redundant
function in EAE because TLR2 knockout mice display the same disease course as WT mice
(Marta et al., 2008; Prinz et al., 2006). This also suggests that TLR4 or other innate receptors
mediate the CFA adjuvant effect. However, a later study has demonstrated that TLR2 binding
by 15a-hydroxicholestene (15-HC), an oxidised product of cholesterol which is at an
increased concentration in the serum of patients with SPMS and in mice with secondary
progressive EAE, promotes pro-inflammatory activation of microglia and monocytes through
a pathway dependent on poly (ADP-ribose) polymerase I (PARP-1). Importantly, PARP-1
inhibition in vivo suppressed microglial activation, reduced the number of CNS infiltrating
macrophages and reduced the expression of CCL2, TNFa and nitric oxide synthase 2 (NOS2),
all of which stopped the progression of EAE. Thus, TLR2-PARP-1 pathway might be important
for the secondary progression of MS (Farez et al.,, 2010).

TLR3 activation with poly I:C produced less severe disease and suppressed relapses in a
PLPi39-151 EAE model, which was associated with less inflammatory infiltration and

demyelination as well as with IFN-[3 induction (Touil et al., 2006).
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Two reports about MOG induced EAE in TLR4-/- mice have produced opposing results. Kerfoot
et al. showed that disease incidence was lower in TLR4 knockout mice, with no change in time
of onset and severity. They also argued that the pertussis toxin function in the initiation of
EAE is partially dependent on TLR4 (Kerfoot et al., 2004). On the other hand, Marta et al.
found that the lack of TLR4 exacerbates EAE, possibly by impairing MOG-specific Tul
responses which in turn promotes Ty17 cell mediated inflammation (Marta et al., 2008).

Similarly, TLR9 deficiency has been reported to be both detrimental and beneficial in EAE by
different groups. As with EAE induced in TLR4+/- mice, the conflicting results could be due to
the different protocols used to induce EAE. In the study where TLR4 and TLR9 knockouts
were found to worsen EAE, animals were immunised with whole MOG protein. In the
contradictory studies just the immune-dominant MOGss.ss epitope was used (Marta et al,,
2008; Prinz et al, 2006). The contradictory results could be explained by the fact that
immunisation with MOG protein induces pathogenic B cell responses and production of auto-
antibodies like the ones observed in MS, whereas immunisation with MOGss.s5 does not induce
these effects (Marta et al., 2009). Marta et al. described a more severe EAE with higher disease
scores in TLR9/- mice compared to WT, providing only an increased expression of II-6 by
splenocytes as a possible explanation and without conducting histological studies (Marta et
al,, 2008). In contrast, Prinz et al. showed that TLR9 deficiency caused a significant delay in
disease onset as well as lower disease scores. In their study, the TLR9 knockout mice had
smaller infiltrates and less demyelination and axonal damage at late stages of EAE than WT
mice. This was dependent on TLR9 absence from both peripheral leukocytes and microglia.
Interestingly, it appears that an endogenous molecule is responsible for the TLR9 activation in
EAE because the presence of possible TLR9 ligands in the adjuvant was ruled out (Prinz et al,,

2006).
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Overall it seems that TLR4 signalling is mostly involved in the initial phases of EAE, whereas
TLR2 and TLR9Y are involved in modulating EAE progression and TLR3 activation may be

protective. Whether or not these findings are also applicable to MS is not known.

1.1.6.3. CNS macrophages

Apart from microglia, which are by far the most common innate immune cells in the CNS,
other members of the mononuclear phagocyte system are also found in the healthy CNS.
These macrophage populations include perivascular macrophages (PVMs), meningeal
macrophages, and circumventricular organs and choroid plexus macrophages. While
microglia are located inside the CNS parenchyma, CNS macrophages are located outside the
basal membranes of vessels, meninges, ventricular epithelium and chorioepithelium, and thus
are not in contact with neurons and glial cells. These CNS macrophages show significant
morphological, biochemical and cell membrane marker differences to microglia. These
differences include a higher expression of MHC II (Raivich and Banati, 2004; Ransohoff and
Cardona, 2010) and gradual replenishment of populations by circulating monocytes (Hickey
and Kimura, 1988; Streit et al., 1989). In MS and EAE, CNS macrophages, as well as the
peripheral monocytes located in the perivascular infiltrates, are considered to be the main
APCs to auto-reactive T cells (Bartholomaus et al., 2009; Gehrmann et al., 1993; Hickey and

Kimura, 1988; Waldner et al., 2004).

1.2. Epigenetics
Epigenetics is the study of stable, heritable changes in the genome that influence gene

expression without changing the DNA sequence. The mechanisms of epigenetic gene
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regulation include DNA methylation, histone tail modifications and miRNA-mediated post-

transcriptional gene silencing (Jaenisch and Bird, 2003; Jirtle and Skinner, 2007).

1.2.1. Transcription regulation and modification of chromatin

In eukaryotic cells transcription initiates with the binding of one or more regulatory proteins
(termed transcriptional activators) to specific DNA sequences (enhancers) that can be several
kilobases upstream or downstream from the transcription start site (TSS). Despite being far
away, activators get access to the promoter region of the genes through DNA looping.
Activators then recruit ATP-dependant chromatin remodelling complexes that displace
nucleosomes at the promoter, making the DNA available for transcription, as well as large
protein co-activator complexes including the SAGA histone acetyltransferase complex and
Mediator. These co-activators and nucleosome remodelers facilitate the rapid recruitment of
the transcription machinery in a sequential order. First, the general transcription factor TFIID
binds to a TATA box (short double-helical DNA sequence composed mainly by T and A
nucleotides) or to other initiation of transcription consensus DNA sequences located 25
nucleotides upstream from the transcription start site (TSS) in the promoter. This causes a
big distortion in the DNA of the TATA box which allows the binding of TFIIB followed by the
other general transcription factors (including TFIIF), as well as the RNA polymerase II (Pol II)
(enzyme that transcribes DNA into RNA), assembling the transcription pre-initiation complex.
SAGA and Mediator facilitate the interaction of activator proteins with the Pol II and the
general transcription factors by providing structural support for the complex to assemble
(Casamassimi and Napoli, 2007; Fuda et al,, 2009; Grant et al., 1997; Roeder, 2005). Next, the
DNA helicase subunit of TFIIH unwinds 11-15 bases of DNA at the transcription start site,
exposing the template strand to the active site of the Pol II. Then the protein kinase subunit of

TFIIH phosphorylates the carboxy-terminal domain (CTD) of Pol II causing conformational
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changes that allow the polymerase to be released from the transcription initiation complex
and move away from the promoter (Saunders et al., 2006). Following promoter clearance, the

Pol II transcribes short lengths of RNA into the gene body, stopping at the promoter-proximal

pause site. In order for the elongation phase of transcription to start, the polymerase CTD
requires a second phosphorylation by P-TEFb to create binding sites for proteins important
for mRNA processing. The elongating Pol II also requires elongation factors which help the
polymerase to stay bound to the DNA it is transcribing and to move along it. Elongation factor
proteins include chromatin remodelling complexes and histone modifying enzymes such as
the H3K36 methyltransferase SET2 and the H3K4me2/me3 methyltransferase SET1 (Egloff
and Murphy, 2008; Fuda et al., 2009; Lee et al., 2007).

One gene can have several activator proteins that often work in complexes. Activators
increase the rate of transcription initiation by facilitating the assembly of the transcription
pre-initiation complex through the recruitment of chromatin remodelling complexes and
histone modifying enzymes that in turn change the chromatin structure at the promoter,
making DNA accessible. Histone modifications also allow the binding of other effector
proteins for transcription initiation. These include other histone-modifying enzymes,
chromatin remodelling complexes and the general transcription factor TFIID (Agalioti et al,,
2002; Agalioti et al., 2000; Narlikar et al., 2002; Roeder, 2005).

The order in which the many proteins required for transcription initiation (activators, histone
modifying enzymes, chromatin remodelling complexes, SAGA, Mediator, general transcription
factors and Pol II) come into play differs from gene to gene, as well as the regulatory proteins
needed, as illustrated in figure 1.1. For some inducible genes the activator protein must bind
to the chromatin first so the events leading to transcription initiation can start (Roeder, 2005;
Weake and Workman, 2010). However, in some other genes, especially in the ones in charge

of developmental control, paused Pol Il can be found already binding the promoter and poised
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for transcription before activators bind regulatory sequences (Boettiger and Levine, 2009;
Min et al,, 2011).

There are thousands of different regulatory proteins and they include both activators and
repressors that bind to DNA regulatory sequences and control the rate of the assembly
processes at the promoter allowing genes to be switched on or off individually. Repressors
block the assembly of the transcription pre-initiation complex by competing with activators to
bind the same regulatory region. They do this by binding to the activators and blocking their
activation surface or by directly interacting with the general transcriptional factors and
hindering their assembly. Moreover repressors can also recruit chromatin remodelling
complexes that pack the DNA back into chromatin making it unavailable for transcription.
They also recruit histone modifying enzymes that remove transcription activation marks
(histone deacetylases) or deposit repressive marks (some histone methyl transferases)
(Roeder, 2005; Weake and Workman, 2010).

Chromatin remodelling proteins, histone modifying enzymes and other proteins that do not
bind directly to the DNA, but interact with regulatory proteins favouring or obstructing
transcription, are termed co-activators or co-repressors (Qiu et al, 2004; Roeder, 2005;
Weake and Workman, 2010).

Modifications that occur during transcription initiation can be rapidly reversed after the
activators that set them in place dissociate from DNA. This allows the quick switch on and off
of genes in response to external signals. However, under certain circumstances the
modifications persist even when the activators have left, and this can be passed to the next
cell generation affecting the gene expression patterns in the long term (Strahl and Allis, 2000;

Turner, 2007).
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Figure 1.1. Sequence of events leading to transcription initiation. The diagram shows one
possible order of the steps towards transcription initiation. This order, as well as the proteins
needed for the initiation of transcription, differ from gene to gene (modified from (Alberts,
2008).

1.2.2. Histone modifications

The nucleosome is the basic unit of the chromatin structure, comprising of an octamer of the
four core histone proteins (H3, H4, H2A and H2B) around which 147 base pairs (bp) of DNA
are coiled in 1.75 turns. Histones have globular bodies and amino-terminal tails that radiate
from the nucleosome surface (Luger et al., 1997). These tails can undergo a wide range of

post-translational modifications of specific amino acids, including acetylation of lysines,
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methylation of lysines and arginines, phosphorylation of serines and threonines,
ubiquitination and sumoylation of lysines, ADP ribosylation of glutamic acid, deamination of
arginines and proline isomerisation (Kouzarides, 2007).

Histone modifications regulate the transcription of genes by altering the chromatin structure
and by the recruitment of non-histone proteins that mediate downstream functions. The
modifications can disrupt histone-DNA and histone-histone contacts by neutralising the
positive charge of the histone tails, releasing the chromatin and allowing access to the
transcriptional machinery. They also create favorable interaction surfaces for effector
proteins that contain specialised binding domains, such as histone-modifying enzymes,
chromatin remodelling complexes and other co-activators or co-repressors (Agalioti et al,
2002; Jenuwein and Allis, 2001; Margueron et al., 2005; Strahl and Allis, 2000).

In combination, different histone modifications establish a “code” that can be recognised by
specific effector proteins and determine whether or not, and the extent to which, genes are
expressed (Jenuwein and Allis, 2001). This “crosstalk” can take place between modifications
in the same histone (cis) or different histones (trans) (Nightingale et al.). The epigenetic code
regulates the expression of key genes during development and later on maintains the gene
expression programs characteristic of differentiated cells (Ringrose and Paro, 2007).

The histone tail modifications are dynamic, being placed and removed by specific modifying
enzymes whose activities can be modulated by environmental and intrinsic signals (Turner,
2007). Some of these enzymes can have other non-histone substrates and may accomplish
their functions through non-epigenetic mechanisms (Strahl and Allis, 2000).

Histone modifications can have a role in both the short-term ongoing cellular processes
(transcription, DNA replication and repair) and in more long-term functions
(heterochromatin formation, maintenance of differentiated cells specific gene expression

patterns). The levels of short-term modifications fluctuate rapidly, whilst long-term, stable
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modifications have slow turnover with a relatively consistent steady-state level (Turner,

2007).

1.2.2.1. Histone lysine methylation

Methylation of histones can occur on arginine and lysine residues. Lysine residues may be
mono-, di- or tri-methylated. Lysine methylation does not change the charge of the histone
tails and therefore does not disrupt the histone-DNA contacts. The mechanism by which
histone methylation affects transcription is by being a binding site for effector proteins. The
effector proteins recognise specific methylation marks and thereby the position of the
modified residue in the histone, as well as the number of methyl groups added (mono-, di- or
trimethylation) (Klose and Zhang, 2007). Methylation at histone 3 lysine 4 (H3K4), histone 3
lysine 36 (H3K36) and histone 3 lysine 79 (H3K79) have been associated with transcriptional
activation whilst trimethylation of histone 3 lysine residue 9 or 27 (H3K9me3 and
H3K27me3) and histone 4 lysine 20 monomethylation are associated with transcriptional
repression (Klose and Zhang, 2007; Kouzarides, 2007). Histone methyltransferases (HMT)
belong to the SET-domain containing protein family and are very specific, usually modifying a
specific lysine residue within a defined histone (Martin and Zhang, 2005).

Until recently, histone methylation was considered to be a permanent modification since no
histone demethylases had been identified (Agger et al, 2008). However, the discovery of
histone lysine demethylases suggested that histone methylation could be dynamically
regulated. The demethylation of mono- and di-methylated lysines is carried out by amine
oxidases, and lysine tri-methylation is removed by 2-oxoglutarate oxygenases by
hydroxylation (Bannister et al., 2002). This last group includes around 30 enzymes that
contain a Jumonji C (JmjC) domain which catalyse lysine demethylation through an oxidative

reaction that requires iron [Fe (II)] and a-ketoglutarate (aKG) as cofactors. The methyl group
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is hydroxylated and released as formaldehyde (Tsukada et al., 2006). The JmjC-domain-
containing proteins catalyse the demethylation of all three lysine methylation states and
display high specificity for target residues and the levels of methylation (Klose and Zhang,
2007; Shi et al, 2007). Based on their phylogeny and their domain composition, these
enzymes are divided into seven evolutionary conserved subfamilies: JHDM1, JHDM2,
JHDM3/JM]JD2, PH2/PHF8, JARID1/JARID2, UTX/UTY and JmjC-domain-only family (Klose et

al, 2006).

1.2.2.1.1. Histone 3 lysine 27 tri-methylation (H3K27me3)

H3K27me3 is an epigenetic mark for repression of transcription and is important for the
maintenance of pluripotency in embryonic stem (ES) cells. Within embryonic stem cells it is
usually found in bivalent domains which also contain activating histone marks (H3K4me3).
These bivalent domains silence genes that control lineage fate decisions while keeping the
genes poised for activation. During differentiation H3K27me3 is down-regulated by
demethylases which allows the expression of cell type-specific genes (Surani et al., 2007).

The tri-methylation of H3K27 is catalysed by the histone methyltransferase Ezh2 that,
together with Suz12, Eed and RbAp48, compose the Polycomb-repressive complex 2 (PRC2).
H3K27me3 is in turn recognised by members of the PRC1 complex through a chromodomain,
which blocks the access of transcriptional activators and chromatin remodelling factors to
DNA. This hinders the initiation of transcription and results in the silencing of target genes
that regulate cell differentiation, embryonic development and proliferation (Schwartz and
Pirrotta, 2007).

However, it has also been described that the presence of H3K27me3 in gene promoters can be
compatible with transcription, indicating that the histone mark might adopt different

transcription regulation roles depending on the gene or the cellular type (Young etal., 2011).
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The H3K27me3/me2-specific demethylases are transcriptional co-activators that belong to
the ubiquitously transcribed tetratricopeptide repeat UTX/UTY family and they include Utx,
Uty and Jmjd3 (Agger et al., 2007; Hong et al., 2007; Klose et al., 2006). Utx is required during
development for the activation of HOX genes by demethylating H3K27me3 (Agger et al,
2007). In differentiated cells, Utx demethylase activity is low and constitutive, being
responsible for maintaining the steady-state levels of H3K27me3. Uty seems to be the Y
chromosome equivalent of Utx. Although Utx and Uty are highly homologous and contain the
same TPR protein interaction domains repeats in addition to the JmjC domain, Uty has been
described to be enzymatically inactive (Hong et al,, 2007). Jmjd3 shows important homology
with Utx and Uty, particularly in the JmjC domain, but it lacks the TPR domains (Klose et al,,
2006). As in Utx, Jmjd3 also possesses H3K27me3 demethylase activity but shows an
inducible expression in a tissue-specific way in differentiated cells and in precise

developmental stages (De Santa et al., 2007).

1.2.3. Jmjd3 (Kdm6)

1.2.3.1. Roles in development and senesce

Jmjd3 fulfils an important role in development by working as a transcriptional activator
during cellular differentiation.

Jmjd3 has been shown to be required for the neural commitment of embryonic stem cells by
promoting the expression of Pax6, Nestin and Sox1. In the case of Nestin, Jmjd3 recruitment
coincided with loss of H3K27me3 in bivalent domains at the promoter. However, for Pax 6
and Sox1, Jmjd3 occupancy did not cause any changes on H3K27me3 levels, suggesting that
Jmjd3 regulates their expression by other means (Burgold et al., 2008). Jmd3 is also necessary
for the terminal differentiation of neuronal stem cells in response to retinoic acid by inducing

the expression of neuronal genes through H3K27me3 demethylation (Jepsen et al., 2007). At
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later stages of the CNS development Jmjd3 is indispensable for the maintenance of the
respiratory rhythm generator pacemaker known as the pre-Botzinger complex (PBC).
Maintenance is achieved by upregulating key PBC-specific genes through the demethylation of
H3K27me3. In Jmjd3 knockout mice the lack of this mechanism causes perinatal lethality
secondary to respiratory failure (Burgold et al., 2012).

Jmjd3 is also involved in the control of epidermal differentiation. In human primary
keratinocytes Jmjd3 promotes the expression of epidermal differentiation genes by both
reducing their levels of H3K27me3 and by a non-described demethylase independent
mechanism in genes that lack H3K27me3 in their promoter regions (Sen et al., 2008). In C.
elegans the Jmjd3 homologue is also required for adequate gonadal development (Agger et al,,
2007).

Additionally, Jmjd3 has been implicated in playing a part in cellular senescence as a potential
tumor suppressor gene. In response to oncongenic stress Jmjd3 is induced and demethylates
H3K27me3 at the INK4A-ARF locus. This up-regulates the expression of the tumor
suppressor proteins pl6imksa and pl4arr/p19arr, which in turn lead to the arrest of the cell
cycle and inhibition of proliferation. In various types of cancer the expression of Jmjd3 has

been shown to be reduced, probably secondary to allele loss (Agger et al., 2009).

1.2.3.2. Roles in the immune response and inflammation

To date, Jmjd3 is the only histone modifying enzyme that has been described to have a role in
the immune response and inflammation. A previous study demonstrated that in primary bone
marrow-derived mouse macrophages exposed to inflammatory stimuli such as LPS and IFNy,
Jmjd3 is quickly and strongly up-regulated through the transcription factor NF-kB. They also
showed that this Jmjd3 up-regulation was followed by a slow down-regulation of H3K27me3

at the promoter of the target gene, bone morphogenetic protein 2 (Bmp-2), and increased

35



transcription after Jmjd3 binding (De Santa et al., 2007). It was later described that in such
pro-inflammatory activated primary bone marrow derived macrophages Jmjd3 binds to the
transcription start sites (TSS) of several genes, including those encoding chemokines (e.g.
Cxcl2, Cxclll, Ccl5), cytokines (e.g. Tnfa, IlI6, 1l112) and other immune response and
inflammation mediators like Nos2. However, only a group of these genes (Ccl3, Ccl4, Ccl5, Ccl9,
Cxcll1, I112b, and 116) were shown to be partially dependant on Jmjd3 for expression in
Jmjd3-/- foetal-liver derived macrophages. The transcriptional effects of Jmjd3 depletion were
produced both by a reduction in Pol_II recruitment and in the transcription elongation, and
were independent of its H3K27me3 demethylase activity (De Santa et al., 2009). Conversely,
in primary IL-4-induced alternative activated macrophages (M2-macrophages), the
expression of M2 marker genes is controlled by an IL-4 dependent Jmjd3 up-regulation, which
in turn decreases the dymethylation and trimethylation of H3K27 and promotes transcription.
These in vitro observations were confirmed in M2-peritoneal macrophages recovered from
mice injected intraperitoneally with eggs from the parasite S mansoni. Compared to non-
injected mice, the M2-peritoneal macrophages from injected mice had increased expression of
Jmjd3 and reduced levels of H3K27me3 at specific M2 marker gene promoters in association
with Jmjd3 recruitment (Ishii et al., 2009). A further report using M2 macrophages from
Jmjd3-/- bone marrow chimeric mice demonstrated that Jmjd3 in fact secondarily regulates M2
marker genes transcription by controlling the expression of the transcription factor Ifr4 in a
demethylase activity dependent way (Satoh et al., 2010). Similarly, the enzymatic H3K27me3
demethylase activity of Jmjd3 has been reported to be required for the expression of Ccl3 and
II6 in the EL4 T cell line and in an in vitro endothelial cell model of ischemia/reperfusion
injury, respectively (Lee et al., 2012; Miller et al., 2010).

In primary B cells from tonsillar tissue, the expression of Jmjd3 increases as cells become

differentiated, with the highest expression observed in memory B cells. Furthermore, Jmjd3
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over-expression experiments in transfected primary B cells showed that the transcriptional
targets of Jmjd3 are indeed genes differentially expressed in plasma cells and memory cells.
This supports a role for Jmjd3 in B cell differentiation. Jmjd3 was even further up-regulated in
B cells infected with the oncogenic Epstein-Barr virus (EBV) and in malignant Reed-Sternberg
cells (derived from B lymphocytes) from Hodgkin’s lymphoma tumors (a type of cancer
developed in some cases secondary to EBV infection). Since Jmjd3 up-regulation is caused by
the latent membrane protein 1 (LMP1), which is the major EBV transforming gene, and both
proteins share transcriptional target genes, this suggests that LMP1- induced malignant
transformation can be partially mediated by Jmjd3 (Anderton et al., 2011).

Jmjd3 has also been implicated in the pathogenesis of autoimmune diseases. In anti-
neutrophil cytoplasmic autoantibody (ANCA) vasculitis, autoantibodies are mainly directed
against the early neutrophil granule proteins, proteinase 3 (PR3) and myeloperoxidase
(MPO), which are abnormally expressed in mature neutrophils. The up-regulation of PR3 and
MPO correlated with a decrease in H3K27me3 at their promoters and with a concomitant
elevation of JM]JD3 in neutrophils from ANCA patients compared with healthy controls.
Together these observations suggest that Jmjd3 reverses the normal silent state of PR3 and
MPO in differentiated cells by erasing the repressive histone mark (Ciavatta et al., 2010).
Contrarily, reduced Jmjd3 binding seems to contribute to the pathological mechanisms behind
Systemic lupus erythematosus (SLE), an autoimmune disease characterised by anti nuclear
auto-antibodies and T cell over-activation. In CD4+ T cells from patients with SLE, the
decreased expression of hematopoietic progenitor kinase 1 (HPK1), a negative regulator of
TCR signalling, is associated with increased H3K27me3 levels and loss of Jmjd3 co-localisation
at its promoter, ultimately leading to T cell hyper-reactivity and B cell overstimulation (Zhang

etal, 2011).
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In summary, Jmjd3 up-regulation allows differentiated cells to reprogram their chromatin in
response to environmental factors, providing a mechanism linking inflammation to the

control of gene expression and cell differentiation (De Santa et al., 2007).

1.2.3.1. Jmjd3 regulation of gene expression

In Jmjd3 knockout LPS-activated primary macrophages, De Santa et al. described a reduction
in the mRNA levels of Ccl5, 1112b, Cxcl11 and Ccl9 among other genes. This mRNA reduction
was associated with a decrease in Pol II recruitment to the TSS and in the levels of nascent
chromatin-associated RNA, reflecting a reduction in the number of elongating polymerases
across the genes. These findings hint at a role for Jmjd3 in transcription initiation and
elongation, independent of its demethylase activity (De Santa et al., 2009). A recent report
using co-immunoprecipitation assays in 293 T and in macrophage-like differentiated HL-60
cells confirmed that Jmjd3 associates with elongation factors including: SPT6, SPT16, CDC73,
the H3K36 methyltransferase SET2 and the H3K27me2 demethylase KIAA1718. In the
macrophage-like differentiated HL-60 cells, Jmjd3 and KIAA1718 cooperate to demethylate
H3K27me3 at the promoter of a group of shared target genes, thereby increasing their
expression. More importantly, Jmjd3 and KIAA1718 were also found binding to the bodies of
their targets genes and knockdown experiments corroborated that the two enzymes
contribute to the recruitment of positive elongation factors to these genes. This in turn
correlated with an increase of RNA pol II throughout the gene bodies (Chen et al., 2012).
Together these data suggests that at least at some target genes, Jmjd3 might be part of a
protein complex that activates transcription by promoting Pol Il progression along the gene
bodies and transcriptional elongation.

It has also been shown that in terminally differentiated cells Jmjd3 has a role in chromatin

remodelling which is not related to its H3K27me3 demethylase activity. Jmjd3 makes the
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promoter region of target genes such as Ifng more accessible for transcription by providing a
bridge for the interaction of T-box transcription factors, such as T-bet in Tu1 cells and a Brg1-
containing SWI/SNF chromatin remodelling complex (Miller et al., 2010).

Therefore, specific gene promoters and/or specific cell differentiation stages or cell types may
require Jmjd3’s H3K27me3 demethylase activity, the transcriptional elongation regulation

function or the chromatin remodelling role to regulate gene expression.
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Figure 1.2. Jmjd3 regulation of gene expression. Following activation with pro-
inflammatory stimuli (such as LPS and IFNy), Jmjd3 is induced by the transcription factor NF-
kB. Jmjd3 promotes the transcription of target genes (such as pro-inflammatory genes) either
by removing H3K27me3 (transcriptional repressive histone mark), aiding chromatin
remodelling or contributing to transcriptional elongation. Modified from (Foster et al.,, 2007).



1.2.4. Epigenetics in MS

Epigenetics is a young field and therefore the relation between epigenetic mechanisms and
human diseases, maybe with the exception of cancer, is just starting to be determined.

Since epigenetic mechanisms can modulate the gene expression and cell phenotype in
response to external stimuli (Jaenisch and Bird), the role of some susceptibility factors
(especially environmental ones) in the pathogenesis of MS could perhaps be partially
explained by such epigenetic mechanisms (Huynh and Casaccia, 2013; Koch et al., 2013).

The high discordance between identical twins (Sadovnick et al,, 1993), the more common
mother to daughter “transmission” of MS (Chao et al., 2010), the eminent importance of
environmental exposure before adolescence (as reflected by the change in MS risk in migrants
under 15 to the new geographical region incidence) (Dean and Elian, 1997), and the broad
histopathological and clinical variation between patients (Lassmann et al, 2001) further

support the involvement of epigenetic changes in MS.

1.2.4.1. MS and DNA methylation

The methylation of cytosines in the DNA interfere with the binding of transcription factors to
the DNA and produce repression of transcription (Klose and Bird, 2006).

In a study carried out in three identical twin pairs discordant for MS not matched for sex and
age, the DNA methylation pattern of blood isolated CD4+ T cells showed no difference between
the healthy and corresponding MS affected twin (Baranzini et al,, 2010).

DNA methylation could contribute to increase the number of Ty1l7 cells and therefore
inflammation in MS patients. A study in the methylation profile of CD4+ T cells and its relation
with lineage commitment showed that the promoter of IL17A is hypomethylated and
therefore transcriptionally more active in T cells from MS patients, which could cause a skew

of T cell differentiation towards a Ty17 phenotype (Janson et al., 2011).
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Hypomethylation of the promoter of the enzyme peptidyl arginine deiminase type-2 (PAD2)
that citrullinates MBP results in an overexpression of the enzyme and higher levels of
citrullinated MBP in the NAWM of patients with progressive MS. Citrullinated MBP is less
stable than regular MBP, which could contribute to myelin sheath instability and increased
breakdown, releasing antigenic peptides and contributing to the development of an
autoimmune response (Mastronardi et al., 2007; Moscarello et al., 1994).

Another study investigating the relation between DNA methylation and changes in disease
activity in RRMS patients compared the methylation status of 56 gene promoters in cell-free
plasma DNA from relapsing patients, patients in remission and healthy controls. 15 of 56
genes were differentially methylated between MS patients and controls, while in 5 of these
genes the methylation level of the promoter allowed the differentiation between patients in a
relapse and patients in remission with 70.8% sensitivity and 71.2% specificity (Liggett et al,,
2010).

Further studies, with a bigger sample size, analysing the DNA methylation profile in different
cell types and tissues from MS patients compared to healthy controls are needed to analyse
the contribution of DNA methylation at specific genes in MS pathogenesis. Likewise, further
repetitions and larger sample size are needed in order to establish the validity of DNA
methylation of specific genes as a potential biomarker of disease activity (Huynh and Casaccia,

2013; Koch et al,, 2013).

1.2.4.2. MS and histone modifications

The only histone modification that has been studied in relation to MS is histone acetylation.
Histone acetylation promotes the expression of genes by neutralizing the negative charge of
DNA and disrupting its binding to histones, making chromatin more open and available for the

transcription machinery (Kouzarides, 2007). In particular, the link between histone
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acetylation, oligodendrocyte precursor cells differentiation and re-myelination of affected
axons has been established.

During normal development the myelination of axons requires the down-regulation of
transcription factors that inhibit oligodendrocyte differentiation. Such down-regulation is
achieved by the increased expression of histone deacetylases (HDACs) which catalyse the
removal of histone 3 (H3) acetylation (a marker of transcriptional activation) from the
promoter of differentiation inhibitors (Shen et al,, 2005).

H3 deacetylation is also important for the myelin repair observed after demyelination
induced by cuprizone in a mouse model. Adult oligodendrocyte progenitors’ differentiation is
accompanied by an increased activity of HDACs which repress the expression of
differentiation inhibitors. In the same cuprizone model of demyelination, old mice showed a
reduced ability to up-regulate HDACs in olygodendrocyte progenitors. This reduced
expression of HDACs was accompanied by a reduction of their recruitment to the promoter of
Sox2 (stem cell transcription factor) and transcriptional inhibitors, which caused their
persistent expression and blocked the differentiation of oligodendrocyte precursors,
impairing re-myelination. The HDAC inhibitor, valproic acid, blocked the differentiation of
oligodendrocyte precursors and re-myelination when administered to young mice by the
same mechanism as advanced age. Therefore, age dependent inefficient remyelination seems
to be linked to a failed HDAC activity (Shen et al., 2008).

In a study with samples from progressive MS patients, oligodendrocytes in the NAWM of MS
patients showed a higher level of H3 acetylation compared to controls, which was associated
with high levels of transcriptional inhibitors of oligodendrocyte differentiation. This suggests
histone acetylation has a pathophysiological role in MS progression by dampening
remyelination and propitiating axonal damage. In contrast, oligodendrocytes in early MS

lesions with ongoing demyelination and/or remyelination showed an important H3
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deacetylation. Therefore, histone deacetylation of oligodendrocytes occurs at the early stages
of the disease, correlates with remyelination, and its efficiency decreases with disease
duration. Additionally, similar to what has been described in mice, histone acetylation is
increased in the white matter of aged control subjects (Pedre et al,, 2011).

In EAE studies, treatment with histone deacetylase inhibitors such as sodium phenylacetate
and trichostatin A ameliorates disease and inflammatory infiltrates (Camelo et al., 2005;
Dasgupta et al, 2003). However, as discussed before, deacetylation in oligodendrocyte
progenitors is essential for the differentiation into mature cells and the repair of myelin,
which could negate other putative positive effects of HDACs inhibitors in MS (where

demyelination is more prominent than in murine models).

Although some epigenetically regulated mechanisms involved in the pathophysiology of MS
that contribute to increased susceptibility have been elucidated, there is still a lot of research
to be done in this respect. Until now, no successful treatment has been developed for
secondary progressive MS and targeting microglial activation could be a good therapeutic
option. Deciphering the epigenetic phenotype of microglia in MS and investigating whether
epigenetic changes are involved in the maintenance of a gene expression program that
contributes to the persistent activation of microglia in the late stages of the disease could lead
to the development of new therapeutic interventions.

Since it seems that Jmjd3 allows terminally differentiated cells to reprogram their chromatin,
and thus their gene expression profile in response to their micro-environment, it is a good

candidate to study in relation to chronic microglial activation in MS and EAE.
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1.3. Hypothesis

Increased expression of the histone demethylase, Jmjd3, in microglia leads to up-regulation of

genes that contribute towards the initiation and maintenance of the pathological chronic

activated state seen during remissions and the progressive stage of MS and EAE.

1.4. Thesis aims

Examine the gene and protein expression of Jmjd3 by quantitative real-time polymerase
chain reaction (qRT-PCR) and immunohistochemical analysis in activated microglia
stimulated with bacterial products and pro-inflammatory cytokines using a microglial cell

line and primary murine microglia.

Determine the target genes of Jmjd3 implicated in the induction and maintenance of
persistent activation in primary murine microglia using chromatin immunoprecipitation

(ChIP) along with gRT-PCR.

Investigate if the binding of Jmjd3 to target genes in activated primary murine microglia
has an influence on the levels of the H3K27me3 mark, which may result in an increase in

the transcription of such genes.

Examine the expression of Jmjd3 at the mRNA and protein levels in surveying (“resting”)

and activated microglia/infiltrating macrophages isolated from naive versus EAE mice

brain and spinal cord, using qRT-PCR and flow cytometry.
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Investigate if there is a difference in the expression of Jmjd3 in activated microglia/CNS
infiltrating macrophages between relapses and remissions in a CR-EAE Biozzi mice model],

using qRT-PCR and flow cytometry.

Determine the functional consequences of blocking/reducing the expression of J/mjd3 with

ShRNA, or through the use of /mjd3 knockout mice primary microglia, by examining the

expression of target genes in activated primary microglia in vitro.
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2. Materials and methods

2.1. Cell culture
2.1.1. Cell lines
HEK 293T, EOC 20 and LADMAC cells were obtained from the American Type Culture

Collection (ATCC). All cell lines were cultured at 37°C in a 5% CO2 humidified atmosphere.

HEK 293T cells and LADMAC cells were maintained in Dulbecco’s Modified Essential
Medium (DMEM; Sigma-Aldrich), supplemented with filter-sterilised 10% (v/v) foetal calf
serum (FCS; Sigma-Aldrich), 100 U/ml penicillin-streptomycin (Sigma-Aldrich) and 2 mM L-

glutamine (Sigma-Aldrich).

EOC 20 cells were cultured in DMEM supplemented with 10% FCS (v/v), 100 U/ml penicillin-

streptomycin and 20% LADMAC conditioned media.

HEK 293T and EOC 20 adherent cells were passaged when they reached 70-80% confluency.
Non-adherent LADMAC cells were passaged when they reached a density of 1-2 x 106 cells/ml.
HEK 293T cells were re-suspended into the media by trypsinisation (Lonza). EOC 20 cells
were dislodged using a cell scraper. The cell suspension was centrifuged at 1000 x g for 5 min

and re-suspended in culture media for counting.

2.1.2. Cell storage
Cell lines were stored at a density of 2-3 x 10¢ cells/ml in FCS containing 10% (v/v) dimethyl
sulphoxide (DMSO; Sigma-Aldrich) at -80° C or -196° C (liquid nitrogen). Cells were thawed in

a water bath at 37°C and diluted drop-wise into 10 ml pre-warmed culture media. The cells
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were then centrifuged at 900 x g for 5 min and then re-suspended in culture media for

counting after which cells were seeded at an appropriate density in culture flasks.

2.1.3. Cell quantification
Cell concentrations were determined manually using a haemocytometer. Cell viability was

determined by Trypan Blue (Sigma-Aldrich) staining.

2.1.4. LADMAC conditioned media production

2 x 105/ml LADMAC cells were cultured in 150 cm? culture flasks with 150 ml of DMEM,
supplemented with 10% FCS and 100 U/ml penicillin-streptomycin. The flasks were
incubated for 1 week, during which time the cultures become confluent and the cells secrete
CSF-1 into the media. Subsequently, the media was collected, centrifuged at 500 x g for 30

min, sterile filtered with 0.22 pm filters and stored in 50 ml aliquots at -20°C for further use.

2.1.5. Primary murine microglial cell culture

To prepare mixed glial cultures 0-2 day old pup brains were dissected and placed into sterile
phosphate buffer solution (PBS) on ice. Meninges were quickly removed using light
microscopy. Brains were minced into small pieces using a scalpel and collected into 15 ml
conical tubes (2-5 brains per tube) with 10 ml of sterile filtered Hanks’ balanced salt solution
(HBSS; Sigma-Aldrich) plus 50 mM EDTA and 30-40u/ml of papain (Worthington) and
incubated at 37°C for 20 min on a rotating platform. Digested brains were centrifuged at 100 x
g for 2 min and supernatants were discarded. Cell pellets were triturated in 1 ml of Dulbecco's
Modified Eagle's Medium-F12 (DMEM-F12; Sigma-Aldrich) with 10% FCS and 1.5 mg/ml of
bovine serum albumin (BSA; Sigma-Aldrich), pipetting up and down gently with a P1000

pipette to obtain an emulsion. Cell suspensions were diluted in DMEM-F12 supplemented
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with 10% FCS, 100 U/ml penicillin-streptomycin and 0.5 pg/ml of Fungizone (Gibco) and
plated onto 6-well plates or 25 cm? culture flasks at a density of ~90,000 cells/cm? and
cultured at 37°C in a 5% CO2 humidified atmosphere. Cultures were washed the next day with
HBSS to remove cellular debris and fed every 3 days with a 50% replacement media. The
isolated media, corresponding to astrocyte-conditioned media (ACM), was stored at 4°C for
further use on the microglia culture post-trypsin stripping. After 15-30 days (once a
monolayer was formed), the DMEM-F12 was removed, cultures were washed with warmed
HBSS and incubated at 37°C in a 5% CO; incubator with 2 ml per well or 2.5 ml per 25 cm?
culture flasks of 0.25% trypsin solution (HBSS, 0.5 ml 10x trypsin/EDTA solution, 50 mM
EDTA, 100 mM CaCl, diluted at 1:3 with DMEM-F12). Cultures were monitored every 15 min
until the monolayer was detached, after which 2 ml of DMEM-F12 supplemented with 10%
FCS per well were added for trypsin inactivation. The media containing the layer of detached
cells was aspirated and discarded. The remaining attached cells on the 6-well plates or 25 cm?
culture flasks, corresponding to the microglia, were washed with warmed HBSS and 2 or 4 ml
of fresh DMEM-F12 supplemented with 10% FCS, 100 U/ml penicillin-streptomycin and 0.5
pg/ml of Fungizone mixed with 50% ACM were applied. The new microglia primary culture
was left to equilibrate for 24-48 hours before subjecting it to experimental conditions. (Saura
et al, 2003). The number of microglial cells obtained after trypsinisation of mixed glial
cultures was ~1.5-2 x 105 cells per well on the 6-well plates and ~4-5 x 105 cells per 25 cm?2
culture flask. To determine the purity of the microglial cultures, the cells were stained with
FITC conjugated anti-mouse CD45.2 (BD Pharmigen) and APC conjugated anti-mouse CD11b
(eBioscience) antibodies and then analysed by flow cytometry. All cultures had a purity

higher than 95%, as determined by the percentage of CD11b+ CD45+ cells.

48



Figure 2.1. Light micrographs of primary murine mixed glial and microglial cultures.
(A) Confluent murine mixed glial culture prior to mild trypsinisation. (B) Primary microglial
culture 48 hours after trypsinisation. (C) Primary microglial culture treated with 100 ng/ml of
LPS plus 100 U/ml of IFNy for 2 hours. After activation the primary microglia acquire a de-
ramified, rounder morphology. 40x magnification.

2.1.6. EOC 20 cells and primary murine microglia stimulations

EOC 20 cells and/or primary murine microglial cells were left untreated or stimulated with
lipopolysaccharides from E.Coli serotype 055:B5 (LPS; Sigma-Aldrich), recombinant mouse
IFN-y (BD Pharmingen), FSL-1 (InvivoGen), Pam3CSK4 (InvivoGen), Imiquinoid (InvivoGen),
ODN1826 CpG oligonucleotide (InvivoGen) and Poly (I:C) (InvivoGen). After incubation the
media was aspirated, cells washed with 37°C warmed PBS, scraped and pelleted by
centrifugation at 300 x g for the EOC 20 cells and at 100 x g for the primary microglia for 5

min for RNA isolation.

2.1.7. Transient transfection

2 x 105 HEK 293T cells were seeded per well in a 6-well plate or 2 x 106 cells per 75 cm?
culture flask one day before transfection. For each well, 100 pl of Opti-MEM serum-free media
(Invitrogen) was mixed with 3 pl GeneJuice (Novagen) an incubated at room temperature for
5 min. For the 75 cm? culture flasks, 2 ml of serum-free media were mixed with 20 pl of

GeneJuice. For complex formation 3 pg of plasmid DNA (pCMV-/mjd3-HA) per well or 7 pg per
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75 cm? culture flask were added and the GeneJuice/DNA mixture was incubated at room
temperature for 15 min. The complexes formed were then added drop-wise to the cells in
complete growth media and mixed by gently rocking the plate/flask. After 48 hours
incubation at 37°C in 5% CO2 cells were analyzed for expression or used in downstream

applications.

2.2. Flow cytometry

2.2.1. Surface staining

Cells were stained in V-bottomed, 96-well plates (BD Falcon) at 4°C in flow cytometry buffer
(PBS with 2% FCS) with either fluorescent conjugated primary antibodies, or with
unconjugated primary antibodies followed by staining with fluorescent conjugated secondary
antibodies for 20 min. Cells were then washed twice with 200 pL of flow cytometry buffer and
pelleted by centrifugation at 400 x g at 4°C for 2 min. Pellets were then re-suspended in 500
uL flow cytometry buffer and analysed with a FACS (fluorescence activated cell sorting)

Calibur (BD Biosciences). Data was analysed using Summit 4.3 software.

2.2.2. Intracellular staining for flow cytometry

For the Jmjd3 intracellular staining, cells were permeabilised with 250 pl permealisation
buffer (one part of fixation/permeabilisation concentrate plus three parts of
fixation/permeabilisation diluents (eBioscience)). Cells were incubated for 18 hours at 4°C
and then washed twice with 1x permeabilisation buffer (eBioscience) (diluted with H20 from
the 10x stock). Cells were stained with a rabbit anti-mouse Jmjd3 polyclonal antibody (kindly
provided by Dr. Gioacchino Natoli, IFOM-IEO Campus, Milan, Italy) diluted 1:100 in 1x

permeabilisation buffer and incubated for 30 min at 4°C. Cells were washed twice with 1x
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permeabilisation buffer and 1 pg/million cells of purified rat anti-mouse CD16/CD32 (Mouse

BD Fc Block, BD Pharmingen) diluted in 50 pl of 1x permeabilisation buffer were added per
well and incubated for 5 min at 4°C. Without washing, the cells were then stained with 10
pg/mL of the secondary fluorescent goat anti-rabbit antibody Alexa Fluor 488 (Molecular
probes) in 50 pl of 1x permeabilisation buffer and incubated for 30 min at 4°C. After washing
twice with 1x permeabilisation buffer following the staining, these cells were finally re-
suspended in 500 pl of FACS buffer and analysed with a FACS Calibur (BD Biosciences). Data
was analysed using Summit 4.3 software.

HEK 293T cells transiently transfected with the pCMV-HA-/mjd3 plasmid were also stained for
the HA tag. For this anti-HA staining, cells were incubated with the monoclonal mouse anti-
HA.11 primary antibody (clone 16B12, Covance) at a final concentration of 10 pg/ml for 45
min, at room temperature. Cells were then washed twice with flow cytometry buffer and
incubated with APC-conjugated Goat-Anti-Mouse IgG (BD Bioscience) at a concentration of 0.4

pg/ml for 30 min at 4°C in the dark.

2.3. Lentivirus cell transduction

2.3.1. Lentivirus preparation and concentration

24 h before transfection, a confluent T75 culture flask of HEK 293T cells was splitina 1 to 5
ratio. The following day, when cells achieved a confluency of ~ 50%, 1.6 ml of Opti-MEM
media (Gibco, Invitrogen) were mixed with 32 pl of TransIT®-293 Transfection Reagent
(Mirus, Cambridge BioScience) in a universal tube and incubated at room temperature for 5
min. In a separate tube, 4 pg of psPAX2 (2nd generation packaging vector), 4 pg of pMD2.G
(VSV-G envelope plasmid) and 6 pg of the desired pGIPz shRNAmir transfer vector were

mixed and then added drop-wise to the OPTI-MEM-TransIT®-293 mixture. To allow
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complexes to form, the solution was incubated at room temperature for 15 min, after which
12 ml of pre-warmed complete cell culture media was added. The media in the 293 T cell flask
was replaced with this transfection media and the cells were incubated at 37°C in a 5% COz2
humidified atmosphere for 48 h. The viral supernatants were harvested at 48 h (when
another 12 ml of pre-warmed complete DMEM media were carefully added to the cells) and
72 h post-transfection and stored at 4°C. The pooled viral supernatants were then centrifuged
at 1000 x g for 5 min, sterile-filtered through a 0.2 pum filter to remove cell debris into sterile
ultra-centrifuge tubes (Beckman-Coulter) and weighted to balance them. The viral particles
were concentrated by ultracentrifugation at 22 000 x g at 4°C for 2 h 30 min using an Avanti
JA 30.50 rotor. The supernatant was discarded and the lentiviral pellet re-suspended in 150-
200 pl of HBSS using sterile filter tips, aliquoted and stored at -80°C. To determine the viral
titer, HEK 293T cells were seeded at a concentration of 1 x 105 cells in 1 ml per well of a 12
well plate and five 10-fold serial dilutions of the concentrated virus were added to different
wells. Cells were then incubated at 37°C in a 5% CO2 humidified atmosphere for 72 h. To
assess the transduction efficiency, the percentage of GFP positive cells was quantified by flow
cytometry. The viral titer in transduction units (TU/pl) was calculated according to the
following formula: TU/ul = (P * N / 100 * V) * 1/DF, where P = % GFP+ cells, N = number of
cells at time of transduction (105), V = volume of dilution added to each well (20 ul) and DF =

dilution factor [1 (undiluted), 10-! (diluted 1/10), 10-2 (diluted 1/100), and so on].

2.3.2. Primary microglia transduction

Primary murine microglial cultures were transduced with the packaged lentiviral particles at
different multiplicities of infection (10, 100, 250, 500 and 1000) and incubation times (24, 48
and 72 h), with or without adding polybrene to a final concentration of 8 pg/ml. After

incubation with the lentiviral particles the media was replaced and the efficiency of
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transduction was assessed by quantifying the percentage of GFP positive cells through flow

cytometry.

2.3.3. Magnetic transduction (magnetofection)

For magnetic transduction, 30 pl of ExpressMag Beads (Sigma-Aldrich) were mixed
thoroughly by pipetting with the lentiviral particles to a final volume of 200 pl (or 2-5 x 105
primary microglia cells/well of a 6-well plate). The ExpressMag and virus cocktail was
incubated at room temperature for 15 min to allow conjugation, after which it was added to
the cells plus 1.8 ml of complete media per well. The 6-well plate was placed on top of the
magnet for 30 min at 37°C in a 5% CO? humidified atmosphere. After this incubation the cell
culture media was replaced and the efficiency of transduction was determined as previously

stated.

2.4. Molecular Biology

2.4.1. RNA isolation

Total RNA was isolated using the RNeasy Micro Kit (Qiagen). Briefly, samples were
homogenised in the RLT buffer by passing them 5 times through a 20 G needle fitted with an
RNase-free syringe. One volume of 70% ethanol was added, the sample applied to an RNeasy
MinElute spin column and centrifuged at 10,000 x g for 1 minute. On-column DNA digestion
was performed to remove contaminating genomic DNA. The column was washed with buffer
RW1, buffer RPE and 80% ethanol. RNA was eluted in 14 pl of RNase-free water (Sigma-
Aldrich). RNA quantity and quality was determined by measuring the ratio of absorption

obtained at 260 nm and 280 nm using a NanoDrop (Thermo-Scientific, USA).
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2.4.2. cDNA synthesis

RNA (1 pg from the EOC 20 cells, 100 ng from primary murine microglia and 50 ng from the
Biozzi mice EAE samples) was reverse transcribed into cDNA using the High Capacity RNA-to-
cDNA Kit (Applied Biosystems). To control for any genomic DNA contamination in the
reaction, samples in which the reverse transcriptase enzyme was replaced with water, were

also included. The reaction composition was as follows:

Reagent Final Concentration/Volume
RT Buffer (2X) 1X

RT Enzyme (20X) 1X

RNA sample up to 2 ug

RNAse-free H,0 to 20 uL

Reverse transcription was performed on a DNA Engine Tetrad (M] Research) using the

following program:

Step Temperature (°C) Time (min)
1 37 60

2 95 5

3 4 o)

2.4.3. Quantitative real-time polymerase chain reactions (qQRT-PCR)

For the JmjC-domain containing proteins screening and the microglial activation marker
genes qRT-PCR reactions were performed using Power SYBR green master mix (Applied
Biosystems) and custom-made primers. The sequences of the primers used for the 25 JmjC-

domain proteins analysed were the same as published by De Santa et al. (De Santa et al., 2007)
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(Table 2.1). The primers for the microglial immune response and inflammation related genes
were custom designed using Primer3 Plus (Table 2.2).

Expression levels of Jmjd3, and Utx were analysed using TagMan Gene Expression Assays
(Applied Biosystems). For the Tagman gene expression assays, qRT-PCR reactions were
carried out in a final volume of 20 pl, containing 2 pl of cDNA, 1 pl of 20X Tagman gene
expression assay and 10 pl of Tagman universal PCR master mix (Applied Biosystems). For
the Power SYBR green master mix and custom-made primers, qRT-PCR reactions were
carried out in a final volume of 25 pl, containing 2 pl of cDNA, 300-400 nM of 5uM forward
and reverse primers and 12.5 pl of 2X Power SYBR green master mix. Reactions were
performed in triplicate using the ABI Prism 7900HT Sequence Detection System (Applied
Biosystems). Data was analysed using the SDS v. 2.4 software (Applied Biosystems).
Expression levels (given as fold induction), normalised to the house-keeping gene,
Hypoxanthine-guanine phosphoribosyltransferase (Hprt), and relative to a calibrator (non
stimulated sample), were calculated using the formula, 2-44CT, The AACT value is obtained by
subtracting the cycle threshold value (Ct) for Hprt from the Ct value for each target (ACT), and
then subtracting the normalised Ct value of the calibrator from the normalised Ct value of
each target (AACT). The efficiency value used was 2 since both target and control transcripts
PCR amplification efficiency was close to 100% (calculated from the slope of a standard curve

made with a serial dilution of the targets in the case of the custom-made primers).
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Gene

Sense primer

Antisense primer

Fbx110 GAGGTGTGGATGGCAGTCTT  CCAACTGAGGTCAAGGGAGA
Fbxl11 CAGGTTGGATTCATGCTGTG GGATCGGTTGGTTATGCAGT
Hr TGTCAGGCATCCAGAAGACA  GTTCGGTGTAGCAGGAGGAC
Hspbapl GGTGGCATTACGTGGAGTCT  CAGCTGTTGACCTCGTGAGA
Hiflan TCATTGGCATGGAAGGAAAT  GAAATTGGGGAACCTCTCGT
Jmjdla CACATTTAGGTTCCCAGTCACA GCCACGATGTTAACACAGGA
Jmjd1b TTCTGCTGGAAGGCTCACTT GATGCATCCCATTAGCATCC
Jmjdic AGAAGAGGAAAGGCGAGGTC  TTGGGACCTATCTCACAGCA
Jmjd2a GACCACACTCTGCCCACAC TCCTGGGGTATTTCCAGACA
Jmjd2b GGCTTTAACTGCGCTGAGTC GTGTGGTCCAGCACTGTGAG
Jmjd2c CACGGAGGACATGGATCTCT CGAAGGGAATGCCATACTTC
Jmjd2d GTCTTGGTCGTCGTCCTTGT  AATCCCCCTTCAGAAGCTGT
Jmjd3 CACTTCCAACTCCATCTG AATCACAAGACTTCTCTATCC
Jmjd4 CTCAAGGACTGGCATCTGTG CTGAAGGAGCGGAAGATGTC
Jmjd5 TGTCATGTTAGAGCGGATGG  TGTACCTTGAGCCCACTTCC
Jaridla CCTCCATTTGCCTGTGAAGT CCTTTGCTGGCAACAATCTT
Jarid1b AGAGGCTGAATGAGCTGGAG  TGGCAATTTTGGTCCATTTT
Jaridic GGTGAGCCAAAAACCTGGTA  CAAATTCTCCTGCACACTGG
Jarid1d CCCCAAGGGAGTATGGAGAT  GCCTCCAGAATTCCTTTTCC
Jarid2 GGTCTGCTCAGGACTTACGG TTGGGTTTGGTTTCCTTGAC
Mina GCAAAGGAAGATGTGGCATT  CCTCGAAGAAAGGAGGGAGT
Phf2 GCCAAAGAGATCAGGCTCAG  TGGGCATCTTCACAGTCTTG
Phf8 CGCCCAACAAATGCTAATCT AGAAGTTCCCTCCGAATGCT
Ptdsr AAGGAGGGAACCAACAGGAT CTGGCAAAGTTCTGGGTGAT
Utx ATCCCAGCTCAGCAGAAGTT GGAGGAAAGAAAGCATCACG

Table 2.1. Primers for the JmjC-domain containing proteins qRT-PCR screening.

Table 2.2. Primers for the microglial immune response and inflammation related

genes.

Gene Sense Primer Antisense Primer

Ccl3  AGCCAGGTGTCATTTTCCTG TCTCAGGCATTCAGTTCCAG
Ccl5 ACCATATGGCTCGGACACCACT ACCCACTTCTTCTCTGGGTTGG
Ccl9 TGGGTCTGCCCACTAAGAAG TAGGACAGGCAGCAATCTGA
Cxclll GCTGCTGAGATGAACAGGAA  ACTTTGTCGCAGCCGTTACT
116 CCATAGCTACCTGGAGTACATG TGGAAATTGGGGTAGGAAGGAC
I112b  TCTGAGCCACTCACATCTGC TCAGGGGAACTGCTACTGCT
Nos2 CCATCATGAACCCCAAGAGT CATCCAGAGTGAGCTGGTAGG
TNFa ACGTCGTAGCAAACCACCAA GCAGCCTTGTCCCTTGAAGA
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2.4.4. Chromatin immunoprecipitation- quantitative real-time PCR (ChIP-qPCR)

Firstly, 5 x 107 EOC 20 cells or 1 x 107 primary murine microglial cells were stimulated for 2
hr with 100 ng/ml of LPS plus 100 U/ml of IFNy. After stimulation, the cells were washed with
PBS, dislodged using a cell scraper and centrifuged at 100 x g for 5 min at 4°C. The cell pellet
was re-suspended and fixed by adding 10 ml, 1% formaldehyde (prepared from a 36.5%
formaldehyde stock diluted with PBS; VWR) and cross-linked for 10 min at room temperature.
The reaction was stopped by adding 1.25 ml fresh 1M Glycine (final concentration 0.125
M;VWR) and incubating for 5 min at room temperature. Cells were washed twice with 10 ml
of ice cold 1x PBS plus 400pul complete protease inhibitors (Roche) and centrifuged at 400 x g
for 5 min at 4°C (supernatant was discarded between washes). After centrifugation, cells were
lysed in 100 pl of lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris pH 8) per 1 x 107 cells,
supplemented with 400 pl of complete protease inhibitors (Roche) and incubated for 10 min
on ice. The sonication conditions were optimised beforehand using EOC 20 cells and primary
murine resident peritoneal macrophages to yield chromatin fragments between 200 and 750
bp (Figure 2.2). Chromatin was sheared by sonication for 10 min at 4°C in a Covaris S-Series
sonicator in 100 pl micro-tubes (Covaris). The operating conditions were: duty cycle 2%,
intensity 3, cycles per burst 200, frequent sweeping mode and continuous degassing. The
sonicated samples were then centrifuged at 20 000 x g for 10 min at 4°C to pellet debris. The
supernatant was transferred to a new tube and diluted 10 times with dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8 and 167 mM NacCl)
supplemented with protease inhibitors. To pre-clear and reduce background, 2ul of a 1:1
mixture of Dynabeads protein A and Dynabeads protein G (Invitrogen) rinsed in dilution
buffer were added to the samples and then rotated for 30 min at 4°C, followed by
centrifugation at 100 x g for 1 min. The supernatants were removed and transferred to a new

tube. Before proceeding, a 50ul aliquot from the supernatant was taken out as input and
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stored at -20°C. A further 50ul (5% of the sample) aliquot was set aside for sonication control
and de-crosslinked for a minimum of 3 hr with 150 pl of elution buffer (50 mM Tris-HCI pH 8,
10 mM EDTA and 1%SDS). The DNA was purified using the QIAquick PCR Purification Kit
(Qiagen) according to the manufacturer’s instructions and resolved by electrophoresis in a
1% agarose gel. Immunoprecipitations were carried out at 4°C overnight with 5 pg of anti
mouse IgG rabbit polyclonal antibody (Abcam), 5 pg of anti mouse C-terminus Jmjd3 rabbit
polyclonal antibody (kindly provided by Dr. Gioacchino Natoli, IFOM-IEO Campus, Milan,
Italy), 5 ug of anti mouse H3K4me3 rabbit polyclonal antibody (Millipore Upstate) and 5 pg of
anti mouse H3K27me3 rabbit polyclonal antibody (Millipore Upstate) per 1 ml of cleared
chromatin. Immune complexes were collected by incubation for 3 to 5 hr with rotation at 4°C
with 10pl a 1:1 mixture of Dynabeads protein A and Dynabeads protein G. Dynabeads were
washed 3x with 1 ml of RIPA washing buffer (50 mM Hepes-KOH pH 7.6, 500 mM LiCl, 1 mM
EDTA, 1% NP-40 and 0.7% Na-deoxycholate) and 1x with 1 ml of TE (10 mM Tris-Cl pH 7.5,
1mM EDTA) plus 50 mM NaCl. For all the washes the Dynabeds were re-suspended in wash
buffer and the tubes were then placed on a magnetic stand. The wash buffer was removed
after 30 s to allow the beads to collect on the side of the tube. After the last wash the samples
were centrifuged for 3 min at 960 x g, and the buffer TE was carefully removed with a pipette.
Dynabeads were then eluted with 210 pl of fresh elution buffer (50 mM Tris-HCI pH 8, 10 mM
EDTA and 1% SDS) and incubated for 30 min at 65°C with shaking. Samples were centrifuged
for 1 min at 16,000 x g at room temperature and 200 pl of supernatant was removed and
transferred to a new tube. The input sample was diluted to 200 ul by adding 150 pl of elution
buffer and was incubated at 65°C overnight with the immunoprecipitated samples to reverse
crosslinks. The next day, the DNA was purified with PCR purification columns (Qiagen),
according to the manufacturer’s instructions and eluted in 50 pl of H20. 2ul of

immunoprecipitated DNA were used per qPCR reaction with primers specific for the
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promoter region of selected immune response and inflammation related genes (Table 2.3).
For the ChIPs with primary murine microglia, the chromatin enrichment was calculated as
percentage of input following the equation 2-2¢t(5). To calculate the ACt (normalised to the
input samples), input Ct values were subtracted from the ChIP samples Ct values and then
multiplied by 5 (fraction of the input chromatin saved). In the case of the EOC 20 cells ChlIPs,
when a much higher number of cells were available, a nonspecific IgG antibody control sample

was included.

M 10 12 14 16 min M 8 10 12 14 min

I 1160

Figure 2.2. Sonication optimisation. A total of 1x107 crosslinked and lysed EOC 20 cells (A)
or primary murine resident peritoneal macrophages (B) were sonicated with a Covaris S-
Series sonicator for various amounts of time. After sonication, the crosslinks were reversed,
DNA purified and run on a 1% agarose gel. Lanes with sonicated material are labelled with the
total time of sonication in minutes. Size of molecular marker (M) bands are indicated. Ten
minutes provided a good degree of sonication.

59



Gene Sense primer Antisense primer

Ccl3 CACTCCAAACCCATTCCTTG AGCTGGAGATGCTTTTCCTC
Ccl5 ACGGCTACCCTGTCATCACT CGGCACCAGTTCACAATAAG
Cxcll1 GAAGCTACGGGCACCAAATA TCCTCAGGTTCAGCCTTCCT
116 AGGAGTGTGAGGCAGAGAGC GTCTCCTCTCCGGACTTGTG
1112b GGGAGTGGGGTAAGTGGATT CTGGCCTTAAACTCCTGTGC
Nos2 GCTTGGGTCTTGTTCACTCC AACTGGCAGACCCTTCTGTG
Gbp6 CCAGGCCATAAACTCCACAT CTGGGCTGATATTCCCGTAG

Arhgef3_TSS1 CGCGTCTTTTAAACTGCACA ACCAGGATAAGACGCTGCTG

Table 2.3. Primers used for ChIP-qPCR analysis.

2.5. Immunocytochemistry

Primary murine microglial cultures were prepared as described in section 2.1.5. Cell
suspensions were plated at 1 x 105 cells/well onto sterile poly D lysine coated @ 13 mm glass
cover slips (VWR) in 12-well plates. Microglial cells were left untreated or stimulated in vitro
with 100 ng/ml of lipopolysaccharides from E.coli (LPS; Sigma-Aldrich) plus 100 U/ml of
interferon-y (Recombinant mouse IFNy; Becton Dickenson) for either 2 or 4 hr. Cells were
then washed twice with PBS and fixed in 4 % paraformaldehyde (PFA) in 0.1 M phosphate
buffer for 10 min at 4°C. After washing two more times with PBS, cells were permeabilised by
adding 0.1 % Triton X-100 (Sigma-Aldrich), 2 % BSA in PBS for 10 min and then blocked for
non-specific binding in blocking buffer [2% BSA, 5% normal goat serum (NGS; Dako), 0.1 %
Triton X-100 in PBS] for 45 min at room temperature. Cells were stained overnight at 4°C with
a rat anti mouse CD11b antibody (MCA711G; AbD Serotec) and with either an anti mouse C-
terminus Jmjd3 rabbit polyclonal antibody (kindly provided by Dr. Gioacchino Natoli, [FOM-
IEO Campus, Milan, Italy), an anti mouse H3K4me3 rabbit polyclonal antibody (Millipore
Upstate) or an anti mouse H3K27me3 rabbit polyclonal antibody (Millipore Upstate), all
diluted in 100pl of blocking buffer per cover slip. The next day cells were washed 4 times in

PBS and incubated for 2 hr in the dark at room temperature with the secondary antibodies
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goat anti-rat [gG-Alexa Fluor 488 and goat anti-rabbit IgG-Alexa Fluor 568 (Molecular Probes)
diluted 1:1000 in 100pl of blocking buffer per cover slip. No primary antibody control cover
slips were set up, that were incubated with the secondary antibodies only, to ensure that
there was no non-specific binding of the secondary antibodies. After washing 4 times with
PBS cells were counterstained with 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI;
Molecular Probes - Invitrogen) diluted 1:1000 in 300 pl of blocking buffer per cover slip and
incubated for 10 min at room temperature in the dark. Cells were washed 4 more times with
PBS and then the cover-slips were carefully mounted to glass microscope slides using Dako
Fluorescent Mounting Medium (Dako Cytomation). The slides were dried in the dark for at
least 2 hr at 4°C before cells were visualised and pictures were taken with a LSM510 confocal
microscope (Zeiss Laboratories). The images were minimally processed using Zen 2011 and
Image ] softwares and quantified using MetaMorph® software (Molecular Devices). An
intensity threshold was set as 3 times the background level value, determined by no primary
antibody control images. Signal above the threshold was considered positive, and % of
average positive marker (e.g. Jmjd3) intensity per area outlined (e.g. DAPI*ve nuclei) was used

as quantitative measurement.

2.6. Mice

XB814 mice harbouring a gene trap cassette inserted in the intron 1 of the /mjd3 gene in a
C57BL/6 background were generated by Professor Gioacchino Natoli, European Institute of
Oncology (IEO), IFOM-IEO Campus, Milan, Italy. Biozzi ABH female mice used for induction of
of chronic-relapsing (CR) EAE were obtained from Harlan Laboratories, Netherlands.
C57BL/6 mice for induction of acute EAE were obtained from the biomedical services (BMS)

in Oxford.
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All mice were maintained and bred at the BMS in Oxford, in accordance with Home Office

regulations. All experiments were performed under Lars Fugger’s Home Office project licence.

2.6.1. Genotyping

To discriminate heterozygous mice for the Jmjd3 knockout allele (XB814+/-) from homozygous
mice for the WT allele (XB814+/*), ear notch tissue samples were lysed overnight at 40°C in
lysis buffer (50 mM Tris pH 8, 100 mM Na;EDTA pH 8, 100 mM NacCl, 1% SDS). The lysate was
centrifuged at 1500 x g for 30 min at 4°C and the DNA was then precipitated in 500 pl of cold
isopropanol, followed by washes with 500 pl of 70% and 95% ethanol and re-suspended in
200 pl of water. A triplex PCR-based strategy designed by Burgold et al. was used to identify
XB814+/- and XB814+/* mice (Figure 2.3) (Burgold et al., 2012). The PCR reaction composition

was as follows:

Reagent Final concentration/Volume
DNA template ~50 ng

5x Phusion HF 1X

dNTPs (10 mM) 200 uM

Forw1 (25 uM) 500 nM

Revl (25 pM) 500 nM

Rev2 (25 pM) 500 nM

Phusion® High-Fidelity DNA Polymerase 04

(20/u)

PCR Grade H;0 To 20 pul

PCR reactions were performed on a DNA Engine Tetrad (M] Research) using the following

program and primers:
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Temperature Time Number of cycles

98 °C 30 sec 1

98 °C 10 sec

69 °C 15 sec 35

72 °C 10 sec

72°C 5 min 1

4°C 0

Primer name Sequence (5- 3’)

Forwl AGG ATA CAG GAG CCACGC G
Revl TGA CTC TCC ACT CGA TCA CCC
Rev2 TCC GGA GCG GAT CTC AAAC

The PCR products were run on a 2% agarose (Lonza) gel and visualised using ultra-violet

light. XB814+/- were bred to obtain embryos for primary microglial cultures or to maintain the

colony.
+/+ +/- -/ T
- =fa ~=WT allele  --
- .282bp
300— Forw1 Rev1
ex.2
~~trap allele [ impeis —§—
259 bp 4
Forw1 Rev2 Rev1

Figure 2.3. Triplex PCR-based genotyping strategy of XB814 mice. The scheme on the
right shows the position of the three primers, with the Forw1/Rev1 product amplified from
the wild type (WT) allele (282 bp), and the Forw1/Rev2 product amplified from the trapped
(knockout) allele (259 bp). The agarose gel on the left shows the bands of the amplified
products obtained from each genotype. (+/+)= WT homozygous. (+/-)=heterozygous. (-/-)=
Jmjd3 knockout homozygous. Figure obtained from (Burgold et al., 2012).
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2.6.2. XB814 embryo genotyping

XB814-/- embryos (homozygous for the Jmjd3 knockout allele) die at birth due to respiratory
failure. Therefore to prepare primary microglial cultures from XB814-/- embryos, 18.5 day
pregnant XB814+/- mice were sacrificed by exposure to carbon dioxide gas in a rising
concentration and the embryos were quickly surgically removed from the uterine horns and
placed in ice cold PBS. To identify XB814-/- embryos, tail biopsies were taken. DNA from the
tail biopsies was extracted using the E.Z.N.A.® Tissue DNA Kit (Omega), following the

manufacturer’s instructions and PCRs were carried out as described in section 2.3.1.

2.6.3. Induction and assessment of EAE in mice

C57BL/6 female mice aged between 7 to 9 weeks were used for induction of acute
monophasic EAE. All EAE inductions were performed by the postdoctoral scientist Dr. Kate
Attfield. 200 pg of MOGss.s5 peptide (Sigma-Aldrich) dissolved in 200 pl of PBS per mouse was
emulsified with 200 ul of complete Freud’s adjuvant [incomplete Freund’s adjuvant (Sigma)
with M. tuberculosis H37RA (BD Biosciences)] containing 800 pg of M. tuberculosis per mouse.
A total volume of 400 pl of the emulsion was injected sub-cutaneously (divided into 200 pl per
flank) into each mouse. In addition, 200 ng of pertussis toxin (Sigma) in 200 pl of sterile PBS
was administered intravenously on the day of immunization and 48 h later.

The mice were monitored daily following immunisation for weight loss and scored for

neurological deficits using the following grading system for clinical assessment of EAE:
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Score Clinical signs

0 |Normal mouse, no overt signs of disease

1 |Weak/flaccid tail

2a |Limp tail

2b [Hind limb weakness, abnormal gait and/or impaired righting reflex

3 [|Partial hindlimb paralysis

4 [Complete hindlimb paralysis

When mice reached a score of 2 or above, monitoring was increased to twice daily (early
morning and late evening observations). Mice with weight loss greater than 20% of starting

weight or that reached a score of 4 for more than 4 days were humanely sacrificed.

2.6.4. Induction and assessment of CR-EAE

To induce CR-EAE, Biozzi ABH female mice aged 7-9 weeks were injected subcutaneously in
the flank with 200 pl of an emulsion composed of 300 pg MOGss.ss peptide mixed with
incomplete Freund’s adjuvant supplemented with 5 mg/ml Mycobacterium tuberculosis H37
Ra. This was repeated 1 week later in the other flank. In addition, 400 ng of pertussis toxin
diluted in PBS were injected intravenously on the day of immunization and repeated 48 h
later. The mice were monitored daily following immunisation for weight loss and scored for
neurological deficits using the same grading system as applied for assessment of acute EAE.
Remissions were defined as improvement from the preceding relapse (or initial peak of
disease) with a sustained (3 or more days) decrease in clinical score of at least 1.0. Relapses
were identified by sustained (more than 3 days) increase of more than 1.0 clinical score from

the baseline score of the previous remission.
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All experiments were approved by the University of Oxford Clinical Medicine Ethical Review
Committee and have been licensed under the Animals Scientific Procedures Act of the UK

Home Office.

2.6.5. Isolation of murine microglia from adult mice

Mice were terminally anaesthetised using 100 pl of Pentobarbitone injected intraperitoneally
and then perfused with cold PBS by cardiac puncture. Once perfusion with PBS was complete,
the brain and spinal cord were collected in PBS on ice. These were placed in a dounce
homogeniser containing 2 ml of the digestion cocktail [9.54 ml HBSS (Ca/Mg free, Sigma), 50
ul 10% collagenase D (0.05% final concentration, Roche), 10ul 100pug/ml Na-Tosyl-L-lysine
chloromethyl ketone hydrochloride (TLCK) (0.1ug/ml final concentration, Sigma) and 50ul of
5 U/ml DNase I (0.025 U/ml final concentration, Sigma)] and homogenised to make a cell
suspension, with a loose fitting pestle. The cell suspension was then treated with an additional
8 ml of the digestion cocktail and rocked gently at room temperature for 15 min. This was
allowed to settle for 15 min at room temperature and centrifuged for 7 min at 300 x g. The
supernatant was discarded, pellet washed and re-suspended with 10 ml of HBSS (Sigma),
followed by centrifuging for 7 min at 300 x g. The supernatant was once again discarded and
cells re-suspended in 4 ml of 37% stock isotonic percoll (SIP, GE Healthcare) (prepared with
1x HBSS from a nine parts percoll with one part 10x PBS stock). This was then gradually
layered over 4 ml of 70% SIP (prepared with 1x PBS from a nine parts percoll with one part
10x PBS stock), above which 4 ml of 30% SIP (prepared with 1x PBS from a nine parts percoll
with one part 10x PBS stock) was overlaid, followed by 2 ml of 1X HBSS. The gradient was
centrifuged for 40 min at 200 x g with minimal brake on the centrifuge. The cells at the 70-
37% SIP interphase were collected and washed with 6 ml of 1X HBSS, by centrifuging for 7

min at 500 x g at 42C. These cells were then stained with anti-mouse CD45.2 PB (BD
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Pharmigen) and anti-mouse CD11b APC (eBioscience) antibodies. The CD11b+CD45!low and
CD11b+*CD45hieh populations were isolated by flow cytometry sorting with the help of Craig

Waugh from the WIMM flow cytometry core facility and then used for RNA isolation.

2.7. Statistical analysis
Statistical analysis was performed using a two-tailed, unpaired Student’s t-test. A P value less
than 0.05 was used to indicate statistical significance. All statistical tests were performed

using GraphPad Prism 5.0.
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3. Results

3.1. Introduction

Microglial activation is crucial for the initiation and progression of MS and EAE, both by
influencing the effector function of T cells and by directly causing tissue damage through
innate immunity effector mechanisms (Gehrmann et al., 1993; Marik et al., 2007; Ponomarev
et al,, 2005; Rasmussen et al,, 2007). Chronically activated microglia have been described to
play an important role in the progressive phase of MS and CR-EAE by causing neuronal
dysfunction, loss of neuronal synapses and axonal degeneration, which ultimately leads to
permanent neurological disability (Kutzelnigg et al., 2005; Rasmussen et al., 2007; Zeis et al,,
2008).

The exact cause of this persistent microglial activation has not been elucidated. Epigenetic
mechanisms are known to maintain the gene expression profiles characteristic of
differentiated cells and to regulate transcriptional changes in response to external cues (Jirtle
and Skinner, 2007; Turner, 2007). Moreover, chromatin remodelling through histone
modifications has been described to regulate the gene expression patterns of specific acquired
immune responses (Wilson et al, 2009). Therefore, based on such observations, it was
hypothesised that epigenetic-related changes could contribute to the initiation and
maintenance of pathologically persistent microglial activation.

To date, only a single histone modifying enzyme, Jmjd3, a H3K27me3 demethylase, has been
described to have a role in inflammation. While the role of Jmjd3 in regulating gene
expression upon activation has already been characterised to a certain extent in macrophages
(De Santa et al., 2009; De Santa et al., 2007; Ishii et al., 2009), it was not known if Jmjd3 or any
other demethylase was involved in the activation process of microglia. Epigenetic changes are

tissue and cell type specific, which means the same histone modifying enzyme could have
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different roles in distinct cell types (Jaenisch and Bird, 2003). Therefore the findings obtained
in macrophages could not be directly extrapolated to microglia. However, Jmjd3 up-regulation
was shown to allow differentiated cells to reprogram their chromatin in response to
environmental factors, providing a mechanism linking inflammation to the control of cell
differentiation (De Santa et al., 2007; Ishii et al., 2009). This made it a good candidate for
study in relation to chronic microglial activation and MS/EAE.

Given the important contribution of microglia to the CNS tissue injury in MS and EAE, this
study aimed to identify epigenetic enzymes that could be involved in the maintenance of a
gene expression program responsible for the chronic activation of microglia. To achieve this,
the expression of /mjd3, and other members of the JmjC domain protein family, was
investigated in microglia activated with pro-inflammatory stimuli in vitro. The role of Jmjd3 in
microglial activation was further explored by using ChIP-qPCR to identify potential target
genes that could be involved in the induction and maintenance of this harmful chronic
microglial activation. Subsequently, with the purpose of identifying a potential functional
mechanism that could result in an increased transcription of such target genes, it was
investigated if the binding of Jmjd3 following microglial activation had an influence on the

H3K27me3 levels at their promoters.

3.2. Results

3.2.1. Jmjd3 is up-regulated in activated microglia

De Santa et al. previously demonstrated that Jmjd3 is up-regulated and contributes to the
control of gene expression in activated macrophages, following exposure to bacterial products
and inflammatory cytokines (De Santa et al., 2007). Microglia are related to macrophages with

respect to their myeloid origin and for being part of the mononuclear phagocyte system
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(Kreutzberg, 1996). However, they are a distinctive cell type. Therefore, the involvement of
Jmjd3 in regulating the activation process of microglia was undetermined. To initially examine
the putative up-regulation of /mjd3 upon microglial activation, and to establish the
appropriate stimulation conditions, such as the optimal LPS concentration, the EOC 20 murine
microglial cell line was used. EOC 20 cells were stimulated with a titration of LPS, comparing
treatment with 10, 100 and 1000 ng/ml for 2 hours. The mRNA level of Utx, a housekeeping
H3K27me3 demethylase member of the same protein family as Jmjd3, but that is not inducible
in differentiated cells (Agger et al.,, 2007; De Santa et al,, 2007), was measured as a control.

The highest up-regulation of Jmjd3 was observed with 100 ng/ml of LPS (24.5 fold induction).
Utx was not up-regulated upon LPS stimulation, as expected, and instead showed a

consistently low-level expression compared to jmjd3 (Figure 3.1).
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Figure 3.1. Jmjd3 is up-regulated in LPS-treated EOC 20 cells. EOC 20 cells were
stimulated for 2 hours with a titration of LPS. The mRNA levels of Jmjd3 and Utx were
measured by qRT-PCR, normalised to Hprt and represented as the fold induction over non
stimulated (NS). Representative data from 2 experiments. Bars represent mean #* standard
error between triplicates. *p < 0.05. **p < 0.01.
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3.2.2. Induction of JmjC-domain containing proteins by pro-inflammatory stimuli in
primary murine microglia
Having determined that Jmjd3 expression is increased by LPS in a microglial cell line and
having established the optimal concentration to achieve this up-regulation, only primary cells
were used for further gene expression experiments. This was done to avoid possible bias in
the epigenetic profile introduced by immortalisation in the cell line. For example, it has been
demonstrated that in lymphoblastoid cell lines and induced pluripotent and human ES cell
lines the DNA methylation patterns are different from those of their primary counterparts
(Grafodatskaya et al., 2010; Lister et al., 2011; Sugawara et al,, 2011).
Since Jmjd3 is a JmjC-domain containing protein, other demethylases which are part of this
group could also potentially be involved in the regulation of transcription in activated
microglia. Therefore it was investigated if their expression was also affected by LPS
treatment. A qRT-PCR screen for all the JmjC-domain family proteins, including /mjd3, was
performed in primary murine microglia cultured from inbred wild-type C57BL/6 mice pups.
The primary microglial cells were stimulated with 100 ng/ml of LPS for 2, 4, 8 and 24 hours.
This LPS concentration was chosen because it produced the highest Jmjd3 up-regulation in the
microglial cell line and it is the same concentration used by De Santa et al. for the analogous
experiment with macrophages (De Santa et al., 2007). Furthermore, this concentration has
also been previously described to result in primary microglial cell activation (Lund et al,,
2006; Olson and Miller, 2004; Schmid et al., 2009).
Of the 25 genes analysed, /mjd3 and jJarid2 were the only proteins that showed significant
mRNA up-regulation upon LPS stimulation, with /mjd3 being the most strongly induced (20.34

fold induction after 2 hours) (Figure 3.2).
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Figure 3.2. Expression of JmjC-domain containing proteins in LPS-treated primary microglia. Cells were incubated with 100 ng/ml
of LPS for the indicated time periods. The mRNA levels of JmjC-domain proteins were measured by qRT-PCR, normalised to Hprt and

represented as the fold induction over non stimulated (NS). N.D. indicates not detected. Bars represent mean #* standard error between
triplicates. *p >0.05. **p < 0.01.
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Inflammation in MS and EAE is associated with an IFNy-producing Tul response and the
cytokine is found at high levels in active MS lesions (Cannella and Raine, 1995; Olsson et al.,
1990). IFNy is also known to activate microglia and differentiate them in to APCs which
release pro-inflammatory cytokines. Therefore, due to this being more physiologically
relevant in both MS and EAE, the effect of [IFNy on the mRNA expression of JmjC-domain
containing proteins in primary microglia was also investigated. Primary murine microglia
were treated with 100 U/ml of IFNy for 2, 4 and 8 hours. This concentration was chosen
because it has consistently been used in previous studies to stimulate microglial cells (Moran
etal, 2007; Moran et al,, 2004; Olson et al., 2001).

Jmjd3 was the only JmjC protein with a significant increase in gene expression after IFNy
treatment. However, this up-regulation was lower than when stimulating with LPS, as shown
previously: 7.4 fold induction with IFNy (Figure 3.3) in contrast to 20.3 fold induction after 2

hours incubation with LPS (Figure 3.2).
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Figure 3.3. Expression of JmjC-domain proteins in IFNy-treated primary microglia. Cells were incubated with 100 U/ml of IFNy for 0,
2, 4 and 8 hours. The mRNA levels of JmjC-domain proteins were measured by gqRT-PCR, normalised to Hprt and represented as the fold
induction over non stimulated (NS). N.D. indicates not detected. Bars represent mean * standard error between triplicates. *p >0.05.
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3.2.3. Jmjd3 up-regulation in activated primary microglia

Since /mjd3 was the only JmjC protein induced by IFNy stimulation and was considerably
more up-regulated by LPS than Jarid2 in primary microglia, J/mjd3 was selected for further
characterisation of its expression upon activation. The selection of Jmjd3 was also based on
the fact that its role in LPS plus IFNy-activated macrophages has been described previously
(De Santa et al,, 2007). Additionally, Jarid2 was not further investigated because it has been
shown to only play a major role during early development, when it regulates the binding of
the H3K27 methyltransferase complex PRC2 to target genes in ES cells to promote
differentiation (Pasini et al., 2010), and therefore was considered less relevant in the context
of increasing understanding of MS pathogenesis.

To better characterise the kinetics of Jmjd3 up-regulation and to establish whether the
previously examined 2 hour time point is the point at which Jmjd3 is increased the most, a
time course experiment was conducted. Primary murine microglial cells were treated with
100 ng/ml of LPS for 30 minutes, 1, 2, 4, 8 and 24 hours. Utx was, again, included in the qRT-
PCR analysis as a negative control.

Jmjd3 mRNA levels were more strongly induced after 1 hour stimulation with LPS (31.9 fold
induction), decreasing to less than half after 4 hours (12.2 fold induction) and returning close
to basal levels after 24 hours stimulation (3.6 fold induction). Utx expression remained at a

low, constant level, as expected (Figure 3.4).
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Figure 3.4. Kinetics of Jmjd3 mRNA up-regulation in primary microglia. Cells were
treated with 100 ng/ml of LPS for the indicated time points. The mRNA levels of /mjd3 and Utx
were measured by qRT-PCR, normalised to Hprt and represented as the fold induction over
non stimulated. Data are represented as mean * standard error between triplicates. *p < 0.05.
**p < 0.01.

TLRs 2, 3,4 and 9 have previously been found to be up-regulated in MS and EAE lesions and
stimulation of “resting” microglia through these receptors leads to a pro-inflammatory
activated phenotype in vitro (Bsibsi et al.,, 2002; Olson and Miller, 2004; Prinz et al., 2006).
Moreover, it has been described that certain viral and bacterial infections can exacerbate and
even initiate MS (Andersen et al., 1993; Kurtzke, 1993; Wolfson and Talbot, 2002) and TLRs
can also be activated by endogenous ligands released after tissue injury without the presence
of pathogens (Zhang and Schluesener, 2006). Hence, triggering microglial activation by TLR
engagement might play an important role in the pathogenesis of MS and EAE. Therefore the
impact of TLR agonists (other than LPS) on Jmjd3 expression in primary microglia was
investigated. This with the objective to generate a hypothesis as to which types of infections
or inflammatory stimuli can occur in the CNS of MS patients that could be stimulating Jmjd3

up-regulation in microglia through TLR signalling.
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Primary microglia were treated with the TLR1/2 agonist Pam3CSK4, the TLR3 agonist Poly
(I:C), the TLR 2/6 agonist FSL-1, the TLR7 agonist Imiquinoid and the TLR9 agonist CpG
oligonucleotide. The concentrations used were chosen according to the supplier’s suggestions
and also previous literature (Olson and Miller, 2004). The incubation time of 1 hour was
selected as this corresponds to the peak of Jmjd3 up-regulation observed when stimulating
with the TLR4 agonist, LPS (Figure 3.4).

As shown in figure 3.5, all of the TLR agonists tested induced /mjd3 expression, with LPS
being, again, the strongest stimulus, followed by FSL-1 (TLR 6/2), Pam3CSK4 (TLR 1/2),

Imiquinoid (TLR7), Poly (I:C) (TLR3) and finally CpG oligonucleotide (TLR9).

40
= T
C
S & 307
g =
= ©
= ; Kk
= D 20_ T
— N
“:‘)‘ TEG ok
?‘é £ 107 xx i
- £ *%
0 T T T T T T T
TR SR YGRS
&\g. &\) &V&\g. &\) &\*

Figure 3.5. Jmjd3 expression in primary microglia following TLR stimulation. Cells were
treated for 1 hour with different TLR agonists. TLR 1/2: 1pg/ul of Pam3CSK4, TLR 3: 25 pg/ul
of Poly (I:C), TLR 6/2: 1 pg/ul of FSL-1, TLR 7: 10 ug/ml of Imiquimod, and TLR 9: 2uM of CpG
ODN1826. The mRNA level of Jmjd3 was measured by qRT-PCR, normalised to Hprt and
represented as the fold induction over non stimulated (NS). Bars represent mean #+ standard
error between triplicates. *p < 0.05. **p < 0.01. ***p < 0.001.

77



Subsequently, it was investigated if other pro-inflammatory cytokines and chemokines that
have been previously described to be relevant to the MS lesion pathology have an influence on
microglial /mjd3 expression.

IL-1p and IL-8 (CXCL-8) are elevated in the CSF of patients with MS (Bartosik-Psujek et al.,
2004; Deckert-Schluter et al.,, 1992; Ishizu et al., 2005), and IL-1f has also been found at high
levels within demyelinated lesions (Hofman et al., 1986; McGuinness et al., 1997). Microglia
are the main source of IL-1f resulting from CNS trauma, infection and inflammation
(Brenneman et al, 1992; Eriksson et al, 1999). However, neurons, astrocytes,
oligodendrocytes, infiltrating monocytes and endothelial cells in the CNS can also produce IL-
1B under such pathological conditions (Blasi et al., 1999; Davies et al., 1999; Pearson et al,,
1999). Importantly, microglia also express the IL-1 receptor (Pinteaux et al., 2002), which
enable them to respond to IL-18 in an autocrine, as well as in a paracrine, manner. This
establishes a positive feedback loop that stimulates further microglial activation and amplifies
the neuroinflammatory process. IL-1(3-activated microglial cells have been shown to produce
TNFa, IL-13, IL-6, IL-8, CCL2, CCL3, CCL4, CCL5 and NO (Basu et al., 2002a; Basu et al., 2002b;
McManus et al, 1998) which are all important pro-inflammatory and immunoregulatory
mediators in MS.

The chemokine IL-8 is also produced by a wide variety of cells, including endothelial cells,
monocytes, T cells and activated microglia (Ehrlich et al., 1998; Prat et al., 2002; Schroder et
al,, 1987; Wechsler et al,, 1994). In MS, IL-8 plays a major role in mediating the recruitment of
monocytes to the CNS (Gerszten et al, 1999; Lund et al, 2004). Apart from its chemo-
attractant properties, IL-8 has been shown to discretely induce the expression of IL-6, TNFa,
IL-1f and IL-8 in microglia, and perhaps more importantly it seems to enhance the effect of
other more potent stimuli in the microglial production of pro-inflammatory agents (Franciosi

etal., 2005).
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Given the important autocrine and paracrine roles of IL-1f and IL-8 in microglial activation
and MS pathogenesis, the following experiment was performed. Primary microglia were
incubated with 100 U/ml of IL-1f and 100 ng/ml of IL-8 for 1 hour (peak of /mjd3 up-
regulation after LPS treatment). These concentrations were chosen because they were used in
previous reports to stimulate microglia (Cross and Woodroofe, 1999; Ehrlich et al., 1998;
Franciosi et al., 2005; Lee et al,, 1993).

Jmjd3 expression was significantly increased by both IL-1f3 and IL-8, with IL-1f being the
strongest stimulant of the two (Figure 3.6). Although this experiment was not run in parallel
with the previous TLR agonists stimulation assays, the methodology used was the same. The
difference between the fold induction values obtained in these two experiments suggest that
most of the TLR agonists, especially LPS, are more potent inducers of /mjd3 than IL-1f and IL-
8. This is interesting because it reflects the previously described versatility of microglial
responses to different activating conditions (Butovsky et al.,, 2006a; Butovsky et al., 2006b;
Hanisch and Kettenmann, 2007; Magnus et al., 2001). While TLR activation of microglia by
infectious agents produces strong defense reactions that release neurotoxic factors (Dalpke et
al, 2002; Lehnardt et al., 2003; Olson and Miller, 2004), and in this case induce higher levels
of Jmjd3, minor insults accompanied by a moderate production of one or few
cytokines/chemokines (such as the damage of a synapse or the apoptosis of a few neurons)
induce more contained responses that promote tissue repair and neuronal/glial survival

(Butovsky et al., 2006b; Magnus et al., 2001; Trapp et al., 2007).
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Figure 3.6. Jmjd3 expression in primary microglia following stimulation with IL-1f and
IL-8. Cells were incubated with 100 U/ml of IL-18 and 100 ng/ml of IL-8 for 1 hour. The
mRNA level of /mjd3 was measured by qRT-PCR, normalised to Hprt and represented as the

fold induction over non stimulated (NS). Bars represent mean + standard error between
triplicates. **p < 0.01. ***p < 0.001.

[FNy plays a central part in MS and EAE by activating microglia to become APCs and to secrete
cytotoxic factors as well as cytokines that induce naive CD4+ T cells to differentiate into IFNy-
producing Tul cells, perpetuating inflammation in the CNS. Given that IFNy has such an
important role in MS and EAE inflammatory processes, the [FNy-induced /mjd3 up-regulation
profile was examined using a greater range of time points. Primary murine microglial cells
were treated with 100 U/ml of IFNy for 1, 2, 4, 8 and 24 hours.

The IFNy-induced /mjd3 kinetics curve showed the same shape as the LPS one, but with the
cytokine producing lower expression values overall. The highest J/mjd3 mRNA up-regulation
was 10.1 fold induction after 1 hour of IFNy stimulation, in contrast to 31.9 fold induction

with LPS, when compared to non-stimulated cells (Figure 3.7).

To evaluate whether multiple stimuli had a greater ability to stimulate primary microglia in

comparison to stimuli given individually, primary microglial cells were treated with 100
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ng/ml of LPS plus 100 U/ml of IFNYy for 1, 2, 4, 8 and 24 hours. The combination of these two
specific stimulants was chosen because it has been demonstrated that this cytokine primes
macrophages for more rapid and stronger responses to LPS (Pace et al., 1983).

Although treatment with LPS alone gave a higher Jmjd3 mRNA level after 1 hour stimulation,
the addition of both LPS and IFNy produced a higher level of expression after 2 and 4 hours
incubations (Figure 3.7). To ensure that optimal amounts of protein were produced for
further characterisation, and in line with the work performed previously by other groups
studying the role of Jmjd3 in macrophages (De Santa et al, 2009; De Santa et al.,, 2007),

stimulation with LPS plus IFNy for 2 hours was used in successive assays.
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Figure 3.7. Kinetics of Jmjd3 mRNA up-regulation in primary microglia after treatment
with LPS and IFNy alone or in combination. Cells were treated with 100 ng/ml LPS, 100
U/ml [FNy and 100 ng/ml LPS plus 100 U/ml IFNy for the indicated time points. The mRNA
level of Jmjd3 was measured by qRT-PCR, normalised to Hprt and represented as the fold
induction over non stimulated. Data are represented as mean * standard error between
triplicates. *p < 0.05. **p < 0.01. ***p < 0.001.

Next, to confirm that the up-regulation observed at the mRNA level was translated to protein,

the protein level Jmjd3 expression was analysed in activated primary murine microglia by
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immunocytochemistry. The cell cultures were either left untreated or stimulated with 100
ng/ml of LPS plus 100 U/ml of IFNy for 2 and 4 hours. The cells were also immunostained for
CD11b and counterstained with the nuclear dye DAPIL. CD11b, or integrin alpha M chain is
widely used as a membrane microglial marker. It combines with the beta 2 chain (ITGB2) to
form the integrin known as macrophage-1 antigen (Mac-1) or complement receptor 3 (CR3)
(Ford et al,, 1995; Sedgwick et al., 1991).

Non stimulated primary microglia showed a ramified morphology and low expression of
Jmjd3 in the nucleus (16.69% of the quantified nuclei were positive for Jmjd3) (Figure 3.8A
and 3.8D). After treatment with 100 ng/ml of LPS plus 100 U/ml of IFNy, microglia adopted a
rounder, ameboid shape and the levels of Jmjd3 in the nucleus increased, peaking after 2
hours incubation (42.38%) (Figure 3.8B and 3.8D). After 4 hours treatment, Jmjd3 protein
expression decreased to 27.15%, but was still higher than in non-activated microglia (Figure
3.8C and 3.8D). Low Jmjd3 expression was also detected in the cytoplasm. This could
correspond to protein being synthesised and processed in the endoplasmic reticulum and
Golgi apparatus, especially since it was detected adjacent to the nucleus. However, detection

of Jmjd3 outside of the nucleus was not included in the quantification.
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Figure 3.8. Jmjd3 induction at the protein level in LPS+IFNy-treated primary microglia.
(A-C) Microglial cultures were either (A) non stimulated (NS), or stimulated for (B) 2 or (C) 4
hours with 100 ng/ml of LPS plus 100 U/ml of IFNy. Cells were then immunostained for
immunohistochemical analysis with antibodies for the membrane marker Cd11b and Jmjd3,
and counterstained with the nucleic acid stain DAPI. Representative images are shown. (D)
Quantification of Jmjd3 positive nuclei calculated by dividing the % of average positive Jmjd3
intensity by the DAPI positive area. 200-250 nuclei were quantified per condition. Bars
represent mean * standard error. ***p < 0.001.
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Given that Jmjd3 is a H3K27me3 demethylase (Agger et al., 2007; Hong et al., 2007; Xiang et
al, 2007), it was investigated whether the observed Jmjd3 up-regulation, both at the mRNA
and protein levels, was accompanied by cell-wide changes in the histone methylation of
H3K27. The levels of the histone mark were examined by immunocytochemistry. Both
unstimulated and LPS plus IFNy-stimulated primary microglia were stained with anti-CD11b
and anti-H3K27me3 antibodies and counterstained with DAPIL.

Jmjd3 induction in LPS plus IFNy-activated microglia did not cause any detectable reduction

in H3K27me3 after 2 and 4 hours incubations (Figure 3.9).
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Figure 3.9. Global H3K27me3 levels in LPS+IFNy-treated primary microglia. Microglial
cultures were either non stimulated, or stimulated for 2 or 4 hours with 100 ng/ml of LPS plus
100 U/ml of IFNy. Cells were then immunostained for immunohistochemical analysis with
antibodies for the membrane marker Cd11lb and the histone mark H3K27me3, and
counterstained with the nucleic acid stain DAPI. The H3K27me3 levels remained the same as
in the ramified, non stimulated (NS) microglia after activation with 100 ng/ml of LPS plus 100
U/ml of IFNy. The graph shows the quantification of H3K27me3 positive nuclei calculated by
dividing the % of average positive H3K27me3 intensity by the DAPI positive area. 200-250
nuclei were quantified per condition. Bars represent mean + standard error.

The levels of H3K4me3, an epigenetic mark for transcription activation (Kouzarides, 2007),

were also tested. Similarly, no global changes in H3K4me3 were observed (Figure 3.10).
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Figure 3.10. Global H3K4me3 levels in LPS+IFNy-treated primary microglia. Microglial
cultures were either non stimulated, or stimulated for 2 or 4 hours with 100 ng/ml of LPS plus
100 U/ml of IFNy. Cells were then immunostained for immunohistochemical analysis with
antibodies for the membrane marker Cd1llb and the histone mark H3K4me3, and
counterstained with the nucleic acid stain DAPI. The H3K4me3 levels remained the same as in
the ramified, non stimulated microglia after activation with 100 ng/ml of LPS plus 100 U/ml
of IFNy. The graph shows the quantification of H3K4me3 positive nuclei calculated by dividing
the % of average positive H3K4me3 intensity by the DAPI positive area. 200-250 nuclei were
quantified per condition. Bars represent mean * standard error.

3.2.4. Expression of immune response and inflammation related genes in activated
primary microglia
To identify genes in microglia which are up-regulated upon activation and that therefore
could potentially be regulated by Jmjd3, the expression of a group of inflammation-related,
inducible genes was studied, including Ccl3, Ccl5, Ccl9, Cxcl11, 116, I112b, Nos2 and TNFa. These
genes were selected because of their relevance to the MS/EAE immunopathogenesis and also
because in Jmjd3-/- macrophages, Ccl3, Ccl5, Ccl9, Cxcl11, I112b and [16 have previously been
described to be partially dependent on Jmjd3 for expression (De Santa et al., 2009). NosZ and
TNFa do not seem to be differentially expressed in Jmjd3-/- macrophages. However, the Nos2
promoter shows important Jmjd3 binding in LPS plus IFNy activated mouse macrophages and

TNFa is also bound by Jmjd3 upstream of its promoter in such cells. NO and TNFa were
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additionally included in the analysis because they are important soluble mediators of the
inflammatory innate immune response that damages the oligodendrocyte/myelin unit and
axons in MS and EAE. Primary microglial cultures were treated with LPS plus IFNy and the
mRNA levels of the selected genes were measured by qRT-PCR. The kinetics of their up-
regulation were determined by using different time periods of stimulation.

All the examined genes were significantly up-regulated at the mRNA level after 1 hour
treatment. With the exception of TNFa, whose mRNA level peaked after 4 hours, the highest

expression with all other genes was reached following 8 hours stimulation (Figure 3.11).
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Figure 3.11. Immune response and inflammation related genes up-regulated upon
activation in primary microglia. Microglial cells were incubated with 100 ng/ml LPS plus
100 U/ml of IFNy for the indicated periods of time. The mRNA levels were measured by qRT-
PCR, normalised to Hprt and represented as the fold induction over non stimulated (NS). Bars
represent mean * standard error between triplicates. All the genes were significantly up-
regulated above background levels with a p value < 0.05.
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3.2.5.Jmjd3 binds to the promoter of immune response and inflammation related
genes in activated microglia

While the effects of Jmjd3 up-regulation on LPS plus IFNy activated macrophages have been
reported to be independent of its H3K27me3 demethylase activity (De Santa et al., 2009), for
alternative activated macrophages the opposite has been shown (Ishii et al, 2009). ChIP
assays for Jmjd3 and H3K27me3 were used to investigate if Jmjd3 up-regulation in activated
microglia was followed by changes in the level of H3K27me3, as a putative mechanism to
control gene expression. ChIP-qPCR experiments were performed initially with the
expectation of carrying out subsequent ChIP-sequencing analysis depending on the results
obtained with this and further functional experiments.

The lack of global changes in H3K27me3 following the rapid and strong up-regulation of
Jmjd3 observed in microglia after exposure to inflammatory stimuli, shown previously (Figure
3.9), suggested that if Jmjd3 was acting as a H3K27me3 demethylase in activated microglia, it
would only be at specific gene promoters. Therefore, six of the inducible immune response
and inflammation related genes, which expression kinetics were analysed previously in
activated microglia (Figure 3.11), were selected for the Jmjd3 and H3K27me3 ChIP-qPCR
analysis. With the exception of NosZ2, only genes which have been previously shown to be
regulated by Jmjd3 in macrophages were investigated because of the high number of cells
required to perform these assays, and the low yield of microglia which can be obtained per
pup.

In order to first establish suitable parameters for the assay, the EOC 20 microglial cell line was
used before moving to primary cells. EOC 20 cells were either left untreated or stimulated
with 100 ng/ml of LPS plus 100 U/ml of IFNYy for 2 hours, corresponding to the peak of Jmjd3
up-regulation at the protein level, as shown previously (Figure 3.8). The recruitment of Jmjd3

to the promoter regions of Ccl3, Ccl5, Cxcl11, 116, 1112b and NosZ was analysed by conducting
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gPCRs on the immunoprecipitated chromatin. The promoter of guanylate-binding protein 6
(Gbp6) and the TSS1 of Arhgef3 were included in the study as positive and negative controls,
respectively, as used previously in activated macrophage studies (De Santa et al., 2009).

This preliminary assay suggested that in EOC 20 microglia, Jmjd3 was associated to the
promoters of Ccl3, Ccl5, Nos2 and the positive control Gbp6 when treated with LPS plus IFNy
compared to untreated cells. However 1112b and 116, also previously shown to be bound by
Jmjd3 in activated primary macrophages (De Santa et al., 2009), showed no Jmjd3 enrichment

(Figure 3.12).
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Figure 3.12. Jmjd3 binds to the promoter of immune response and inflammation
related genes in LPS+IFNy-activated EOC 20 microglia. An anti-Jmjd3 ChIP assay was
performed in EOC 20 cells treated for 2 hours with 100 ng/ml of LPS plus 100 U/ml of IFNy
and in non stimulated (NS) cells. Immunoprecipitated DNA with an anti-Jmjd3 antibody or an
anti-IgG isotype control was amplified by qPCR with promoter-specific primers. The
chromatin Jmjd3 enrichment was calculated as percentage (%) of input. Gbp6 was used as
positive region control and Arhgef3_TSS1 as a negative region control.

88



After standardising the assay in EOC 20 cells, the recruitment of Jmjd3 to the same group of
genes was examined by ChIP-gPCR in primary microglial cells. As before, non-stimulated cells
and cells treated with 100 ng/ml of LPS plus 100 U/ml of IFNy for 2 hours were compared.
Jmjd3 was significantly enriched in the promoter region of Ccl3, Ccl5, 116, Nos2 and Gbp6
(positive control) in the activated primary microglia. This coincides with the preliminary
results obtained with the cell line, except that Jmjd3 also binds the promoter of 1l6 after
stimulation in primary microglia. Once again, no enrichment of Jmjd3 was observed at the

I112b region examined (Figure 3.13).
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Figure 3.13. Immune response and inflammation related genes are targets of Jmjd3 in
LPS+IFNy-activated primary microglia. An anti-Jmjd3 ChIP assay was performed in
primary murine microglia treated for 2 hours with 100 ng/ml of LPS plus 100 U/ml of IFNy
and in non stimulated cells (NS). Immunoprecipitated DNA with an anti-Jmjd3 antibody was
amplified by gPCR with promoter-specific primers. Gbp6 was used as positive region control
and Arhgef3_TSS1 as a negative region control. Bars represent mean * standard error between
triplicates. *p < 0.05. **p < 0.01.
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3.2.6. H3K27me3 status at Jmjd3 target genes

To test whether the observed binding of Jmjd3 to the promoter region of Ccl3, Ccl5, 116 and
NosZ2 in activated primary microglia correlated with changes in the H3K27me3 levels, a ChIP-
gPCR analysis of the chromatin modification was performed.

All the gene promoter regions analysed, except Arhgef3_TSS1, showed a significant reduction
in the levels of H3K27me3 after LPS plus IFNy treatment compared to no stimulation (Figure
3.14). No controls for active or repressed chromatin were included because of sample
quantity limitations caused by the low number of primary microglia obtainable per pup.
However the fact that Gbp6 showed a marked reduction in H3K27me3 could be considered as
an indication that the assay worked because Gbp6 is a gene that has been described as highly
induced by LPS and IFNy (De Santa et al., 2009) and is therefore transcriptionally active after
stimulation of microglia with these agonists. Similarly, because the transcription of Arhgef3
usually starts at the TSS2 or TSS3 (Thiesen et al., 2000), the lack of significant changes in the
H3K27 trimethylation at the TSS1, which is a region that is not important for activation of

transcription, could be regarded as a negative control.
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Figure 3.14. H3K27me3 levels at immune response and inflammation related genes in
LPS+IFNy-activated primary microglia. An anti-H3K27me3 ChIP assay was performed in
primary murine microglia treated for 2 hours with 100 ng/ml of LPS plus 100 U/ml of IFNy
and in non stimulated cells (NS). Immunoprecipitated DNA was amplified by qRT-PCR with
promoter-specific primers. Data are representative of 3 independent experiments. Bars
represent mean * standard error. *p < 0.05. **p < 0.01. ***p < 0.001.

3.3. Discussion

The qRT-PCR experiments with the EOC 20 microglial cell line and the primary murine
microglia showed that Jmjd3 is up-regulated after exposure to LPS. This agrees with the
hypothesis that changes in the expression of Jmjd3 can influence the transcription of genes
that contribute towards pathological persistent activation of microglia upon stimulation with
pro-inflammatory stimuli. With the exception of Jmjd3, there has been no previously
described role for the JmjC-domain demethylases with regards to the immune response or
inflammation. Jmjd3 is a NF-kB-dependent H3K27me3 demethylase (Agger et al., 2007; Xiang

et al,, 2007) that is induced in activated macrophages and regulates transcription (De Santa et
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al, 2009). Given their early myeloid origin, microglial cells are considered part of the
mononuclear phagocyte system and are therefore related to macrophages (Ginhoux et al,
2010; Kreutzberg, 1996). However, microglia are a distinct cell type and it cannot be assumed
that Jmjd3 has the same role in microglia as it does in macrophages. Therefore the
involvement of Jmjd3 in regulating the activation transcriptional program of microglia was
previously undetermined.

The gene activation by NF-kB proteins is regulated by several complex mechanisms that
include the control of the rate of transcription induction. In this way, even if the stimulus is
constant, all of the NF-kB-dependent genes are not activated at the same time. The speed of
gene induction by NF-kB is determined by the DNA and chromatin structure of the NF-kB
target genes’ control regions. This dictates if other constitutive or inducible transcription
factors and transcriptional co-regulators (such as histone modifying enzymes and nucleosome
remodelling complexes) are also required to activate gene expression (Natoli et al., 2005; Sen
and Smale, 2010). In vitro experiments showed that Jmjd3 was basally expressed in non-
stimulated cells and then strongly and rapidly up-regulated at the mRNA and protein levels
after activation with LPS, as observed in macrophages. On the other hand, the transcript
levels of Utx, a H3K27me3 demethylase known to have a role in development rather than in
inflammation (Agger et al,, 2007; De Santa et al.,, 2007), remained low and unaltered upon
stimulation. The kinetics of Jmjd3 up-regulation in activated microglia shows that it is a
rapidly induced NF-kB target gene. This suggests that Jmjd3 might act as a transcription co-
regulator of other genes that are subsequently induced by NF-kB after microglial activation,
whose promoters require other earlier induced factors apart from NF-«xB to be activated. This
is further supported by Hao et al.’s observations on the expression patterns of TNFa inducible
genes. They described that genes induced during an inflammatory response can be divided in

three groups according to their expression kinetics, and that genes within each group show
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similar or related functions. Transcription factors and modulators fall within the early
induced genes group, whose expression peaked before 2 hours stimulation and had short half-
lives (Hao and Baltimore, 2009). Since Jmjd3 expression peaked at 1 hour, it can be assigned
to this group and could therefore be a transcription modulator of intermediate and late genes
such as most cytokines and chemokines.

Interestingly, stimulation with 1000 ng/ml of LPS produced a lower Jmjd3 induction
compared to 100 ng/ml in EOC 20 cells. This could be explained by increased receptor
internalisation after exposure to a higher LPS concentration. Nomura et al. first described that
the TLR4 mRNA and surface protein expression levels were reduced after 1 hour stimulation
with 100 ng/ml of LPS in peritoneal macrophages, and that such reduction was increased by
higher LPS concentrations (Nomura et al., 2000). It was later shown that the reduction in the
amount of TLR4 receptor on the cell surface was secondary to receptor internalisation. TLR4
endocytosis after microbial detection was first thought to be a regulatory mechanism for
signal termination and LPS-associated antigen presentation (Husebye et al., 2006). However,
it was later found that the TLR4 internalisation into the endosomal compartment is necessary
for triggering the MyD88-independent signalling pathway through the adaptors TRAM and
TRIF, which activate the transcription factor IRF3 that regulate type I interferon expression
(Kagan et al., 2008). Indeed, in mouse bone marrow derived macrophages the percentage of
surface TLR4 starts decreasing after only 10 minutes of LPS stimulation and the expression
goes down to around 50% after 30 minutes treatment (Zanoni et al,, 2011).

It was important to investigate the role of TLR ligands on Jmjd3 expression because there is a
marked up-regulation of all TLR receptors in MS lesions and EAE (Bsibsi et al., 2002; Prinz et
al,, 2006) and the latter is induced with an adjuvant containing TLR ligands. Engagement of all
the TLR receptors studied triggered Jmjd3 expression. The highest induction was caused by

the TLR4 agonist, LPS, when cells were treated with the optimal conditions. This can be
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explained by the fact that TLR4 is the only TLR that can signal both through the MyD88
dependent and independent pathways (Kagan et al., 2008), and therefore can activate NF-«kf3
and finally /mjd3 expression by two different routes. Moreover, LPS has been described to be
the most potent stimulant of microglia, compared to TLR2 and TLR9 agonists (Ebert et al.,
2005). However, the TLR2/1 and TLR2/6 heterodimers agonists FSL-1 and Pam3CSK4 also
induced a considerable up-regulation of Jmjd3.

That higher Jmjd3 mRNA levels were achieved through TLR4 ligation, followed by TLR2
stimulation, is relevant for both EAE and MS. In EAE, TLR2 and TLR4 mediated mechanisms
have been implicated in the initiation of disease. CFA, the adjuvant used to induce EAE,
contains mycobacterium tuberculosis extracts that activate the innate immune response
through the TLR2 and TLR4 receptors (Stenger and Modlin, 2002). Additionally, pertussis
toxin functions as a ligand for TLR4 (Kerfoot et al., 2004). Although no direct association
between TLR endogenous ligands and MS has been described so far, the presence of
fibrinogen (a TLR4 endogenous ligand) and HMGB1 (a TLR2 and TLR4 self-stimulant) has
been documented in MS and EAE active lesions (Andersson et al., 2008; Gay and Esiri, 1991).
Gangliosides (neuronal membrane components released after neuronal damage) and oxidised
by-products of myelin breakdown by ROS, which are present in the CSF and serum of MS
patients, have been described to bind to TLR4 and TLR2 receptors, respectively, and activate
microglia (Diestel et al., 2003; Farez et al,, 2010; Jou et al.,, 2006). Furthermore, whilst healthy
white matter does not contain TLRs, active MS lesions show a high expression of TLR4 on
microglia (Bsibsi et al., 2002). In addition, it is hypothesised that systemic circulation of
bacterial endotoxins after urinary tract infections might cause microglial and CNS
macrophage activation through TLR binding (Wolfson and Talbot, 2002). However, despite
stimulation of other TLRs was also found to up-regulate /mjd3, and TLR2 ligation also seems

to be important for the immunopathogenesis of MS and EAE, only LPS was used to further
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characterise the role of Jmjd3 expression in microglial activation. This was decided because
LPS was the most potent inducer of the enzyme, and could therefore facilitate the detection of
any possible effects of Jmjd3 up-regulation in functional experiments.

Nevertheless, before proceeding with functional experiments, the effect on Jmjd3 expression
of other more physiologically relevant stimuli than LPS, such as pro-inflammatory cytokines
and chemokines previously described to be relevant for MS and EAE pathology, was also
studied. IL-1f3 and IL-8 are both NF-kB inducers (Allan et al., 2005; Manna and Ramesh, 2005)
and therefore significantly increased Jmjd3 expression, although this was to a lesser extent
than the TLR agonists. Depending on the nature and intensity of the stimulus, microglia can
show different activated effector phenotypes, which range from neurotoxic to protective.
During autoimmune and infectious CNS inflammation, TLR stimulation of microglial cells
leads to strong innate immune defense reactions that release neurotoxic factors and induce a
higher expression of Jmjd3, which could potentially help to potentiate the pro-inflammatory
activation. Conversely, minor insults that are accompanied by a moderate production of one
or few cytokines/chemokines (like neuronal cell death during development or the damage of
a few synapses) bring about a protective activated phenotype with more contained responses
and a lower induction of Jmjd3 that promotes tissue repair and survival of neurons and glia.
Even though the IFNy signalling pathway does not involve the activation of NF-kB directly, the
addition of this cytokine alone also induced a modest increase of /mjd3 expression. This can
be explained by an autocrine process involving the IFNy-induced rapid synthesis of the NF-kB
signalling cytokines IL-1 and TNF«, which have been reported to contribute to the priming
effect of IFNy on LPS-NF-kB activation (Held et al., 1999). Both TNFa and IL-1f are secreted
by activated microglia (Block et al.,, 2007) and both modestly up-regulate /mjd3, as described
by De Santa et al. in the case of TNFa (De Santa et al,, 2007) and as demonstrated in figure 3.6

for IL-1pB. Furthermore, the IFNy induced protein kinase dsRNA-regulated (PKR) signals via
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NF-xB, which could constitute another mechanism by which IFNy up-regulates /mjd3 through
an intermediary molecule (Meurs et al., 1990; Zamanian-Daryoush et al., 2000).

[FNy has also been shown to be a priming agent in monocytes and macrophages that
sensitises them for an increased response to successive stimuli (Hayes et al., 1995; Pace et al,,
1983). Priming by IFNy in human monocytes has been described to start from 2 hours pre-
treatment with IFNy before LPS addition. However, it was also shown that there was more
TNFa expression with the simultaneous addition of LPS and IFNy for 2 hours than with LPS
alone (Hayes et al,, 1995). This “early” priming can be explained by the fact that around 2
hours after incubation, IFNy starts increasing LPS induced transcription through an
enhancement of NF-kB activity, secondary to an augment of its DNA binding capacity and a
more rapid [kB-a (NF-xB inhibitor) degradation, both of which persists for around 30 minutes
(Hayes et al., 1995; Held et al., 1999). Therefore, the higher Jmjd3 expression observed after
administration of LPS plus IFNy rather than LPS alone, after 2 and 4 hours incubations,
suggests an early priming role of IFNy in microglial cells, just as it has been documented for
macrophages (Pace et al., 1983). Since the 8 and 24 hours incubation time points between LPS
and LPS plus [FNy did not show any difference, it could be hypothesised that priming does not
increase the /mjd3 mRNA stability, which is another mechanism by which priming can operate
(Hayes et al,, 1995).

Regardless of the strong increase in Jmjd3 expression triggered by LPS plus I[FNy in microglia
in vitro, there were no global variations on H3K27me3. This led to the assumption that
Jmjd3’s effects were carried out at a local gene level in a limited number of targets. A group of
inducible inflammatory and cytotoxic genes that were demonstrated to be up-regulated in LPS
plus IFNy activated microglia, some of which had been reported to be dependent on Jmjd3 for
their expression in macrophages (De Santa et al, 2009), were selected as possible Jmjd3

target candidates. These included Ccl3, Ccl5, Cxcll1, 116, 1112b and Nos2, which were
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additionally chosen on the basis of their importance for the immunopathogenesis of MS and
EAE. IL-6 is a pro-inflammatory cytokine secreted by activated macrophages and microglia
that has been detected at elevated levels in the serum of MS patients (Ozenci et al., 2000). This
cytokine, along with TGF-, induces naive CD4 T cells to differentiate into Tu17 cells (Bettelli
et al., 2006), which are the main effector T cells in the EAE and MS autoimmune reaction
(Komiyama et al., 2006; Tzartos et al., 2008). IL-12 is also a pro-inflammatory cytokine that is
elevated in the CSF and brain lesions of MS patients and mediates Tyl polarisation of CD4 T
lymphocytes (the other T cell subset that orchestrates inflammation in the early stage of MS)
(Lock et al., 2002; Segal et al., 1998). CCL3 (or macrophage inflammatory protein 1 alpha,
MIP-1a) and CCL5 (or Rantes) are chemokines involved in the CNS recruitment and activation
of leukocytes and T lymphocytes. They are also both elevated in the CSF as well as in active
lesions in MS, and in EAE are associated with disease progression (Boven et al., 2000; xF et al.,
1999). NOS2, or inducible nitric oxide synthase (iNOS), is an enzyme that generates large
amounts of NO, a bioactive free radical that mediates microglia-induced cytotoxicity in MS and
EAE (Chao et al,, 1992; Merrill et al., 1993).

De Santa el al. reported that the Jmjd3 mediated regulation of gene expression of Ccl3, Ccl4,
Ccl5, Ccl9, Cxcl11, 1112b, and [16 in pro-inflammatory activated macrophages was independent
of the enzyme’s demethylase activity (De Santa et al, 2009). However, Ishii et al.
demonstrated that in alternative activated macrophages, Jmjd3 binds to the promoter of M2
marker genes and increases their expression by demethylating H3K27me3 (Ishii et al., 2009).
It was not known which mechanism occurred in microglia, or even if Jmjd3 or any other
H3K27me3 demethylase was involved in the activation process of these cells. To answer this,
the putative recruitment of the newly synthesised Jmjd3 to the promoter of the selected
candidate genes and its potential effect on H3K27me3 levels were investigated through ChIP

gPCR assays in LPS plus IFNy treated microglia. Jmjd3 was enriched in the TSS of 116, Ccl3,
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Ccl5, Nos2 and Gbp6 (positive control), roughly in ascending order. The [112b region analysed
did not show a significant increase in Jmjd3 co-localisation in activated microglia, which could
either mean that the gene is not a Jmjd3 target in microglia or that in this cell type Jmjd3 binds
to a different region. Importantly De Santa et al. also reported that [112b was only modestly
enriched with Jmjd3 when compared to highly enriched genes such as Gbp6 and Nos2 (De
Santa et al,, 2009), which were also the highest enriched genes in this study. Therefore it could
be that the sensitivity of the anti-Jmjd3 ChIP-qPCR assay used was not high enough to detect
the relatively low 1112b binding. Interestingly, no Jmjd3 binding to CclI3 had been described
before in macrophages, but the enzyme has been shown to be necessary for the expression of
Ccl3in T cells (Miller et al., 2010). These differences in Jmjd3 co-localisation may be explained
by the fact that, although related, microglia and macrophages are different cell types and
therefore could show different epigenetic regulation of activation.

Given that all the genes that were enriched with Jmjd3 (116, Ccl3, Ccl5 and NosZ2) also showed a
decrease in H3K27me3, it could be proposed that the probable mechanism of action of Jmjd3
in the regulation of the expression of such genes might be related to its demethylase
enzymatic activity. However Cxcl11 and [112b also showed a reduction in H3K27me3 despite
not co-localizing with Jmjd3. Therefore, it cannot be stated that the reduction in H3K27
methylation at the analysed genes was caused by the enzymatic activity of Jmjd3 as it could
also be explained by a reduction in H3 caused by nucleosome lost secondary to gene
activation.

In addition to being a H3K27me3 demethylase, Jmjd3 is also involved in the regulation of the
recruitment of Pol II and the transcriptional elongation of target genes (Chen et al.,, 2012; De
Santa et al., 2009), as well as having a chromatin remodelling function (Miller et al., 2010).
Hence, whether or not the potential Jmjd3 involvement in the regulation of transcription in

activated microglia is dependent on its histone modifying activity, or on one of its other
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described functions, requires further investigation. ChIP-sequencing analysis could shed
some light in this respect. However, before proceeding with this method, the up-regulation of
Jmjd3 in activated microglia in vivo in a mouse model of MS was investigated along with its

potential functional consequences, as described in the following chapters.
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4. Results

4.1. Introduction

In the acute phase of MS, microglia play a central role in both the adaptive autoimmune
response, by secreting cytokines that promote Tu1l and Tu17 differentiation of T cells, and in
the unspecific innate inflammatory response that damages oligodendrocytes and neurons
through the release of compounds such as NO and ROS. Over time the acute inflammatory
response gives way to diffuse, chronic inflammation, characterised by widespread, persistent
activation of parenchymal microglia. In MS and CR-EAE, this chronic activation of microglia is
associated with damage to the brain cortex and NAWM, which in turn cause progression of
disease and permanent neurological disability (Kutzelnigg et al., 2005; Rasmussen et al,,
2007). The mechanisms behind persistent microglial activation have not been characterised.
Classical EAE is a T cell-driven disease, in which antigen-specific, MHC class II restricted T
cells induce CNS inflammation and tissue injury through the activation of microglia and
macrophages (Mendel et al, 1995; Wekerle, 1993). Although mouse models cannot
recapitulate MS pathogenesis entirely, EAE allows research into the molecular and
inflammatory mechanisms behind the disease. Depending on the mouse strain and on the
immunising antigen, different types of EAE can be induced, which mirror different clinical and
histopathological aspects of MS. C57BL/6 mice develop chronic monophasic EAE after
immunisation with the myelin peptide MOGss-55. This typically starts around 10 days post
immunisation and debuts with weakening or paralysis of the tail that progresses to hind limb
paralysis at the peak of disease (usually 14-18 days after immunisation) (Mendel et al., 1995).
In contrast, Biozzi ABH mice immunised with MOG or PLP epitopes emulsified in adjuvant
develop CR-EAE, which has important similarities to MS with a relapsing-remitting disease

course followed by a secondary progressive phase. In Biozzi ABH mice the onset of clinical
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signs occurs around 11 to 16 days post-immunisation and active disease is also characterised
by paralysis of the hind limbs and tail. Around 80% of the mice develop a relapsing-remitting
disease course that remits almost completely after the disease onset, but some residual tail
atony can be observed. This residual neurological deficit increases after subsequent relapses.
As it has been demonstrated in other murine MS models, microglial activation also precedes
T-cell infiltration. Axonal loss is evident from the acute phase of disease, independently of
demyelination. After each relapse, demyelination and axonal loss increases, correlating with
rising residual motor deficits in remissions. Following a series of relapses, mice enter a
chronic progressive phase with permanent neurological disability and relative absence of
inflammation, as is observed in progressive human MS (Amor et al., 1994; Baker et al.,, 1990;
Jackson et al., 2009) .

Having demonstrated that Jmjd3 is up-regulated in microglia activated by pro-inflammatory
stimuli in vitro and that it is recruited to the promoters of immune response and inflammation
related genes, it was subsequently examined if this Jmjd3 induction could also been observed
in vivo in the experimental model of MS, EAE. Since one of the aims of this thesis was to
identify putative epigenetic mechanisms contributing to chronic microglial activation during
MS remissions and the progressive phase of the disease, induction of CR-EAE in Biozzi ABH

was therefore used to study such processes.

4.2. Results

4.2.1. Jmjd3 is up-regulated in activated microglia from mice with acute EAE

Following the observation that primary murine microglia up-regulate Jmjd3 after incubation
with pro-inflammatory substances in vitro, it was investigated whether activated microglia

also up-regulate Jmjd3 in EAE.
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The yield of mononuclear cells obtained from the CNS of adult mice is low, even after
induction of EAE. Therefore, in order to measure the protein level of Jmjd3 in microglia and
CNS infiltrating macrophages separately, a method that does not require high number of cells
and that allows the differentiation of the two populations within the same sample was needed.
There are no specific microglial markers that can be used to distinguish the two cell
populations by immunohistochemistry. However, several groups have successfully employed
a method to differentiate resting microglia from macrophages in CNS mononuclear cells
samples based on measuring the expression of the surface markers CD11b and CD45 by flow
cytometry. Consequently, the suitability for flow cytometry analysis of the polyclonal anti-
Jmjd3 antibody used for ChIP and immunocytochemistry in the previous chapter was initially
tested in HEK 293T cells transiently transfected with a pCMV-HA-/mjd3 plasmid. The
transfected cells were stained intracellularly with the anti-Jmjd3 polyclonal antibody,
followed by secondary fluorescent antibody staining and flow cytometry analysis. To test for
transfection efficiency and specificity of the anti-Jmjd3 antibody binding, an anti-HA
monoclonal antibody was also used.

68.9% of the transfected cells were positive for HA tag expression and 61.7% (42.4% of the
total cells) of these HA positive cells were also positive for Jmjd3 (Figure 4.1). The anti-Jmjd3
antibody was able to detect the higher expressing cells, whereas the lower expressing cells
could only be detected by the anti-HA antibody. Therefore, whilst the anti-HA antibody was
more sensitive than the anti-Jmjd3 antibody, the anti-Jmjd3 antibody was shown to be
specific. Basal Jmjd3 protein expression was also detected in non-transfected cells (as
previously observed by immunohistochemistry in non-stimulated primary microglia in figure
3.8). However, the Jmjd3 antibody was able to specifically recognise the recombinantly

expressed protein above this background.
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Two other polyclonal anti-Jmjd3 commercial antibodies and an antibody kindly provided by
Dr. Kristian Helin (BRIC, Copenhagen) were also tested for flow cytometry. These generated
inferior detection values and therefore it was decided that the anti-Jmjd3 antibody previously
used in the study for ChIP and immunocytochemistry was the most suitable for Jmjd3

detection by flow cytometry.
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Figure 4.1. Jmjd3 flow cytometry optimisation. HEK 293T cells were transfected with a
pCMV-HA-Jmjd3 plasmid. After 48 hours, the cells were intracellularly immunostained with
an anti-Jmjd3 polyclonal antibody and an anti-HA monoclonal antibody, followed by flow
cytometry analysis. (A) Representative Jmjd3 and HA tag dot plot of transfected cells. (B)
Overlay of representative Jmjd3 fluorescence histograms. The mean fluorescence intensity
(MFI) for each sample is shown.

Having tested the sensitivity and specificity of the Jmjd3 antibody, it was then initially used to

analyse the Jmjd3 protein expression in microglia isolated from a small group (n=5) of MOGss.
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55 immunised EAE C57BL/6 mice at peak of disease in comparison to the control group (CFA
alone plus PBS) (n=4) and naive (n= 3) (healthy, non immunised) mice.

The brain and spinal cords were dissected and the CNS mononuclear cells (which include
microglia and infiltrating leukocytes) were isolated by percoll gradient following the protocol
previously demonstrated by Cardona et al. (Cardona et al.,, 2006a) and described in section
2.6.5. Sedgwick et al. described a flow cytometry method to discriminate resting microglia
from macrophages based on differences in the level of CD45 expression of CD11b+ cells, which
has been replicated in several other reports. Ramified, non activated microglia show a
relatively low CD45 expression and have been characterised as CD11b+ CD45!w, while other
CNS and peripheral macrophages display a CD11b+ CD45hish phenotype (Becher and Antel,
1996; Sedgwick et al., 1991; Stevens et al, 2002). However, it has also been shown that
microglia up-regulate CD45 following activation under inflammatory conditions (Ponomarev
et al,, 2005; Sedgwick et al., 1991). Therefore, to be able to differentiate resting or surveying
microglia from activated microglia and macrophages, the isolated CNS mononuclear cells
were stained with anti-CD11b and anti-CD45.2 monoclonal antibodies. To then determine the
percentage of cells which had become activated following immunisation, the CNS
mononuclear cells were first gated based on their expression of CD11b. CD11b+ cells, all of
which were CD45+, were further subdivided by their CD45 expression, with CD11b+ CD45low
cells constituting resting microglia and CD11b* CD45high cells comprising the activated
microglia/macrophages population (figure 4.2A).

In the naive mice CNS samples, 9.3% of the CD11b* cells were CD45high (activated
microglia/macrophages). In the CFA alone plus PBS control CNS samples, the number of
CD11b* CD45high cells was slightly higher than in the naive mice (17.7%). As CFA contains TLR
ligands that can induce microglial activation in the absence of antigen (Okun et al., 2009), this

is therefore likely to be the cause of the observed increase of activated cells. As expected, the
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MOGss.ss EAE C57BL/6 mice at peak of disease had the greatest population of CD11b* CD45high
cells than both the control and naive mice (51.6%). This increase reflects the activation of a
proportion of the resting microglial cells (CD11b* CD45!w) and macrophage infiltration

secondary to the CNS auto-inflammatory process (Figure 4.2B).
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Figure 4.2. Resting microglia and activated microglia/macrophage populations in
naive, control and EAE mice. The brain and spinal cord mononuclear cells from naive,
control (CFA+PBS) and MOGssss EAE (at peak of disease) C57BL/6 mice were isolated,
immunostained for the cell surface markers CD45.2 and CD11b, and analysed by flow
cytometry. The CD11b+ cells were gated based on their level of CD45 expression into CD11b*
CD45w (resting microglia) and CD11b+ CD45high (activated microglia/macrophages)
populations. (A) Representative CD11b and CD45.2 dot plots are shown. (B) Graph showing
the percentage of activated microglia/macrophages (CD45high cells) in CD11b* cells from naive
(n= 3), MOGss.55 EAE (n= 5) and CFA+PBS (n= 4) C57BL/6 mice from CNS samples. Bars
represent mean * standard error. **p < 0.01.

As has been previously described, the CD11b* CD45!w resting microglial cells were found to

be small and homogenous, as demonstrated by their forward and side scatter, while the
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CD11b* CD45high population displayed a characteristic activated macrophage like-phenotype
with a large size and increased granularity (Figure 4.3) (Ford et al.,, 1995; Ponomarev et al.,

2005).
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Figure 4.3. Activated microglia/macrophages have a large size and increased
granularity. The brain and spinal cord mononuclear cells from naive, control (CFA+PBS) and
MOGss.s5 EAE (at peak of disease) C57BL/6 mice were isolated, immunostained for the cell
surface markers CD45.2 and CD11b, and analysed by flow cytometry. The cells were gated
based on their level of CD45 expression into CD11b* CD45!w (resting microglia) and CD11b*
CD45nigh (activated microglia/macrophages) populations. Representative forward and side
scatter dot plots are shown.

To then be able to measure the Jmjd3 expression in the CD11b* CD45!low (resting microglia)

and CD11b* CD45high (activated microglia/macrophages) populations, the surface staining was
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followed by permeabilisation and intracellular staining with the anti-Jmjd3 antibody and a
secondary fluorescent antibody, after which cells were analysed by flow cytometry. While the
few CD11b* CD45hish cells isolated from the CNS of naive C57BL/6 mice did not seem to have
any changes in the expression of Jmjd3, the activated microglia and macrophages from control
CFA alone immunised mice showed a small up-regulation of Jmjd3 compared to the CD11b+
CD45!w population (MFI fold change of 1.17). However, this was not significant. On the other
hand, the activated microglia and infiltrating macrophages from MOGs3s.ss EAE C57BL/6 mice
exhibited an increase in Jmjd3 expression compared to the resting microglia population (MFI
fold change of 1.7) that was significantly higher than the MFI fold change observed in both the
control (p= 0.0003) and naive (p=0.0005) mice (Figure 4.4 A and B). The secondary
fluorescent antibody showed some un-specific staining, however this was lower than the

positive staining observed with the anti-Jmjd3 antibody (Figure 4.4 A).
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Figure 4.4. Jmjd3 is up-regulated in activated microglia/macrophages from EAE mice.
Flow cytometric analysis of Jmjd3 expression in CD11b+ CD45low/high CNS-derived
mononuclear cells isolated from naive, control (CFA+PBS) and MOGss.ss EAE (at peak of
disease) C57BL/6 mice. (A) Representative CD45.2/CD11b dot plots with gates on CD11b+*
CD45w (resting microglia) and CD11b+ CD45high (activated microglia/macrophages)
populations are shown at the top. Representative overlays of Jmjd3 fluorescence histograms
with the mean fluorescence intensity values of non-stained (NS) cells, secondary antibody
only stained cells, resting microglia and activated microglia/macrophages are shown on the
bottom. (B) Graph showing the fold change in mean fluorescence intensity (MFI) of Jmjd3,
which was calculated by dividing the activated microglia/macrophages population (CD11b+
CD45nigh) MFI by the resting microglia population (CD11b* CD45!w) MFI of each mouse. Naive
n=3. EAE n=5. CFA+PBS n=4. Bars represent mean * standard error. ***p < 0.001.
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4.2.2. Analysis of Jmjd3 expression in activated microglia from CR-EAE mice

To then explore if Jmjd3 up-regulation could be involved in the chronic activation of microglia
a CR-EAE mouse model was used to compare the expression of Jmjd3 in activated
microglia/macrophages between early (disease onset and first relapse) and late disease
stages (second remission). Previous EAE studies with Biozzi mice performed in our group
have shown that the incidence of CR-EAE in this model is approximately 80% (Vergo et al,,
2011). Since the yield of mononuclear cells isolated from the CNS of adult mice is low (even
after induction of EAE), 3-4 mice in the same disease stage were pooled together per sample
in order to obtain enough cells for following experiments. Therefore, to have three samples
per disease stage, 40 Biozzi ABH mice were immunised with MOGss.s5 emulsified in CFA, as
described in the general materials and methods section 2.6.4. As expected, the immunised
Biozzi ABH mice showed a relapsing-remitting disease course, with onset of clinical signs
occurring from day 12 post-immunisation. Mice were sacrificed at different time points
throughout the disease course, including disease onset (between day 20 to 27 post-
immunisation), first relapse (between day 30 to 42 post-immunisation) and second remission
(between day 45 to 64 post-immunisation) (Figure 4.5 A and B). Naive and CFA plus PBS
immunised Biozzi ABH mice were also taken as controls at day 40 post-immunisation.
Following the initial peak of disease after immunisation, a remission phase was defined as
improvement from the preceding relapse (or initial disease episode) with a sustained (3 or
more days) decrease in clinical score of at least 1.0. Relapses were identified by sustained
(more than 3 days) increase of more than 1.0 clinical score from the baseline score of the
previous remission. The baseline clinical status between each remission and the next relapse
was assessed using the same scale. Mice were also weighed daily. Changes in body weight
were used as an indication of an imminent relapse or recovery. Mice usually start losing 1 to 2

g of their body weight a couple of days before the onset of EAE and before each relapse. The
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weight loss continues with the increase in clinical score and can reach up to 20% of the pre-

EAE onset body weight at the peak of disease. After the peak of disease is reached, mice slowly

start gaining weight again, often before the clinical score improves (Jackson et al., 2009)

(Figure 4.5 B).
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Figure 4.5. Biozzi ABH mice immunised with MOG3s.55 develop CR-EAE. (A) Clinical scores
(means * s.e.m.) for CR-EAE Biozzi mice from day 0 to 70 after immunisation with MOGss.-s5 (n
= 40) (B) Representative graphs of the clinical course and correlation with body weight of CR-
EAE Biozzi ABH mice taken at the different time points throughout the disease course.

The brains and spinal cords of the sacrificed mice were dissected and the CNS mononuclear

cells were isolated. Cell subsets were then sorted by flow cytometry into CD11b* CD45lw
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(resting microglia), CD11b* CD45high (activated microglia/macrophages) and CD11b- CD45+*
(other CNS infiltrating hematopoietic cells including T lymphocytes) with the help of Craig
Waugh (WIMM flow cytometry core facility).

In the naive mice, only a small percentage of CD11b+ cells were CD45high, activated
microglia/macrophages (9.6%). There was an increase in the percentage of activated cells in
the CFA control mice (36%), likely secondary to CFA-mediated TLR stimulation (as it was also
observed in the preceding C57BL/6 EAE study). As a result of microglial activation and
macrophage infiltration caused by disease activity, this percentage of activated CD11b+*
CDA45righ cells increased further in the samples from disease onset (40.3%) and first relapse
(48%) of MOGss.55 CR-EAE mice, in comparison to control mice. Upon second remission, the
proportion of activated microglia/macrophages showed a reduction (24.8%), compared to
samples taken in episodes of active disease. However, this activated population remained
significantly higher than in naive samples (p= 0.013) (Figure 4.6). This indicates that, as
previously described in the literature, a proportion of microglia remain activated even after

the clinical score improves (Rasmussen et al., 2007).
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Figure 4.6. Percentage of activated microglia/macrophages in CD11b* cells from
different disease stages of CR-EAE. MOGss.s5 CR-EAE Biozzi mice were sacrificed at three
different time points in the disease course (3 to 4 mice were pooled together per sample),
including disease onset, first relapse and second remission. Naive and mice immunised with
CFA alone plus PBS were also included in the study as controls. The CNS mononuclear cells
were isolated, immunostained for the surface markers CD45.2 and CD11b and sorted by flow
cytometry into CD11b+ CD45'w (resting microglia), CD11b* CD45high (activated
microglia/macrophages) and CD11b- CD45* populations. The graph shows the percentage of
CD45high cells in the CD11b* population of the samples from the different disease stages. n=3
samples/group. Bars represent mean * standard error. *p < 0.05. **p < 0.01. (compared to
naive).

4.2.2.1. Jmjd3 is up-regulated at the mRNA level in activated microglia from CR-EAE
mice

The Jmjd3 expression in the three CNS mononuclear cells subsets isolated per sample was

then determined by qRT-PCR. Peritoneal macrophage (PM¢) samples from the different

disease stages were also harvested and analysed for /mjd3 expression.

The /mjd3 mRNA levels in the resting microglia (CD11b+* CD45!ew) and the CD11b- CD45+ cells

(other CNS infiltrating hematopoietic cells, including T lymphocytes) were low and

comparable across samples from the different disease stages. In contrast, in the activated
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microglia/macrophages population (CD11b* CD45high) the Jmjd3 expression was significantly
up-regulated in all of the disease course time points analysed, compared to the naive mice
samples (disease onset fold induction= 1.8, first relapse fold induction= 1.4 and second
remission fold induction= 2). There were no significant differences in the level of expression
between disease stages. The /mjd3 mRNA levels were also up-regulated in activated
microglia/macrophages from control mice immunised with CFA alone plus PBS (1.6 fold
induction above naive). This indicates that /mjd3 induction in this population was not
exclusively disease dependant, but rather a general microglial activation event after exposure
to pro-inflammatory stimuli. Furthermore, the peritoneal macrophage samples from disease
onset showed a significant up-regulation of Jmjd3 (2 fold induction above naive), most
probably also secondary to CFA mediated activation. Importantly, activated
microglia/macrophages from mice in second remission (which were taken approximately at
the same day post-immunisation as mice immunised with CFA alone plus PBS) showed
modestly higher /mjd3 expression compared to CFA alone controls (2 vs. 1.6 fold induction
above naive). Even though this difference was not significant (p=0.0921), it suggested that
this further J/mjd3 up-regulation was disease specific (Figure 4.7A).

The expression of Utx in all the samples was also analysed by qRT-PCR as a negative control.
As in the in vitro studies with primary murine microglia, no up-regulation of Utx was observed
in the activated microglia/macrophages population in any of the disease time points studied.
The Utx mRNA levels also stayed constant and low in the CD11b* CD45!ew, CD11b- CD45+ and

peritoneal macrophage populations throughout the disease course (Figure 4.7B).
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Figure 4.7. Jmjd3 is up-regulated in activated microglia/macrophages from CR-EAE
mice independently of the disease stage. MOGszs.55 CR-EAE Biozzi mice were sacrificed at
disease onset, 1st relapse and 2nd remission (3-4 mice were pooled per sample). Control CFA
alone plus PBS mice were sacrificed on day 40. The CNS mononuclear cells were isolated and
immunostained for the surface markers CD45.2 and CD11b. The CD11b*CD45"w (resting
microglia), CD11b*CD45high (activated microglia/macrophages) and CD11b- CD45+ (mainly T
cells) populations were sorted by flow cytometry and used for RNA isolation. Peritoneal
macrophages (PM¢@) were also harvested from each group. The mRNA levels were measured
by qRT-PCR, normalised to HPRT and the (A) Jmjd3 and (B) Utx (as control) fold induction
was calculated compared to the naive mice samples of each cell population. n=3
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4.2.2.2. Jmjd3 is up-regulated at the protein level in activated microglia from CR-EAE
mice

To establish if the expression of Jmjd3 at the protein level is also increased in activated
microglia/macrophages from CR-EAE Biozzi ABH mice independently of the disease stage,
isolated CNS mononuclear cells were stained for the surface markers CD11b and CD45.2,
followed by intracellular staining for Jmjd3. The CD11b* CNS mononuclear cells were gated
based on their level of CD45 expression into CD11b+* CD45!w (resting microglia) and CD11b*
CD45nigh (activated microglia/macrophages) populations and the mean fluorescence intensity
of the Jmjd3 staining was determined for each subset.

In accordance with the qRT-PCR data, in immunised mice, the Jmjd3 expression at the protein
level was higher in activated microglia/macrophages compared to the resting microglial
population (Figure 4.8A). However, the increase in Jmjd3 was independent of the disease
stage, as it was observed across all samples from different time points throughout the disease
course. Whilst activated microglia/macrophages from immunised mice showed significantly
more Jmjd3 protein expression than naive mice, this up-regulation was not significantly
higher when compared to the CFA alone control group (as was observed in the mRNA data).
Once more, these data suggest that the increase in Jmjd3 is independent of disease, at least
partially, because the Jmjd3 expression in the second remission samples (Jmjd3 MFI= 1.5) was
modestly higher than in the CFA controls (Jmjd3 MFI= 1.35) (also as previously seen in the

mRNA data). However, the difference was not significant (p= 0. 1693) (Figure 4.8B).
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Figure 4.8. Jmjd3 is up-regulated in activated microglia/macrophages from CR-EAE
mice independently of the disease stage.
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Figure 4.8 continued. Jmjd3 is up-regulated in activated microglia/macrophages from
CR-EAE mice independently of the disease stage. MOGss.ss CR-EAE Biozzi mice were
sacrificed at disease onset, 1st relapse and 2nd remission (3-4 mice were pooled per sample).
Control CFA alone plus PBS mice were sacrificed on day 40. The CNS mononuclear cells were
isolated and immunostained for the surface markers CD45.2 and CD11b, and intracellular
Jmjd3. (A)Representative CD45.2/CD11b dot plots with gates on CD11b* CD45!w (resting
microglia) and CD11b* CD45high (activated microglia/macrophages) populations are shown on
the right. Representative overlays of Jmjd3 fluorescence histograms with the mean
fluorescence intensity values of non stained (NS) cells, secondary antibody only stained cells,
resting microglia and activated microglia/macrophages are shown on the left. (B) The fold
change in Mean Fluorescence Intensity (MFI) of Jmjd3 was calculated by dividing the
activated microglia/macrophages population (CD11b* CD45high) MFI by the resting microglia
population (CD11b* CD45!w) MFI of each sample. Bars represent mean # standard error. n=3
samples/group. *p < 0.05. **p < 0.01.

4.3. Discussion

Activation of microglia is crucial for the initiation and progression of MS (Ajami et al,, 2011;
Raivich and Banati, 2004; Rasmussen et al., 2007). As shown in chapter 3, in vitro, Jmjd3 is
induced upon activation of microglia with IFNy and after ligation of TLR receptors, which are
all important players in the immunopathogenesis of MS and EAE (Bsibsi et al., 2002; Olson
and Miller, 2004; Olsson et al., 1990; Prinz et al,, 2006). Furthermore, this up-regulation is

followed by a corresponding increase in Jmjd3 recruitment at the promoter of inflammation
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related genes. These results led to the hypothesis that the gene expression program triggered
upon microglial activation in MS may be regulated by this epigenetic enzyme, and therefore
Jmjd3 expression was studied in EAE.

To be able to measure Jmjd3 expression at the protein level in samples from EAE mice, a
technique that allowed the differentiation between resting and activated microglia using
relatively low cell numbers was required. While it is not possible to discriminate these two
microglial populations by immunohistochemistry, flow cytometric analysis has been used to
distinguish resting from activated microglia based on their CD11b and CD45 expression
(Becher and Antel, 1996; Sedgwick et al., 1991; Stevens et al.,, 2002). Since discriminating
Jmjd3 expression levels in activated versus resting microglia was crucial for this study, it was
decided that this flow cytometry method was the best option to distinguish the two subsets.
Therefore, the suitability of polyclonal Jmjd3 antibodies for flow cytometry was tested. A
polyclonal Jmjd3 antibody, kindly provided by Dr. Gioacchino Natoli produced the optimal
results, detecting 61.7% of HA positive HEK 293T cells transfected with a pCMV-HA-Jmjd3
plasmid. Since it was not sought to obtain absolute values of Jmjd3 expression, but rather
relative differences in expression between microglial populations, this antibody was suitable
for Jmjd3 detection by flow cytometry in EAE mice samples.

Early in EAE, before the onset of clinical signs, microglia get activated by the pro-
inflammatory cytokines released by auto-reactive CNS infiltrating T cells (Ponomarev et al,,
2005). In C57BL/6 mice with no disease, the vast majority of CD11b* CNS mononuclear cells
consisted of CD45w resting microglia with only 9.3% having an activated phenotype.
Comparatively, C57BL/6 MOGszs.55 EAE mice showed a considerable 5.5 fold increase in the
proportion of CD45high activated microglia/macrophages. This increase of activated CD11b+
CD45nigh cells during EAE indicates the activation and differentiation of CD45!°w microglia into

activated cells. It has been shown in bone marrow chimera and parabiosis experiments that
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activated microglia proliferate and that, at the peak of EAE disease, around 40% of the cells
considered phenotypically as macrophages in acute inflammatory lesions are actually
activated microglia (Ajami et al.,, 2011; Ponomarev et al,, 2005). However, activation of pre-
existing resting microglia and proliferation of activated cells does not account for the entire
increase observed in the CD11b* CD45high population, which also reflects the migration of
peripheral macrophages into the CNS and their incorporation into the CD45high pool.
Interestingly, C57BL/6 naive mice had small populations of CD11b* CD45hish and CD11b-
CD45+ cells. The existence of these two subsets in the normal murine CNS has been reported
previously. The CD11b+ CD45high cells correspond to CNS associated macrophages present in
the perivascular space, meninges, subarachnoid space, and choroid plexus (Hickey and
Kimura, 1988; Hickey et al., 1992; Sedgwick et al., 1991). The presence of CD11b- CD45+ cells
reflects the continuous immune surveillance by the peripheral immune system in the healthy
CNS (Goverman, 2009; Sedgwick et al., 1991). However, it is also possible that additional cell
activation may have occurred during ex vivo manipulation of the samples, although this would
be comparable between all of the groups.

C57BL/6 mice immunised with CFA alone (which do not develop disease) showed a higher
proportion of CD11b* CD45high activated cells than naive mice. CFA contains mycobacterial
PAMPs that bind to TLR2 and TLR4 receptors (Stenger and Modlin, 2002). Additionally, these
control mice received intravenous injections of pertussis toxin which is also a TLR4 receptor
ligand (Kerfoot et al, 2004). In EAE, TLR ligation activates microglial innate immune
responses that contribute to the disruption of self tolerance and the development of disease
(Waldner et al.,, 2004). Therefore this activated microglial population in control mice is most
probably the result of CFA and pertussis toxin-mediated stimulation.

As observed previously in microglia activated in vitro, (CD45high activated

microglia/macrophages from the CNS of C57BL/6 MOGss.s5 EAE mice with severe disease also
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showed an increase in the expression of Jmjd3. However, this increase was of a lesser extent
than the up-regulation observed in the in vitro experiments. This difference can be explained
by the fact that, under the pathophysiological conditions present in the brain of EAE mice,
microglia become activated by smaller amounts of cytokines or other innate immunity
stimulants, while in the in vitro experiments, very potent pro-inflammatory ligands (such as
LPS) at concentrations that resulted in the highest up-regulations were used.

In the previous chapter, stimulation of the TLR4 and TLR2 receptors was demonstrated to
cause the highest Jmjd3 up-regulation in primary microglia in vitro. The CD45high activated
microglia/macrophages from the CNS of C57BL/6 mice immunised with CFA alone showed a
discrete increase of Jmjd3 levels compared to the resting microglia population. Although this
was not significant, it contrasts with the absence of Jmjd3 up-regulation in activated
microglia/macrophages from naive mice. These results suggest that CFA-dependent
microglial activation, most probably through TLR2 and TLR4, is accompanied by induction of
Jmjd3 in vivo.

The main objective of this study was to elucidate if the increased expression of Jmjd3 in
microglia contributes towards the initiation and maintenance of the pathological, chronically
activated phenotype observed during the progressive phase of MS and EAE. Therefore, having
demonstrated that Jmjd3 is up-regulated in activated microglia in a severe EAE disease
setting, a CR-EAE mouse model was used to determine if activated microglia isolated from
mice in late remission showed any differences in the expression of Jmjd3 compared to
microglia isolated from mice in the acute phase.

In the CNS mononuclear cells isolated from MOGss.s5 CR-EAE Biozzi ABH mice at the disease
onset and first relapse, the majority of CD11b* cells were CD45high activated
microglia/macrophages. As discussed for the C57BL/6 EAE study, this increase is secondary

to activation of CD11b* CD45!ow cells and to the migration of peripheral macrophages into the
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CNS. As mice recovered from the first relapse and entered into the second remission, the
percentage of activated Cd11b+* CD45hish cells decreased. This most likely reflects the exit of
blood-derived myelomonocytic cells from the CNS as well as the apoptosis of a fraction of the
proliferated resident microglia (Ajami et al., 2011). However, in samples from mice sacrificed
during the second remission, the activated microglia/macrophage population remained
significantly larger than in the CNS of naive mice. This finding agrees with previous
observations made in CR-EAE and progressive MS where microglia were shown to remain
permanently activated after the acute inflammatory infiltrates had disappeared and the
subjects did not show signs of active disease (Kutzelnigg et al., 2005; Rasmussen et al., 2007).
Concomitantly, as the first relapse ended, the percentage of resting microglial cells also
increased, which indicates that a proportion of expanded activated cells do revert to a resting
stage once the inflammatory episode ceases, as previously described by Ajami et al. (Ajami et
al, 2011). Most of the CNS CD11b* cells in naive and CFA alone control Biozzi ABH mice
corresponded to resting microglia, with a small proportion being CD45high cells. This subset
was further enlarged in the latter control mice group most probably due to CFA-mediated TLR
2 and 4 stimulation, even though mice were taken 40 days post-immunisation.

Jmjd3 was up-regulated, both at the mRNA and protein levels, in activated
microglia/macrophages from all of the different Biozzi ABH MOGss.s5s CR-EAE disease stages
studied. However, no differences in the degree of expression were observed between acute
episodes of disease and second remission. This suggests that in EAE, microglia up-regulate
Jmjd3, most probably immediately after becoming activated, as demonstrated in vitro in the
previous chapter. However, the raised level of Jmjd3 expression does not increase further as a
result of chronic activation. In vitro experiments showed that Jmjd3 is rapidly and intensively
up-regulated shortly after microglial activation, and that the expression then go down

considerably after 4 hours stimulation to levels which are close to basal state, but significantly
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higher, even after 24 hours of continuous stimulation. Therefore, it is probable that this
prolonged, relatively small up-regulation is what was detected in the activated
microglia/macrophage samples analysed in this in vivo study. Additionally, Jmjd3 was also
significantly increased in activated microglia/macrophages from mice immunised with CFA
alone and in peritoneal macrophage samples from disease onset, again most probably
secondary to CFA-mediated TLR dependent activation. Together, these results suggest that
Jmjd3 induction in this model is not EAE dependent, but rather a general mechanism that
occurs following activation of microglia by pro-inflammatory stimuli capable of inducing NF-
kB signalling. However, the mRNA and protein levels of Jmjd3 were slightly increased in the
second remissions samples compared to the CFA alone controls, which suggest an influence of
disease specific mechanisms over the CFA-mediated stimulation in this further up-regulation
of Jmjd3.

In conclusion, actively induced EAE is not the appropriate model to study the effect of disease
dependent microglial activation in the expression of Jmjd3, since CFA peripheral
administration appears to override disease-specific mechanisms by also causing activation of
microglia. Other mouse models of MS that do not require administration of an adjuvant to
propitiate disease induction would be more suited to study the up-regulation of Jmjd3 in
relation with the initiation and maintenance of persistent microglial activation. The
alternative models that could be used include passive induction of EAE through the adoptive
transfer of myelin specific autoreactive T cells (Berger et al., 1997; Schluesener and Wekerle,
1985) and Theiler’s murine encephalitis virus-induced demyelinating disease (Rodriguez et
al, 1983; Tsunoda and Fujinami, 1996). This latter model would be ideal since it induces a
chronic, CD4+ T cell-mediated demyelinating disease with a clinical course and histopathology
similar to that of chronic progressive MS, and would therefore allow the study of Jmjd3

expression in chronic activated microglia.

123



5. Results

5.1. Introduction

Microglial activation plays a central role during the acute and chronic phase of MS and EAE
(Ajami et al, 2011; Raivich and Banati, 2004; Rasmussen et al., 2007). As the findings in
chapters 3 and 4 showed that Jmjd3 is up-regulated in these cells upon activation, it was
investigated whether knockdown or knockout of the gene had any functional consequences.
This with the objective to elucidate how Jmjd3 up-regulation contributes to the induction and
maintenance of the damaging, chronic microglial activation characteristic of the progressive
stages of MS and EAE, and therefore whether Jmjd3 could be a potential therapeutic target.

In the first instance, /mjd3 knockdown was performed in microglia using recombinant
lentiviral vector-mediated shRNA interference. Transfection of myelomonocytic lineage cells,
including primary microglia, by standard methods produces very low transfection efficiencies
and poor transfer of transgenes. When non-viral transfection methods are used, the
exogenous genetic material enters the microglia and macrophages by endocytosis and is
therefore susceptible to be digested by lysosomal nucleases (Burke et al, 2002). Since
lentiviruses can infect and integrate into the genome of non-dividing cells (Naldini et al,,
1996), lentiviral vectors have been successfully used for transgene delivery and expression in
cells difficult to transfect, such as primary microglia (Balcaitis et al., 2005; Fang et al., 2009;
Neumann and Takahashi, 2007; Tsuji et al., 2005). Exogenous genetic material is transferred
to an organism via a virus in a process called transduction (Griffiths, 2005).

Lentiviral vectors are replication-defective retroviruses derived from human
immunodeficiency virus (HIV)-1. The vesicular stomatitis virus glycoprotein (VSV-G) in the
envelope membrane of lentiviral particles allows them to transduce a broad range of cell

types, including primary cells (Naldini et al., 1996; Trono, 2002). Second generation lentiviral
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vector systems consist of three plasmids: a packaging plasmid, an envelope plasmid, and a
transfer vector (Trono, 2002). The transfer vector contains the transgene or silencing short
hairpin RNAs (shRNAs) to be delivered, along with the cis-acting elements required for
genomic RNA production and packaging (Tiscornia et al., 2006b). When these three plasmids
are co-transfected into 293 T cells, viral particles accumulate in the supernatant and can be
purified by ultracentrifugation (Barry et al., 2001).

RNA interference (RNAi) is a technique based on a naturally occurring post-transcriptional
process in which a long double-stranded RNA (dsRNA) introduced into a cell or organism is
processed to short interfering RNAs (siRNAs) or micro RNAs (miRNAs), which inhibit gene
expression in a sequence-specific manner through a mRNA degradation pathway (Denli and
Hannon, 2003; Elbashir et al., 2001). ShRNAs are synthetic genetically engineered analogs of
siRNAs and miRNA precursor molecules that can target specific genes for silencing (McManus
et al., 2002; Paddison et al., 2002). MicroRNA-adapted shRNAs (shRNAmirs) are shRNAs
whose design is based on the endogenous microRNA mir-30, which results in an increase in
Drosha and Dicer processing that in turn improves the knockdown efficiency (Boden et al,,
2004; Silva et al.,, 2005). In order to knockdown Jmjd3, a set of four pre-designed Jmjd3
shRNAmir constructs cloned into a pGIPZ transfer vector (Thermo Scientific Open Biosystems
GIPZ Lentiviral shRNAmir Library) were used to produce lentiviral vectors in 293 T cells and
then transduce primary microglia. The pGIPZ vector expresses GFP under the control of a
cytomegalovirus (CMV) promoter to allow easy distinction of transduced cells.

Secondly, to determine the functional role of Jmjd3 in vivo, a J/mjd3 knockout mouse model
was also used. Burgold et al. generated Jmjd3 knockout mice by injecting /mjd3 gene trap ES
cells into C57BL/6 blastocycts. The gene trap cassette is inserted in the intron 1 of Jmjd3 and
consists of a splice acceptor, the [-galactosidase neomycin resistance gene fusion (as

reporter/selectable genetic marker) and a transcriptional termination polyadenylation signal.
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Integration of this cassette into the first intron produces a fusion transcript between the first
exon of Jmjd3 and the (-galactosidase neomycin resistance gene fusion. This fusion transcript
is prematurely terminated at the polyadenylation site resulting in a truncated, non-functional
transcript and thus in loss of Jmjd3. /mjd3-/- mice are homozygous for the trapped allele, which
causes complete blockage of /mjd3 expression. /mjd3 knockout causes neonatal lethality due
to respiratory failure, since Jmjd3 is indispensable for the maintenance of the pre-Bétzinger
complex, which is a cluster of neurons in the brainstem essential for the generation of
respiratory rhythm in mammals. (Burgold et al, 2012). Therefore, in order to perform
experiments with Jmjd3-/- knockout microglia, E18.5 embryos were used to prepare primary

microglial cultures.

5.2. Results

5.2.1. Lentiviral Jmjd3 knockdown

To study the physiological function of Jmjd3 in primary microglia, lentiviral vectors
expressing shRNAmirs were used to transduce microglia and block the expression of Jmjd3.
Lentiviral particles carrying pGIPZ transfer vectors with shRNAmirs directed either against
Jmjd3, Gapdh (positive control) or a non-silencing control were produced in 293 T cells. The
titer of the lentiviral preparations was determined by transducing 293 T cells as described in
section 2.3.1 and ranged between 108 to 109 viral particles/ml, which are suitable values
(Tiscornia et al.,, 2006b) and indicate the production and purification of the lentiviral vectors
was adequate.

To test the ability of the lentiviral vectors to infect target cells as well as the knockdown
efficiency of the shRNAmirs constructs being used, a mouse fibroblast cell line, L929, was

employed in the first instance. L929 cells were transduced at a multiplicity of infection (MOI)
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(i.e. transduction units per cell) of 50 with lentiviral vectors containing either non-silencing-
shRNAmir, Gapdh-shRNAmir or one of four different /mjd3-shRNAmirs. The cells were
cultured for 48 hours with the lentiviral vectors and the GFP expression was then measured
by flow cytometry to determine the transduction efficiency. To confirm gene expression
knockdown, the mRNA of the transduced cells was analysed by qRT-PCR and compared to
non-silencing and non-transduced experimental controls.

The transduction efficiency of all of the different shRNAmir-lentiviral vectors analysed was
above 90% in L929 cells (Figure 5.1 A). As expected, the non-silencing control vector did not
knockdown either Gapdh or Jmjd3. A successful knockdown is considered any value over and
above 70% (Root et al, 2006; Trono, 2002). The Gapdh-shRNAmir control produced a
knockdown of 72.3% (Figure 5.1 B). However, none of the shRNAmirs directed against Jmjd3
generated a knockdown above 70% (Figure 5.1 C). This could mean that, while the
transfection efficiency was high, the number of cells not expressing the Jmjd3-shRNAmir is
still high enough to mask the knockdown. It could also indicate that the sequences of the
shRNAmirs used are not able to produce degradation of the target mRNAs. These two
possibilities could be overcome by separating high GFP expressing cells through flow
cytometry sorting, by trying different shRNAmirs or by pooling shRNAmirs to accumulate
their effects. However, the purpose of this experiment was to test the efficiency of the
lentiviral vectors to transduce cells. As the efficiency of RNAi can vary between different cell
types (Oberdoerffer et al., 2005), the knockdown of Jmjd3 was not further optimised for L929

cells, but was then investigated using primary microglia.
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Figure 5.1. Lentiviral transduction of L929 cells. The cells were transduced with lentiviral
particles containing either non-silencing-shRNAmir (NS), Gapdh-shRNAmir (A) or one of four
different Jmjd3-shRNAmirs (B) at a MOI of 50 for 48 hours. (A) The transduction efficiency
was analysed by flow cytometry for green fluorescent protein (GFP) fluorescence. Gates were
set to exclude non-transduced (NT) cells. The percentage and the mean fluorescence intensity
(MFI) of the transduced cells are shown per histogram. Representative experiment of 3. (B
and C) The mRNA levels were measured by qRT-PCR and normalised to HPRT. Knockdown
was calculated as the percentage of residual mRNA expression relative to the non-silencing
control. NT= non-transduced control. Data are represented as mean + standard error between
triplicates.
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To determine the optimal transduction conditions, primary microglia were transduced with
lentiviral particles containing non-silencing-shRNAmir or Gapdh-shRNAmir at a MOI of 100,
250, 500 and 1000. Cells were cultured for 48 hours and GFP expression was then determined
by flow cytometry as a measure of transduction.

The proportion of GFP positive cells increased from 19.4% with a MOI of 100 to 40.7% with a
MOI of 250. However the percentage of transduced microglia did not increase much further
with MOIs of 500 and 1000, achieving 43% and 45.5% transduction rates, respectively. The
overall transduction rate as well as the MFI increased in an MOI-dependent manner. While the
percentage of GFP-positive cells reached a plateau after a MOI of 250, the MFI did rise with
MOIs of 500 and 1000 to 61.4 and 65.3 respectively. This increase in the MFI suggests that, in
the transduced microglia, more than one copy of the pGIPZ vector integrated in the genome,

resulting in increased GFP protein expression per cell (Figure 5.2).

129



NT MOI 500
127

250

1 1.2% * 43%
125-] MFI 3.8 63 MFI 61.4
62-| 31
0 - ; ; 0 f ——————
100 102 103 104 100 10t 108 104
__MOI 100 _MOI 1000
o 19.4% 45.5%
114 MFI 39.7 MFI 65.3
57|
0 T T S —
100 10t n2 103 104 108 104
MOI 250
o
=]
g 40.7%
° MFI 42.4
o)
U A hiau — N
10‘2 10‘3 104

GFP

Figure 5.2. Lentiviral transduction efficiency in primary microglia. Primary murine
microglial cells were transduced with lentiviral vectors at the multiplicities of infection
(MOIs) indicated for 48 hours. Transduction efficiency was analysed by flow cytometry for
green fluorescent protein (GFP) fluorescence. Gates were set against non-transduced (NT)
cells. The percentage and the mean fluorescence intensity (MFI) of the transduced cells are
shown per histogram. Representative experiment of 3.

In order to achieve a successful knockdown of the target gene, the transfection efficiency
should be ideally higher than 70 percent (Trono, 2002). Given that this was not achieved,
despite using a high titer of virus, the length of incubation time with the lentiviral particles
was increased with the aim of achieving a higher transduction rate.

Primary cells were transduced with lentiviral particles at a MOI of 500 for 48 and 72 hours.
However, transfection efficiency did not improve following 72 hours incubation with the
pGIPZ shRNAmir lentiviral vectors in comparison to 48 hours, indicating that this was not the

rate limiting factor (Figure 5.3).
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Figure 5.3. Effect of longer incubation time on lentiviral transduction efficiency in
primary microglia. Primary murine microglial cells were transduced with lentiviral vectors
at a multiplicity of infection (MOI) of 500 for either 48 or 72 hours. Transduction efficiency
was analysed by flow cytometry for green fluorescent protein (GFP) fluorescence. Gates were
set against non-transduced (NT) cells. The percentage and the mean fluorescence intensity
(MFI) of the transduced cells are shown per histogram. Representative experiment of 3.

Polybrene is a cationic polymer that is typically used to increase the efficiency of retroviral
infection. Both the cell surface and the virus lipid membrane have a net-negative charge.
Positively charged polybrene binds to cell surfaces and neutralises their charge. This
facilitates early virus-cell interactions by counteracting repulsive electrostatic forces and
promoting the binding of viral glycoproteins to their receptors on the cell membrane (Coelen
et al., 1983; Davis et al, 2002). Consequently, primary microglia were incubated with
polybrene for 12 hours before the addition of lentiviral particles at a MOI of 500 and further

incubation for 48 hours.
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The pre-incubation of primary microglia with polybrene only partially increased the overall
transduction rate from 46% with lentiviral vectors alone to 50.1%, and the GFP fluorescence
intensity from 30.3 to 39.3. Therefore polybrene addition failed to aid the achievement of

satisfactory transduction in primary microglia (Figure 5.4).
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Figure 5.4. Polybrene does not sufficiently increase the efficiency of retroviral infection
in primary microglia. Primary murine microglial cells were either just transduced with
lentiviral vectors at a multiplicity of infection (MOI) of 500 for 48 hours or were pre-
incubated with 8 pg/ml of polybrene for 12 hours before the addition of the lentiviral
particles. Transduction efficiency was analysed by flow cytometry for green fluorescent
protein (GFP) fluorescence. Gates were set to exclude non-transduced (NT) cells. The
percentage and the mean fluorescence intensity (MFI) of the transduced cells are shown per
histogram. Representative experiment of 3.

To increase the interaction between active lentiviruses and cells, the addition of mechanical
methods (such as centrifugation) has previously been used to increase transduction efficiency

(Bahnson et al., 1995; Kotani et al., 1994). However, when this approach was attempted the
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primary microglial cells died, most likely due to them being unable to endure the process of
being scraped, centrifuged with the lentiviral vectors and re-seeded. Additionally, primary
microglia could not be cultured in plates suitable for centrifugation (such as 96-well plates)
because the small well size would have not allowed the harvest of the cells for experiments,
which was done by dislodging them with a cell scraper.

Magnetofection is a transduction method that associates gene vectors (such as lentiviruses)
with magnetic nanoparticles coated with cationic molecules. A magnetic force is then applied
to drag the lentivirus-nanoparticle complexes towards the cells to be transduced. This
concentrates the lentiviruses near the target cells and eases their interaction. This results in
higher transduction efficiencies, allows the transduction of cell types that are hard to infect
(such as primary cells), reduces the transduction time and decreases the retroviral vector
titer needed (Scherer et al., 2002). Given this, magnetofection was employed to transduce
primary microglia, in order to attain satisfactory transduction efficiencies. Unfortunately, the
use of magnetic transduction only increased the transduction rate moderately, and not to an
adequate level to be able to deliver enough shRNAmirs to knock down gene expression to a

sufficient degree (Figure 5.5).
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Figure 5.5. Magnetofection does not sufficiently increase the efficiency of retroviral
infection in primary microglia. Primary murine microglial cells were either just transduced
with lentiviral vectors at a multiplicity of infection (MOI) of 500 and incubated for 24 hours or
were placed on top of a magnetic plate and incubated for 30 minutes with a mixture of
magnetic nanoparticles plus lentiviral particles at a MOI of 500, after which the culture vessel
was removed from the magnet and the cells were incubated for further 24 hours (without
replacing the media). Transduction efficiency was analysed by flow cytometry for green
fluorescent protein (GFP) fluorescence. Gates were set to exclude non-transduced (NT) cells.
The percentage and the median fluorescence intensity (MFI) of the transduced cells are
shown per histogram. Representative experiment of 3.

5.2.2. Jmjd3-/- mice

Primary microglia transduction with lentiviral vectors could not be achieved at a sufficiently
high level to allow the successful knockdown of Jmjd3 through shRNAmirs, despite the use of
polybrene and magnetic particles to try to improve the infection of cells and the transduction
efficiencies. Therefore, to determine the impact of Jmjd3 loss in microglial activation, /mjd3-/-
mice generated by gene trapping (kindly provided by Dr. Gioacchino Natoli, IFOM-IEO

Campus, Milan, Italy) were used to prepare primary microglial cultures. The absence of Jmjd3
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mRNA in Jmd3-/- microglial cultures was confirmed by qRT-PCR. As loss of Jmjd3 causes
neonatal lethality due to respiratory failure, E18.5 embryos were used to prepare primary
microglial cultures. Microglial cells from Jmjd3+/+, Jmjd3+/- and Jmjd3-/- embryos were treated
with 100 ng/ml of LPS plus 100 U/ml of IFNy for 2, 4 and 8 hours.

Jmjd3+/- microglia showed approximately a third of the level of Jmjd3 mRNA compared to WT
microglia (6.8 fold induction in Jmjd3+/- microglia vs. 20.2 in /mjd3+/+ microglia after 2 hours
stimulation, 4.5 fold induction in Jmjd3+*/- microglia vs. 12.9 in Jmjd3+/* microglia after 4 hours
stimulation and 4.2 fold induction in Jmjd3+/- microglia vs. 7.4 in Jmjd3+*/+ microglia after 8
hours stimulation). As expected, Jmjd3 expression was ablated in Jmjd3-/- microglia (Figure

5.6).
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Figure 5.6. Jmjd3 induction is ablated in Jmjd3-/- microglia. Primary microglial cultures
from Jmjd3+/+ (WT), Jmjd3+/- (HET) and Jmjd3-/- (KO) E18.5 embryos were treated with 100
ng/ml of LPS plus 100 U/ml of IFNy for 2, 4 and 8 hours. The mRNA levels of Jmjd3 were
measured by qRT-PCR, normalised to Hprt and represented as the fold induction over non-
stimulated. Data are represented as mean * standard error between triplicates. *p < 0.05. **p
<0.01.

To initially investigate the functional effect of Jmjd3 absence on the pro-inflammatory

activation of microglia, the gene expression of inflammatory mediators and effectors of the
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innate immune response was determined in LPS plus [FNy-treated Jmjd3-/- microglia
compared to WT and heterozygous controls. The genes studied included Ccl3, Ccl5, Ccl9,
Cxcl11, 116, 1112b, Nos2 and TNFa. These are significantly up-regulated in microglia following
activation by pro-inflammatory stimuli (Figure 3.11), and are also important players in the
immunopathogenesis of MS and EAE (Sospedra and Martin, 2005). Additionally, Ccl3, Ccl5,
Ccl9, Cxcl11, 1112b and 116 have previously been described to be partially dependent on Jmjd3
for expression in jmjd3-/- macrophages (De Santa et al., 2009). Primary microglial cultures
from Jmjd3+/+, Jmjd3+/- and Jmjd3-/- embryos were stimulated with LPS plus IFNy, and the
mRNA levels of the selected genes were measured by qRT-PCR.

No difference in the transcript levels of the immune response and inflammation related genes
studied was observed between WT, heterozygous, and Jmjd3 knockout microglia after

stimulation for the different time points analysed (Figure 5.7).
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Figure 5.7. The expression of immune response and inflammation related genes in
activated microglia is not dependent on Jmjd3. Primary microglial cultures from Jmjd3+/+
(WT), Jmjd3+/- (HET) and Jmjd3-/- (KO) E18.5 embryos were treated with 100 ng/ml of LPS
plus 100 U/ml of IFNy for 2, 4 and 8 hours. The mRNA levels were measured by qRT-PCR,
normalised to Hprt and represented as the relative expression (2-2¢t). Data are represented as
mean * standard error between triplicates. All of the genes were significantly up-regulated
above background levels with a p value < 0.05 after LPS plus IFNy stimulation.

5.2.2.1. Jarid2 expression in Jmjd3-/- microglia
Jarid2 is the only other JmjC-domain containing protein induced in primary microglia by pro-

inflammatory stimuli. Jarid2 does not have histone methyltransferase activity, but it is a
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regulator of histone methyltransferase complexes and promotes their recruitment to their
target genes. In embryonic stem cells, Jarid2 associates with the PRC2 complex and stimulates
its enzymatic activity resulting in increased levels of H3K27me3 and repression of
transcription (Pasini et al., 2010). Since Jmjd3 up-regulation has been shown to reduce
H3K27me3 levels at specific genes in certain cell types and Jarid2 up-regulation occurred after
the peak of /mjd3 expression, it was hypothesised that Jarid2 expression is increased in order
to mediate the re-methylation of H3K27 after Jmjd3 induction. The possibility of an
association between Jmjd3 levels and Jarid2 expression was explored by examining the mRNA
levels of Jarid2 by qRT-PCR in Jmjd3 knockout microglia.

As shown in figure 5.8, the deletion of /mjd3 had no impact in the transcription of Jarid2 in

either resting or active microglia.
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Figure 5.8. Jarid2 expression is not affected in Jmjd3 knockout activated microglia.
Primary microglial cultures from jmjd3+/+ (WT), Jmjd3*/- (HET) and Jmjd3-/- (KO) E18.5
embryos were treated with 100 ng/ml of LPS plus 100 U/ml of IFNy for 8 hours
(corresponding to the peak of Jarid2 up-regulation). Jarid2 mRNA levels were measured by
gRT-PCR, normalised to Hprt and represented as the fold induction over non-stimulated. Data
are represented as mean * standard error between triplicates. *p < 0.05. **p < 0.01.
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Given that Jmjd3 deletion had no repercussion in the expression of the examined effector
genes in pro-inflammatory activated microglia, including genes that have been shown to be
negatively regulated in Jmjd3 knockout macrophages, this suggested that knockout of Jmjd3
alone was not sufficient to induce a functional change to the microglia that was measurable in

the parameters studied.

5.3. Discussion

In order to establish possible mechanisms through which Jmjd3 up-regulation upon pro-
inflammatory stimulation of microglial could contribute to the persistent microglial activation
observed in the progressive phase of MS and EAE, the functional repercussions of Jmjd3
knockout were studied.

Initially, a lentiviral vector-mediated shRNA interference approach was tested to knockdown
Jmjd3 expression. Replication-defective lentiviral vectors are frequently used as carriers for
gene or shRNA transfer into primary terminally differentiated cells difficult to transduce
(Amado and Chen, 1999). Although the literature is limited, lentiviral vectors have been
successfully used to transduce microglia. Balcaitis et al. reported transduction of microglia
using a lentiviral-based vector system expressing GFP under the control of the murine stem
cell virus promoter (MSCV). They achieved over 90% transduction efficiencies with the N9
and BV-2 microglial cell line. However, they also reported a maximum transduction efficiency
of around 50% in primary microglia (Balcaitis et al., 2005), which is similar to the maximal
efficiency achieved in this study. They attributed such discrepancy between the transduction
efficiencies obtained in primary microglia and in microglial cell lines to differences in the
proliferation rate between the two. Although lentiviral vectors are able to transduce non-

proliferating cells efficiently, their integration to the target-cell genome is highly favoured by
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cellular division (Naldini et al.,, 1996). After a lentiviral vector infects a cell, the vector RNA
containing the shRNA is retro-transcribed into a double-stranded DNA molecule to then be
transported to the nucleus where it integrates into the host genome (Amado and Chen, 1999;
Buchschacher and Wong-Staal, 2000). Lentiviruses cannot efficiently transduce quiescent
cells (Go state) because transition into the Gib phase of the cell cycle is necessary for efficient,
complete reverse transcription of the viral genome. In quiescent HIV-1 infected T cells, the
retro-transcription of the viral genome is initiated, however, unlike in activated T cells, the
reverse transcripts are incomplete and labile (Korin and Zack, 1998; Zack et al., 1990). Low
levels of nucleotides in the resting cells partially explain the restricted HIV-1 replication, but
other transcription factors and proteins present in partially activated cells are also needed for
HIV transduction (Korin and Zack, 1999; Unutmaz et al, 1999; Zhang et al, 1999). The
deficient replication of HIV-1 in resting T cells has also been attributed to the lack of ATP-
dependant nuclear translocation (Bukrinsky et al., 1992) and a lack of integration of the pro-
viral genome (Spina et al,, 1995). Reduced and incomplete HIV-1 reverse transcription and
transport to the nucleus has also been described in resting primary macrophages arrested
early in the G; phase (Kootstra et al., 2000). Additionally, it has been reported that productive
HIV infection of monocytes (with expression of the virus genes and production of viral
particles) requires cell proliferation (Schuitemaker et al., 1994). Therefore, HIV-1 derived
lentiviral vector-based transduction might only be effective in terminally differentiated target
cells that progress through the cell cycle into Gib. The need for activation of the cell cycle, but
not necessarily progression to mitosis, for efficient lentiviral transduction has been described
before in terminally differentiated cells other than T cells, such as hepatocytes (Park et al,,
2000). Therefore, the low transduction efficiency in primary microglia could be explained
because a proportion of cells in the primary microglial cultures were at a quiescent state. In

primary T cells this transduction barrier has been overcome by pushing quiescent cells back
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into the cell cycle by activating them via the T-cell receptor (TCR) or by cytokine stimulation
(Korin and Zack, 1998; Unutmaz et al, 1999). However stimulation of microglia prior
administration of the lentiviral vectors was not an option in this study, because it could have
altered the epigenetic profile of the cells and possibly the physiological dynamics of Jmjd3
expression.

Another explanation as to why the different methods (higher MOI, polybrene and magnetic
transduction) used to facilitate the introduction of the lentiviral particles inside the primary
microglia failed to improve the transduction efficiency could be that, even though the
lentiviruses gained access inside the cells and integrated into the genome, the shRNAmir-
pGIPZ vectors were not expressed at optimal levels. The reason for this could be that the CMV
promoter in the pGIPZ vector is not as active in primary microglia. Even though the CMV
promoter is strong and constitutively expressed, it has been described it is not very active in
mouse T and B cells (Lois et al.,, 2001). One more possibility is site of integration positional
effects. Transfer vectors integrated in a silent chromatin region will show reduced or no
expression (Emery et al., 2000). However this explanation is the least likely one since a high
MOI was used and most probably more than one copy of the vector was integrated in the
microglial genome.

A residual gene expression of around 5 to 15% of WT expression levels usually remains even
after silencing with the most efficient shRNAs. This could constitute a problem when trying to
block the expression of certain proteins, given that in some cases only 5% of WT expression
levels is enough to preserve the protein function and a phenotype secondary to knockdown of
expression is not observed (Tiscornia et al,, 2006a). Because of this, and also because the
Jmjd3 knockout mice had become available for this study, the optimisation of the transduction
of primary microglia using transfer vectors with different promoters was not attempted

further.
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To determine the functional impact of Jmjd3 absence on the gene expression program
triggered by pro-inflammatory stimuli, the level of expression of a subset of inducible immune
response and inflammation related genes was compared between WT, heterozygous, and
Jmjd3 knockout primary microglia treated with LPS plus IFNy. The expression of all of the
studied genes, before and after stimulation, was comparable between the three groups of
samples. The fact that the expression of the Jmjd3 target genes Ccl3, Ccl5, II6 and NosZ, as
demonstrated in the chapter 3, did not appear to be affected by /mjd3 deletion suggests either
that Jmjd3 does not play any role in the regulation of their expression during microglial
activation or that there are mechanisms providing functional redundancy. Under the
assumption that Jmjd3 acts as a H3K27 demethylase to favour the expression of specific genes
during pro-inflammatory microglial activation, the lack of effects on target genes in Jmjd3
knockout microglia might suggest that other demethylases such as Utx (or other yet
unidentified demethylases) compensate for the loss of Jmjd3.

Based on the findings of different groups, Jmjd3 may be involved in the regulation of
transcription in several ways, including demethylation of H3K27me3 (Ishii et al., 2009; Lee et
al, 2012; Miller et al, 2010), chromatin remodelling (Miller et al., 2010) and by assisting
transcriptional elongation (Chen et al.,, 2012; De Santa et al., 2009). Although Utx’s function in
the regulation of transcription has been considered to be important mainly during
development, in adult Drosophila melanogaster Utx colocalises with the elongating form of
RNA pol II (Smith et al., 2008), which has also been described for Jmjd3 in macrophages and
293 T cells (Chen et al.,, 2012; De Santa et al.,, 2009). This indicates that Utx might have an
active, similar role to Jmjd3 in ongoing transcription, and gives another argument to support
the notion that the constitutively expressed Utx could compensate for the lack of Jmjd3.
Independently of its actual mechanism of action in the transcription process, Jmjd3 appears to

be a transcriptional co-regulator of the activator type. In contrast to transcription factors, co-
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regulators interact with the transcriptional machinery to favour transcription, but they only
induce small transcriptional changes and are not indispensable for the expression of specific
genes. This can be explained because there are thousands of different regulatory proteins and
it is the sum of the action of all of them which influences the final outcome of transcription,
rather than their individual effects. When one of the co-regulator proteins is missing, another
or others co-regulators come in to play to compensate for its absence (Qiu et al., 2004; Roeder,
2005; Weake and Workman, 2010). Therefore, it appears that the up-regulation of Jmjd3 upon
microglial activation constitutes an aid for transcription and compensatory/redundant
pathways enter into play when it is missing.

Of the inducible immune response and inflammation related genes analysed in this study, the
expression of Ccl3, Ccl5, Ccl9, Cxcl11, I112b and 116 has been previously described to be affected
in Jmjd3 knockout murine foetal liver-derived macrophages stimulated with LPS plus IFNy
(De Santa et al., 2009). Satoh et al. also reported that the expression of /16 and [l112b was
partially impaired in LPS treated /mjd3 knockout M-CSF murine bone marrow derived
macrophages (Satoh et al., 2010). The contradictory findings between the previous reports in
macrophages and this study highlights the fact that, despite sharing a myeloid origin,
macrophages and microglia constitute distinct cell types (Ginhoux et al., 2010). They also
suggest that Jmjd3 has different functions across cell types or that the mechanisms of
transcription regulation by epigenetic enzymes are different between cell types. Another
possibility is that under physiological circumstances the role of Jmjd3 is conserved but that
the experimental conditions, for example the methods used to generate mature primary
macrophages and microglia, caused changes in the gene expression program and the
epigenetic regulation in the cells.

The mRNA stability of NF-kB induced genes plays an important role in regulating the kinetics

of NF-kB-dependent gene expression. For example, if the mRNA of an NF- kB induced gene is
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degraded very slowly, the expression level of the gene will be maintained for a long period
after the termination of transcription (Sen and Smale, 2010). Hao and Baltimore reported that
genes induced by pro-inflammatory stimuli (such as TNFa and LPS) can be divided in to three
groups according to their expression kinetics. Genes in the third group (such as Ccl5 and
TNFa) show a gradual, delayed transcription, but have very stable mRNAs that show very
slow decrease in their levels even after withdrawal of the stimulus. Therefore, stability of
inducible mRNAs is an important determinant of mRNA levels and in some cases overrides
the effect of other elements controlling transcription (Hao and Baltimore 2009). Hence, an
alternative possible reason why no differences were observed in the expression level of the
genes analysed in this study is that the negative changes in the transcription process caused
by the loss of Jmjd3 were masked by the effects of mRNA stability.

In conclusion, in activated microglia Jmjd3 acts as a transcriptional co-regulator and as such it
facilitates transcription, but it is not essential, for the expression of specific genes. This is most
likely due to the presence of compensatory/redundant co-regulators or mechanisms that

enter into play to ensure the transcription of important effector genes remains unaffected.
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6. General discussion

In the later stage of MS, the acute CNS inflammation produced by infiltrating T lymphocytes
and macrophages is replaced by chronic, generalised inflammation caused by widespread
persistent microglial activation and neurotoxicity. This leads to the progressive neurological
disability characteristic of the late stages of the disease (Kutzelnigg et al, 2005). The
mechanisms involved in the perpetuation of microglial activation are not fully understood and
their elucidation is important for the development of better treatments for secondary
progressive MS. Epigenetic mechanisms allow terminally differentiated cells to change their
gene expression profiles in order to adapt to external cues (Jirtle and Skinner, 2007). In
macrophages, Jmjd3 has been shown to be involved in the transcriptional process started by
pro-inflammatory stimuli (De Santa et al., 2009; De Santa et al., 2007). This project analysed
the possible contribution of Jmjd3 up-regulation upon microglial activation, to the initiation
and maintenance of the chronic, pathologically activated phenotype seen during remissions
and the progressive stage of MS and EAE.

This study has demonstrated that Jmjd3 is rapidly and strongly induced in primary microglia
after exposure to pro-inflammatory cytokines and TLR ligands. The newly synthesised Jmjd3
is then recruited to the promoter region of 116, Ccl3, Ccl5 and Nos2, which are up-regulated in
activated microglia. These genes subsequently presented a decrease in their H3K27me3
levels. This suggests that Jmjd3 might be involved in the regulation of the expression of such
target genes, possibly by controlling the levels of H3K27 trimethylation (although other
potential mechanisms of action cannot be ruled out) in response to external stimuli. These
findings also led to the hypothesis that the microglial phenotype in MS and EAE may be
controlled by dynamic epigenetic mechanisms. Jmjd3 was shown to be up-regulated in
activated microglia/macrophages from mice in the acute and late phase of EAE. However,

microglial activation accompanied by Jmjd3 induction was also observed in control mice
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immunised with CFA alone. This indicated a CFA-mediated TLR2 and TLR4 stimulation of
microglia, which could have overridden a potential disease-specific contribution to Jmjd3
upregulation. However, the fact that the second remission samples showed a slight increase in
the expression of Jmjd3 compared to the control mice raised the possibility that this further
up-regulation could be due to disease-associated mechanisms. This could be investigated in
different EAE models where CFA is not used for induction of disease.

Previous reports in macrophages showed that the expression of a subset of immune response
related genes was partly dependent on Jmjd3 induction in pro-inflammatory activated
macrophages (De Santa et al.,, 2009; Satoh et al., 2010). Conversely, the deletion of Jmjd3 in
microglia did not have an effect on the expression of those, and other immune response and
inflammation related genes analysed in this study, either before or after administration of LPS
and IFNy. This discrepancy in the role of Jmjd3 in regulating the gene expression program
following activation between macrophages and microglia could derive from differences in the
mechanisms of epigenetic regulation between cell types. However, the potential influence of
the different experimental conditions used between studies in the function of Jmjd3 cannot be
excluded.

The fact that Ccl3, Ccl5, 116 and Nos2 showed Jmjd3 enrichment in their promoters following
microglial activation, but did not show any effect in their gene expression levels in Jmjd3
knockout microglia, suggests that there are mechanisms providing functional redundancy.
Histone modifying enzymes are transcriptional co-regulators. At any one time, there are
several co-activators acting in the regulatory region and promoter of a gene in order to
promote transcription; this is the reason why individual transcriptional co-regulators have
mainly modest effects on transcription (Alberts, 2008; Roeder, 2005). The role of Jmjd3 in
transcription is that of a co-activator, either acting as an H3K27me3 demethylase (Ishii et al,,

2009; Lee et al,, 2012; Miller et al., 2010), aiding chromatin remodelling (Miller et al., 2010) or
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contributing to transcriptional elongation, (Chen et al., 2012; De Santa et al., 2009) and as
such, perhaps its activity can be fulfilled by other similar proteins. Utx belongs to the same
sub-family of JmjC-domain containing proteins as Jmjd3 (Kdmé6 demethylases), has also been
demonstrated to be a H3K27me3 demethylase (Agger et al, 2007) and in Drosophila
melanogaster it also co-localises with the elongating form of RNA pol II (Smith et al., 2008).
Therefore, Utx might compensate for the deletion of Jmjd3 and this could be the reason why
no differences could be observed in the expression of the immune response and inflammation
related genes examined in Jmjd3-/- microglia in this study. In macrophages, Utx has been
described to be a “housekeeping” histone demethylase, which is expressed at constant, low
levels even after activation (De Santa et al, 2007). In this study, Utx’s expression also
remained constantly low in activated microglia and it did not increase in /mjd3 knockout
microglia following stimulation with LPS and IFNy. Therefore, if Utx is compensating for the
loss of Jmjd3, this data would suggest that the constitutively expressed low levels of the
enzyme are sufficient to promote transcription of target genes.

In line with this, a recent study reported that a novel inhibitor of the Kdmé subfamily of
demethylases abrogated the LPS-induced TNFa production in human primary macrophages
by blocking both Jmjd3 and Utx and preventing the demethylation of H3K27me3 in the TSS of
the gene. When Jmjd3 or Utx were knocked down individually using siRNAs, no changes in the
expression of TNFa were observed. However, when both Jmjd3 and Utx were knocked down
together, or their function was blocked with the novel inhibitor, the production of TNFa
following stimulation was almost eliminated (Kruidenier et al,, 2012). These findings suggest
the possibility that, as in human macrophages, there is functional redundancy within the
Kdmé6 subfamily in primary microglia and that the combined H3K27me3 demethylase
enzymatic activity of Jmjd3 and Utx might also be critical for the pro-inflammatory gene

activation in this cell type.
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Collectively, the findings in this thesis demonstrate that microglia undergo variations in the
expression level of Jmjd3 as well as in the repressive epigenetic mark H3K27me3. These
events, potentially together with the constitutively expressed Utx, might play a role in the
initiation and maintenance of a pro-inflammatory gene expression program that causes the
pathological persistent microglial activation state found in the late stages of MS and EAE. The
presence of a combined function for Jmjd3 and Utx in the regulation of genes induced by pro-
inflammatory stimuli in primary microglia remains to be proven. The up-regulation of Jmjd3
in activated microglia/macrophages by MS/EAE specific disease pathways in a CFA-free EAE
model also awaits to be corroborated. Nevertheless, the role of disease-mediated mechanisms
in the increase of Jmjd3 observed in activated microglia from the CNS of acute and CR-EAE
mice in this study cannot be disregarded. In the MS mouse models used in this thesis, CFA
could be acting as a surrogate for environmental factors (such as infections), which have been
demonstrated to have an important impact on the instigation of relapses (Andersen et al,,
1993; Buljevac et al., 2002). However, the importance of the putative combined effect of Jmjd3
and Utx in the regulation of gene expression, as well as the precise mechanisms by which they
act (H3K27me3 demethylation and/or elongation of transcription) in microglia, should be
determined before moving ahead with further animal studies.

It would also be relevant to examine the expression of Jmjd3, Utx and H3K27me3 in microglia
and macrophages in normal versus EAE CNS using immunohistochemistry to then move to MS
tissue.

The development of novel histone demethylase inhibitors is currently in progress (Cole, 2008;
Spannhoff et al., 2009), as exemplified by the recent release of the Jmjd3 and Utx inhibitor
GSK-J4 (Kruidenier et al., 2012). However, toxicological and pharmacological studies will need
to be carried out before they can be safely used in mice. Another option to block histone-

modifying enzymes in vivo is the CNS targeted delivery of siRNAs in complex with the rabies
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virus glycoprotein (RVG)-9dR peptide, which binds specifically to the a7 subunit of the
acetylcholine receptor in microglia and macrophages. These siRNA-RVG-9dRs have already
been used in mice to block the production of TNFa specifically in CNS macrophages and
microglia, which is an advantage over the histone demethylases inhibitors that, up to now,
cannot be targeted to just one cell type (Kim et al., 2010).

Manipulation of the microglial expression of H3K27me3 demethylases in EAE, through the use
of novel inhibitors or by the targeted delivery of specific siRNAs to the CNS, could lead to a
better understanding of the role of epigenetically regulated mechanisms in the
pathophysiology of chronic microglial activation in progressive MS. In the future this could

lead to the development of novel therapeutic interventions.
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