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Introduction

1. MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system
(CNS) which was first described clinically by Charcot in 1868. MS is the most common disabling
neurological disease that typically affects young adults causing an irreversible physical and
mental disability (Dendrou et al., 2015). Globally, the estimated number of people with MS is
2.3 million people worldwide (Browne et al., 2014) and about two-thirds of those affected are

woman (Alonso and Herndn, 2008; Giovannoni et al., 2016).

MS is a heterogeneous disease clinically and pathologically (Ntranos and Lublin, 2016).
The principal features of the disease are focal lesions with inflammatory reaction to myelin
components leading to oligodendrocyte death and demyelination, and axonal damage (Dendrou
et al., 2015; Mahad et al., 2015). The causes of the disease are still unclear, but it is widely
accepted that both genetic and environmental factors converge in the manifestation of the
disease (Hafler et al., 2007; Huynh and Casaccia, 2013). Demyelination in MS comes from an
inflammatory process and, to a variable degree, from axonal damage and it may occur within
any area of the CNS. Demyelination results in slower conduction or complete failure of
transmission, leading to neuronal dysfunction and neurological symptoms and signs that might
occur depending on the location of lesions in the CNS, especially in the white matter tracks,
although lesions in the gray matter can also be found. The most common symptoms of MS
include sensory and visual disturbances, spasticity, weakness, painful spasms, bladder
dysfunction, tremor, ataxia, optic neuritis, fatigue, and dysphagia (Compstom and Coles, 2008).
The progressive disability suffered by those affected by MS could be due to the accumulation of
residual deficits during the outbreaks or to the inexorable progression of the disease, which is

independent of the exacerbation.

1.1. MS subtypes

In 1996, Lublin and Reingold classified MS into four independent subtypes on the basis
of the clinical course of the disease (Lublin and Reingold, 1996). However, the new findings in
the understanding of MS and its pathology, showed the need to reexamine the classification of
MS disease subtypes. The revised Lublin classification takes into account the magnetic
resonance imaging (MRI) lesion activity and progression of disability to classify MS phenotypes
in addition to the clinical activity (Lublin, 2014). The current four disease courses (types) of MS

are (Figure 1):
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0 Clinically isolated syndrome, or CIS: this is the first clinical event that shows characteristics of

inflammatory demyelination that could be MS but has not yet fulfill criteria of dissemination
in time. When CIS is accompanied by magnetic resonance imaging (MRI)-detected brain
lesions patients have 60-80% chance to develop MS, while when CIS is not accompanied by

MRI-detected brain lesions, the probability is about 20% (Miller et al., 2005).

0 Relapsing-remitting MS, or RRMS: this is the most common form, affecting approximately

85% - 90% of patients. Itis characterized by unpredictable acute relapses followed by a period
of recovery. Relapses coincide with focal CNS inflammation and demyelination that are
typically discernible, using MRI, as white matter lesions (Dendrou et al., 2015). During this
relapse, CNS repair mechanisms operate remodeling and compensating the damage (Rocca

et al., 2003; Rocca and Filippi, 2007).

0 Secondary progressive MS, or SPMS: this subtype is characterized by an initial RRMS, which

later develops into a progressive stage with irreversible neurological decline. Approximately
80% of RRMS patients will evolve to SPMS. Inflammatory lesions are not characteristic of this
subtype and progressive neurological decline is instead accompanied by CNS atrophy and

increased axonal loss.

0 Primary-progressive MS, or PPMS: 10-15% of the patients miss the relapsing phase of the

disease and develop continuous disease progression from the onset.

Secondary progressive disease
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Figure 1. Representation of MS subtypes indicating the characteristic neurological dysfunction, brain
atrophy and axonal loss in each subtype (Dendrou et al., 2015).
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Recently a novel subtype of MS called myelocortical MS (MCMS) has been proposed.
MCMS is characterized by demyelination of spinal cord and cerebral cortex, but not of cerebral
white matter, although there is cortical neuronal loss (Trapp et al., 2018). This is the first study
to provide pathological evidence that cortical neuronal degeneration can be independent of

cerebral white matter demyelination.

1.2. Etiology of MS

Without a known predominant exogenous risk factor, it is an open question whether
multiple sclerosis is triggered in the periphery (“outside-in” theory) or in the CNS (“inside-out”

theory) (Figure 2) (Tsunoda and Fujinami, 2002; Matute and Pérez-Cerdd, 2005).

In the “outside-in” model, autoreactive T cells are activated in the periphery — probably
through molecular mimicry (Geginat et al., 2017) — and enter in the CNS crossing the blood brain
barrier (BBB) accompanied by activated B cells as well as innate immune cells including
monocytes, dendritic cells and natural killer T cells leading to demyelination and axonal damage
(Lopez-Diego and Weiner, 2008). The “outside-in” model supports the use of the animal model
of experimental autoimmune encephalomyelitis (EAE) to study the MS. In this model, mice are
immunized with myelin antigens, generating a peripheral immune response with activated CD4*
T helper 1 (Th1) cells and Th17 cells. These activated cells cross the BBB (Ajami et al., 2011) and
act against myelin inducing myelin destruction, oligodendrocyte death and clearance of
damaged tissue by phagocytes (Figure 2a). As the disease progresses the immune cell infiltration
decreases, and chronic inflammation is generated mainly due to microglia and astrocytes

chronic activation.

Alternatively, the “inside-out” model argues that the initial event would be a primary
cytodegeneration in the CNS. The most important evidence supporting this model is the
histopathological finding of oligodendroglial apoptosis in the absence of immune cell infiltration
at early stages of the disease described by Barnett and Prineas (2004) in patients who died
during or shortly after the onset of a fatal relapse. A viral infection, glutamate and other agents
can cause extensive oligodendrocyte apoptosis or primary axonal degeneration in tissue foci and
as a result, myelin debris and highly antigenic constituents are generated, promoting
autoreactive lymphocytes infiltration in the CNS as a secondary event (Figure 2b). There are
several evidences associating viral infections in the CNS and MS. Theiler's murine
encephalomyelitis virus (TMEV) can infect the CNS and its infection is accompanied by axonal

damage in mice (Tsunoda and Fujinami, 2002). Another example that supports the “inside-out”
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model is the human endogenous retrovirus type W (HERV-W) which expresses syncytin, a
protein that is cytotoxic to oligodendrocytes and shows increased expression in acute
demyelinating lesions of MS patients (Antony et al., 2004). Oligodendrocyte apoptosis can also
be caused by increased extracellular levels of glutamate that cause oxidative stress and
excitotoxicity in oligodendrocytes and this response has been associated with MS (Matute et al.,

2001; Werner et al., 2001; Groom et al., 2003).
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Figure 2. Alternative views of the mechanism of lesion formation in MS. (a) “Outside-in” model; activated
T cells migrate into the CNS (1) and initiate inflammatory events, including recruitment of blood
macrophages, activation of local microglia and release of toxins. This leads to myelin destruction,
oligodendrocyte death and clearance of damaged tissue by phagocytes (2) (b) “Inside-out” model; viruses,
glutamate and other agents can cause extensive oligodendrocyte apoptosis in tissue foci (1).
Consequently, large amounts of myelin debris are generated (2), overwhelming the physiological
mechanisms of elimination of apoptotic leftovers and, thus, triggering inflammation. Subsequently, T cells
and macrophages invade the CNS (3) and initiate a stereotyped autoimmune attack of myelin (4), as
described in (a). (Matute and Pérez-Cerdd, 2005).

Drawing support for either model of multiple sclerosis etiology warrants new studies.
Even so, the “outside-in” and “inside-out” models could be acting in synergy and not be mutually

exclusive.

1.3. Pathophysiology of MS

The pathological hallmark in MS is the presence of focal areas of inflammatory-mediated
demyelination in the brain and spinal cord that are called plaques or lesions, indicative of myelin
and oligodendrocyte loss (Dendrou et al., 2015; Lassmann and Bradl, 2017). Although axons and

neurons are mostly preserved in the first stages of multiple sclerosis, disease progression results
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in gradual neuroaxonal loss that correlates with patient disability and brain atrophy (Dendrou et
al., 2015). However, there is also evidence for an early axonal damage (Trapp and Nave, 2008),
resulting from a direct interaction with immune cells (Zipp and Aktas, 2006). Inflammation can

be found at all stages of the disease, but it is more characteristic of the acute phase.

At the beginning of the disease, the BBB is disrupted and infiltrating immune cells are
present in early lesions (Figure 3). Predominant infiltrating cells are the macrophages with lower
amount of CD8* T cells and few CD4* T cells, B cells and plasma cells. Infiltrates are accompanied
by the expression of immune associated molecules, such as major histocompatibility antigens,
adhesion molecules or cytokines (Dendrou et al., 2015). Thus, there is a diffuse inflammatory
process which is more accentuated within the focal lesions. Lesions are not exclusively found in
the white matter, since demyelination can also be found in the grey matter. In the early phase
of the MS there is little damage outside the lesion areas, termed normal-appearing white
matter, although brain volume is already reduced. Microglia and macrophages are activated at
the beginning of the EAE pathogenesis, event that could precede T cell activation and infiltration
(Ajami et al., 2011; Goldmann et al., 2013; Yamasaki et al., 2014, Yoshida et al., 2014). In
contrast, there are evidence that microglia/macrophage activation counteracts pathological
processes by providing neurotrophic and immunosuppressive factors and by promoting
oligodendrocyte differentiation and recovery (Kotter et al., 2006, Miron and Franklin, 2014;

Lampron et al., 2015).

It is accepted that demyelinated areas can be partially repaired by remyelination, but at
the chronic phase these repairing mechanisms are not as efficient as in the initial phases of the
disease. A fail in the repairing mechanisms and an exhaustion of the neurological reserves
determines the transition from RRMS to SPMS (Ransohoff, 2012; Dendrou et al., 2015).
Accompanying disease progression, inflammatory T cell and B cell infiltrates, microglia and
astrocyte activation, and diffuse myelin reduction and axonal injury are evident. Microglia and
macrophages remain activated contributing to a chronic state of the disease. Moreover, the
number of microglia and macrophages in the lesions correlates with the tissue damage,
indicative of the contribution of these cells to the neurodegeneration (Bitsch et al., 2000,

Rasmussen et al., 2007; Fischer et al., 2013, Vogel et al., 2013).

The understanding of the implication of the different cell populations at the different
MS stages is difficult to clarify, due to the multicellular pathophysiology of the MS associated
with infiltrating adaptive and innate immune cells, as well as CNS-resident microglial cells with

inflammatory capacity. During last decades, several immunomodulatory therapies have resulted
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in a great advance in the treatment of MS. The disease-modifying treatments (DMTs) target T
and B cells activation and immune cell infiltration in the CNS. These treatments efficiently reduce
relapses and their severity, but they are not able to stop disease progression and neuroaxonal
damage continuous to accumulate resulting in an inevitable chronic phase of the disease
(Haghikia et al., 2013; Feinstein et al., 2015). This supports the idea that there could be
mechanisms involved in driving overt relapses different from those driving chronic progression.
It is clear that peripheral immune system is implicated in this process, but there is an additional
inflammatory component residing in the CNS that are microglial cells. These CNS-resident
immune cells are less characterized and are not targeted with the DMTs. A goal for future
treatment of multiple sclerosis should be a combination of modulation of peripheral immune
cells and also, modulation of microglial cells, along with the provision of neuroprotective or

neuroregenerative drugs (Dendrou et al., 2015).

Figure 3. Pathophysiology of MS. In lymphoid organs autoreactive T cells interact with antigen-presenting
cells and B cells and, after activation, are able to cross the blood brain barrier. In the CNS, reactivation of
autoreactive T cells results in production of effector cytokines, attraction of macrophages and microglia,
antibody production by plasma cells and attack by CD8* T cells. Together these mechanisms lead to
demyelination and axonal injury. Adapted from Bittner and Meuth, 2013.

1.4. Animal models of MS

Animal models are critical to study complex diseases as MS, a disease in which we have
limited understanding of the etiology and pathophysiology. This complexity is also reflected in
the animal models. There is currently no single animal model that can reflect the whole

spectrum of the disease.
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1.4.1. Experimental autoimmune encephalomyelitis (EAE)

The most commonly used animal model is called experimental autoimmune
encephalomyelitis (EAE) and it is used to reproduce the inflammatory aspects of MS. The
inoculation of an antigenic emulsion with an adjuvant, triggers an immune response. Due to the
immunization regimen, the immune response is mediated by predominantly CD4* T cells
directed against CNS myelin, whereas CD8" T cell responses dominate in MS, an aspect to
consider when translating EAE results to MS. The pathological features are similar to MS,
showing foci of inflammation and perivascular and periventricular demyelination. However,
most EAE models show focused inflammation in the spinal cord, whereas MS is usually
dominated by brain inflammation. The clinical course depends on the immunogen and mouse
strain used. Immunization of SJL/J mice with an epitope of proteolipid protein (PLP) induces a
clinical course with relapses (Tuohy et al., 1989), while EAE induced by myelin oligodendrocyte
glycoprotein (MOG) in C57BL6/J mice results in chronic clinical course (Tompkins et al., 2002).
Finally, immunization in non-obese diabetic (NOD) mice reproduces the chronic progression of
the disease. The immunogen and the mouse strain need to be selected in concordance with the

scientific question.

New genetic engineering technologies and transgenic mice, in combination with
advances in imaging tools are now expanding the potential utility of EAE. Thus, EAE will remain
an essential tool for preclinical and mechanistic research, enabling findings from simpler in vitro
systems to be corroborated in vivo. However, EAE is a reductive model that needs to be used

and interpreted with care (Dendrou et al., 2015).

1.4.2. Virus-induced demyelination

Many studies have put forward a hypothesis that a viral infection could be the initial
event in MS pathology that results in immune response against CNS (Tiwari et al., 2018). Despite
the current lack of evidence for an MS-specific viral infection, this model could be useful to
provide insights into the basic mechanisms and to study the possible contribution of viruses in

human MS (Lassmann and Bradl, 2017).

The best studied virus that induces demyelination in the CNS is Theiler's murine
encephalomyelitis virus (TMEV). The BeAn and Daniel’s TMEV strains are the most used ones
that induce a chronic-progressive disease course in susceptible mice. The acute encephalitic
phase is followed by a chronic demyelinating disease, which mainly affects the spinal cord. The

lesions in this model are characterized by chronic inflammation, the formation of confluent
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plagues of primary demyelination, axonal injury, and remyelination. Lesions show a mixture of
CD4* and CD8* T cells, B cells, and plasma cells (Tsunoda et al., 2007; Pachner, 2011). Thus, the

lesions share essential features with those present in MS.

1.4.3. Toxin-induced demyelination

Primary demyelination is a pathological hallmark of MS, distinguishing from other
inflammatory diseases of the CNS. The discovery of new therapeutic strategies, targeting de-
and remyelination requires a deep knowledge on the mechanisms involved in these processes
(Franklin and Gallo, 2014). This information can be obtained better in toxin-induced
demyelination models, which are not complicated by changes in the CNS due to inflammatory
processes driven by adaptive immunity. The two most common demyelinating agents used are

lysolecithin (LPC) and cuprizone (Lassmann and Bradl, 2017).

Cuprizone is a copper chelating reagent which acts as a toxin inducing oligodendroglial
cell death and subsequent demyelination accompanied by astrocytes and microglia activation
(Matsushima and Morell, 2001). The specific target are mature oligodendrocytes that undergo
apoptosis due, probably, to extensive metabolic demand. The other cell populations are not
affected (Lucchinetti et al., 2000, Liu et al., 2010), although the reasons remain unknown.
Cuprizone addition to the diet in young adult mice results in demyelination of several white
matter structures in the brain. After cuprizone removing from diet, new oligodendrocytes,
generated from the pool of oligodendrocyte progenitor cells (OPC), form new myelin sheaths

and remyelinate partially or totally brain white matter (Matsushima and Morell, 2001).

LPCis an activator of phospholipase A2 that is injected usually in the spinal cord inducing
focal plaques of demyelination at a defined location. In this model, the demyelination occurs
due to the toxic effect of the detergent on lipid membrane-rich myelin sheaths (Jeffery and
Blakemore, 1995). LPC induced demyelination is independent of immune response and it works
in immune-deficient mice too. Immediately after LPC injection, T cells, B cells and macrophages
infiltrate the lesion site and this short-lived infiltration is proposed to be beneficial to initiate
remyelination (Bieber et al., 2003). The lesion site is rapidly repaired, although the speed and
degree of remyelination are age-dependent, showing complete remyelination in 5-6 weeks in

young animals (Franklin et al., 2012; Crawford et al., 2013).
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2. MICROGLIA

Mammalian CNS is composed of neurons and glial cells, being microglial cells the 5-12%
of total glial population in healthy adult brain (Lawson et al., 1990; Perry, 1998; Aguzzi et al.,
2013). Microglial cells, first characterized by Pio del Rio-Hortega as a different cell type (del Rio-
Hortega, 1919), are the resident phagocytic cells of the CNS. These cells represent a unique

population based on its origin and its functions.

Microglia origin had been controversial for many years, but recently it has been
convincingly confirmed that microglia derives from yolk-sac myeloid progenitors, while the rest
of the CNS cells are derived from the neuroectoderm (Ginhoux et al., 2010; Kierdorf et al., 2013).
Myeloid progenitors migrate and proliferate in the CNS parenchyma during embryogenesis
before the BBB is built (Alliot et al., 1999; Ginhoux et al., 2010; Ginhoux et al., 2013; Prinz and
Priller, 2014) and later differentiate in microglial cells. Resident microglial cells in the healthy
adult brain are not replaced by circulating blood progenitors, they persist during adulthood
forming a robust long-lived CNS immune cell population by constant self-renewal (Lawson et al.,

1992; Ajami et al., 2007; Kierdorf et al., 2013).

2.1. Role of microglia

Microglia are necessary at all stages of CNS development up to adulthood, and acquire
different functions depending on developmental stage due to the evolving and maturing

surrounding environment (Figure 4).

2.1.1. Microglia during development

Microglia seem to have several different functions during the development of the CNS,
particularly as "architects", who organize and coordinate the patterns and wiring in the
developing CNS (Kierdorf and Prinz, 2017). The functions of microglia during development are

described below (Figure 4).

0 Phagocytosis of apoptotic neurons. As professional phagocytes, microglia play a major role

in removing apoptotic neurons from the developing CNS. During development,
approximately 50% of the newborn neurons undergo apoptosis prior to adulthood (Dekkers
et al.,, 2013; Schafer and Stevens, 2015) and microglia maintain the homeostasis by
phagocytosing these newly generated non-surviving cells (Ferrer et al., 1990; Peri and

Niisslein-Volhard, 2008; Sierra et al., 2010).

11
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Control of developing populations of neurons - Neurogenesis. Microglia are necessary for

proper assembly of neuronal networks (Reemst et al., 2016). Besides being scavengers,
microglia support and promote neuronal survival and neurogenesis in the developing CNS by
secretion of different neurotrophic factors such as insulin-like growth factor 1 (IGF-1) (Ueno
et al., 2013; Arno et al., 2014; Shigemoto-Mogami et al., 2014). Moreover, they play active
roles in the induction of neuronal cell death in the developing brain (Frade and Barde, 1998;
Marin-Teva et al., 2004; Wakselman et al., 2008). Thus, microglia play a major part in the
establishment of the correct number of neurons by regulating cell death and survival in a

region-specific manner.

Guidance of the developing vasculature - Vasculogenesis. One important event during the

development of the CNS from a few neuronal layers to billions of neurons organized in
different circuits within distinct brain regions is the vascularization of the CNS which provides
nutrients and oxygen. Microglia are uniquely positioned to influence the early sprouting,
migration, anastomosis, and refinement of the growing CNS vascular system (Arnold et al.,
2013). Microglia can guide and connect sprouting vessels by secretion of soluble guidance

factors (Rymo et al., 2011).

Maturation and refinement of neuronal circuits — Synaptic pruning. Microglia are crucial for

the synaptic maturation. Microglia have a dynamic role in the removal of unused dendritic
spines during postnatal phases in a process called “synaptic pruning”. This synaptic pruning
is dependent on microglia number and on neuronal activity of the dendritic spines (Paolicelli
et al.,, 2011; Schafer et al., 2012). Microglial synaptic pruning is also dependent on the
labelling of developing synapses with complement protein 3 (C3), which leads to
phagocytosis (Stevens et al., 2007). A deficiency in this function leads to a rather immature
brain circuitry and is assumed to be involved in neurodevelopmental and neuropsychiatric
disorders (Paolicelli et al., 2011, Hoshiko et al., 2012; Schafer et al., 2012; Squarzoni et al.,
2014; Zhan et al., 2014).

Myelination. Microglia support oligodendrogenesis by secreting specific cytokine mixtures
into the subventricular zone of developing rat brains (Shigemoto-Mogami et al., 2014). In
vitro studies also have shown that microglia enhanced oligodendrocyte survival by inhibition
of apoptosis, by secretion of soluble factors such as PDGF (platelet-derived growth factor)
and by inducing the expression of transcription factor NF-kB p65 in oligodendrocytes

(Nicholas et al., 2001). In a new recent study, Wlodarczyk and colleagues uncover a transient
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subset of CD11c* microglia that regulate CNS myelinogenesis via the release of IGF-1, a factor

essential in myelination (Wlodarczyk et al., 2017).

2.1.2. Microglia in adult brain

In the mature, healthy CNS so-called “resting” microglia is found in a ramified shape with long
and highly branched processes maintaining nonoverlapping regions. However, this commonly
used term “resting microglia” is therefore a misnomer, since in vivo two photon microscopy
studies have shown that microglia is a highly motile cell in the healthy brain (Nimmerjahn et al.,
2005; Wake et al., 2009; Nimmerjahn, 2012). Microglia are constantly and actively scanning their
microenvironment by frequent process extension and retractions rather than just “resting”. It is
becoming clear that microglia make rapid contacts with all CNS components as nearby neurons,
including synapses and Ranvier nodes, other glial cells and blood vessels, having an essential role
in the correct brain functioning and maintenance of tissue integrity and homeostasis (Davalos
et al., 2005, Nimmerjahn et al., 2005; Wake et al., 2009; Kettenmann, 2011, Li et al., 2012; Zhang
et al.,, 2018). The functions of microglia in the adult brain are described in the following

paragraphs (Figure 4).

0 Modulation of synaptic plasticity. Microglial phagocytosis of synaptic elements occurs during

postnatal development, adolescence but also in adulthood and during ageing (Tremblay et
al., 2010; Paolicelli et al., 2011; Schafer et al., 2012; Milior et al., 2016), suggesting a critical
role in maintaining synaptic plasticity and behavioral adaptation to the environment under
physiological conditions (Tremblay et al., 2010). However, an excesive removal of synapses
might aggravate several diseases such as Alzheimer’s disease, schizophrenia, or ageing
(Vilalta and Brown, 2017). When synapses are removed from injured neurons, the process of
phagocytosis is called “synaptic stripping” (Kettenmann et al., 2013). Healthy microglia
additionally produce a broad spectrum of signaling molecules, from cytokines to
neurotransmitters and extracellular matrix proteins which are capable of regulating neuronal
activity, as well as synaptic activity and functional plasticity (Bessis et al., 2007; Bechade et
al., 2013; Ji et al., 2013). These observations suggest that microglia are important effectors
of structural plasticity in the healthy mature brain, mediating both the formation and

elimination of synaptic elements.

0 Regulation of adult neurogenesis. Neurogenesis continues in healthy mature brain in the

subventricular zone and hippocampal subgranular zone where neural stem cells persist

(Sierra et al., 2014; Ribeiro Xabier et al., 2015; Fourgeaud et al., 2016). Microglia serve

13
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important functions regulating cellular density of neuronal progenitors in the neurogenic
regions by phagocytosing apoptotic cells (Sierra et al., 2014; Fourgeaud et al., 2016).
Whereas ageing seems to have a negative effect on microglia resulting in a decrease in
neurogenesis, exercise and environmental enrichment physiologically prime microglia to
support adult neurogenesis (Choi et al., 2008; Vucovic et al., 2012; Gebara et al., 2013).
Because of their role in the maintenance of the hippocampal neurogenic niche during

adulthood, microglia are essential components in learning and memory formation.

0 Remyelination. In the case of demyelinating diseases such as MS, microglia play a pivotal role
in regulating the remyelination process. Microglia are the responsible of phagocytosing
myelin debris, which is essential to initiate remyelination because myelin debris stops OPC
recruitment and differentiation in the lesion site (Lampron et al., 2015). In contrast, microglia
may also exert a detrimental role in remyelination by the release of pro-inflammatory factors

(Domingues et al., 2016).
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Figure 4. Schematic representation of microglial functional states in the healthy brain during development
and during adulthood. In addition to their function as a resident immune cell in the CNS parenchyma,
microglia display a variety of other functions to maintain tissue homeostasis. Microglia modulate wiring
and patterning in the developing CNS by controlling neuronal populations inducing apoptosis and
phagocytosing apoptotic cells, releasing neurotrophic factors, and guiding sprouting vessels. They also
have principal role in the healthy adult brain modulating the plasticity of neuronal networks, and for
regulating adult neurogenesis. (From Kierdorf and Prinz, 2017).
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2.2. Microglia activation

One of the main characteristics of microglia is their rapid reaction to any exogenous or
endogenous potential threat to the CNS homeostasis, such as infectious agents, trauma, or
neurotransmitters released by damaged cells by undergoing morphological, genetic, and
functional changes, usually referred as microglia “activation” (Sousa et al., 2017). These
microglia changes include altered expression of cell surface markers and inflammation related
genes, process retraction and acquisition of an amoeboid morphology, migration, proliferation
and increased phagocytosis (Kettenmann et al., 2011). To be able to detect all this kind of signals
and to properly react to them microglia express a great variety of receptors (Fc receptors, toll-
like receptors, purinergic receptors, etc.) (Domercq et al., 2013; Kigerl et al., 2014). Some of
them are classified as pattern recognition receptors (PRRs) that can recognize infections through
pathogen-associated molecular patterns (PAMPs) and internal cellular disturbances through

damage-associated molecular patterns (DAMPs) (Kiger! et al., 2014).

Activation of microglia is a natural response to CNS insults to eliminate cell
debris/apoptotic cells after injury and to support tissue repair. Microglia are able to acquire
distinct activation phenotypes depending on different stimulating cues or different stages of
disease dynamic progression. Microglia can also act as antigen-presenting cells (APCs) and can
release soluble factors such as cytokines and acute phase proteins that propagate and
perpetuate the cerebral immune response (Walter and Neumann, 2009, Yenari et al., 2010).
Microglia activation is present in most, if not all, pathological conditions in the CNS, but whether

it plays a beneficial or destructive role or probably both is still under discussion.

A classically-activated or pro-inflammatory and an alternatively-activated or anti-
inflammatory microglia terminology has been widely used to describe microglial activation
(Figure 5). This definition came from the immunology field regarding macrophages stimulated
by Thl or Th2 cells cytokines, which express distinct arrays of pro-inflammatory or anti-
inflammatory cytokines (Boche et al., 2013). Microglia are highly heterogeneous immune cells
with a continuous spectrum of activation states (Xue et al., 2014) being the pro-inflammatory
and anti-inflammatory microglia the opposite ends of this spectrum (Mosser and Edwards, 2008;
Murray et al., 2014; but see also Ransohoff, 2016). Even if this classification underestimates the
complexity of microglia plasticity, it still provides useful information regarding the diverse

functions of the innate immune system in disease pathogenesis.
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Pro-inflammatory microglia are activated in presence of lipopolysaccharide (LPS) and
interferon gamma (IFN-y) and releases large amounts of oxidative metabolites, proteases and
pro-inflammatory cytokines. It has been associated with a pivotal role in CNS defence against
pathogens, but it can also damage healthy neurons and glia by secreting a variety of neurotoxic
factors such as inflammatory cytokines, reactive oxygen species, nitric oxide (NO) and
glutamate, thus complicating the pathogenesis of neurodegenerative diseases (Figure 5) (Walter

and Neumann, 2009; Yenari et al., 2010).
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Figure 5. Microglia play important and different roles in neuroinflammation. Microglia can be
neuroprotective (anti-inflammatory) by secreting neurotrophic and anti-inflammatory molecules or
neurotoxic (pro-inflammatory) by releasing pro-inflammatory factors and cytotoxic substances (adapted
from Loane et al., 2016).

In contrast, anti-inflammatory microglia are activated in presence of interleukin-4 (IL-4)
and IL-13 and releases IL-10 and Arginase. It is also called neuroprotective or regenerative
microglia due to its association with reduced inflammation, tissue repair and angiogenesis (Czeh
et al.,, 2011). This phenotype blocks pro-inflammatory response, and produces neurotrophic

factors including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell-
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derived neurotrophic factor (GDNF), and anti-inflammatory cytokines, and shows enhanced

phagocytosis (Figure 5) (Czeh et al., 2011).

2.3. Microglia/macrophages in MS

MS is an immune-mediated disease of the CNS, where the presence of activated
microglia/macrophages in lesions is a hallmark of axonal damage (Lucchinetti et al., 2000;
Prineas et al., 2001). Regarding its EAE model of disease, the number of activated monocytes
from the bone marrow increases soon after immunization of mice, and these monocytes
accumulate in the blood before entering the CNS (King et al., 2009; Mildner et al., 2009). The
infiltration of the immune cells including monocytes into the spinal cord coincides with the
clinical onset of disease (King et al., 2009; Mishra et al., 2012). Once BBB is disrupted, peripheral
monocytes infiltrate the CNS and it is difficult to discriminate between activated microglia and
monocytes. More recently, using a combination of parabiosis and myeloablation to replace
circulating progenitors without affecting microglia, it has been demonstrated a strong
correlation between monocyte infiltration and progression to the paralytic stage of EAE.
Moreover, microglial cells die, and this cell death correlates with monocyte infiltration (Ajami et
al., 2011). In addition, it has been demonstrated that endogenous microglia form perivascular
clusters before demyelination or clinical signs become apparent (Davalos et al., 2012). Finally,
in the chronic phase of EAE, when the density of T cells in lesions has subsided, accumulation of
activated microglia/macrophages still persists (Rasmussen et al., 2007; Vogel et al., 2013). A
great amount of studies are trying to elucidate how microglia/macrophages participate in the

different phases of the disease.

The activation of microglia/macrophages may represent one of the initial steps in EAE
pathogenesis, preceding and possibly triggering T cell development by antigen presentation and
infiltration of blood-derived cells (Heppner et al., 2005; Ajami et al., 2011; Goldmann et al., 2013;
Yamasaki et al., 2014; Yoshida et al., 2014). However, other studies indicate that
microglia/macrophages activation counteracts pathological processes by providing
neurotrophic and immunosuppressive factors and by promoting recovery (Kotter et al., 2006;
Miron and Franklin, 2014; Lampron et al., 2015). This different response has been proposed to
be due to different activation states of microglia/macrophages. The fact that T cells and
microglia can reciprocally affect their phenotype is one of the major contributors in altering the

complex balance in CNS.
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In early, active inflammatory stage of the disease, pro-inflammatory
microglia/macrophages are predominantly present and correlate to axonal damage. In contrast,
anti-inflammatory phenotype densities undergo a gradual increase during the inflammatory
process and is present in acute active lesions and in the rim of chronic active lesions where
efficient remyelination occurs (Miron et al., 2013). Another study has recently confirmed these
results using double transgenic mice expressing red fluorescent protein (tdTomato) under iNOS
promoter (pro-inflammatory marker) and YFP under Arginase promoter (anti-inflammatory
marker) (Locatelli et al., 2018). iNOS expressing microglia/macrophage accumulation was
observed at earliest signs of EAE. The proportion of these cells in lesions decreased progressively
over the disease course, while Arginase expressing cells increased. Moreover, in double positive
cells, the ratio of iINOS versus Arginase shifted over time, in parallel of the entire
microglia/macrophage population, suggesting that these cells represent an intermediate
polarization state (Locatelli et al., 2018). Accordingly, in active MS lesions, although
microglia/macrophages predominantly display pro-inflammatory markers, a major subset have

an intermediate activation status (Vogel et al., 2013).

Pro-inflammatory microglia/macrophages are associated with enhanced antigen
presentation properties and expression of high levels of inflammatory cytokines and reactive
oxygen species that can contribute to pathology in disease states (Benarroch, 2013). IL-1B and
TNFa are two of those cytokines produced by microglia during CNS inflammation. Both cytokines
have been shown to be involved in the development of CNS inflammation through the disruption
of the BBB, which facilitate the infiltration of leukocytes into the CNS (Nishioku et al., 2010;
Wang, 2014). Moreover, TNFa has been associated with microglia-mediated neurotoxicity

(Block et al., 2007).

Anti-inflammatory microglia/macrophages release several anti-inflammatory cytokines
such as IL-4, IL-10, 1L-13, IL-33, and TGF-B, which are involved in EAE suppression (Jiang et al.,
2012), inflammation resolution and tissue repair (Tierney et al., 2009; Mikita et al., 2011;
Starossom et al., 2012; Laria et al., 2016). In this activation state microglia/macrophages also
release neurotrophic and growth factors that promote OPCs recruitment and differentiation and
that protect neurons from damage (Butovsky et al., 2006; Miron et al., 2013; Yu et al., 2015). In
addition, anti-inflammatory microglia/macrophages can mediate the differentiation of Th2 cells
and regulatory T cells, which play an important role in regulating inflammation and controlling
disease progression, as well as reducing Th1l cell activity and pro-inflammatory cytokine release

(Mosser and Edwards, 2008). This pro-regenerative phenotype is associated with a higher
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phagocytic capacity than the pro-inflammatory one being myelin debris phagocytosis necessary
to OPC recruitment and differentiation to initiate remyelination (Kotter et al., 2006). Finally, it
has been hypothesized that a block in the pro-inflammatory to anti-inflammatory switch would

cause remyelination failure in chronic inactive MS lesions (Miron et al., 2013, Sun et al., 2017).

2.3.1. Microglia in remyelination

Contrary to the opinion often expressed that the CNS has little capacity for regeneration,
lesions to oligodendrocytes or myelin, can be followed by a robust regenerative response that
leads to the formation of new myelin sheaths in a process called remyelination (Franklin and
Ffrench-Constant, 2008; Franklin et al., 2012). This regenerative response is most clearly seen in
young animals following experimental demyelinating lesions and it is also seen in humans
following lesions such as those caused by the MS disease (Prineas et al., 1993; Patrikios et al.,
2006; Patani et al., 2007; Franklin and Ffrench-Constant, 2017). While remyelination is very
efficient in the early stages of MS, it fails in the more chronic stages. It is thought that the loss
of metabolic support to axons, normally provided by myelin sheaths, contributes to the axonal
and neural degeneration and to the progressive disability that characterizes the later stage of

MS (Nave, 2010; Franklin et al., 2012).

The key stages in remyelination are now well established. In response to demyelinating
injury, OPCs that are in the vicinity are activated and enter the cell cycle (Moyon et al., 2015).
Once activated, OPCs expand within areas of damage through a combination of proliferation
and migration and finally, they undergo differentiation, a process culminating in the formation
of new myelin sheaths (Tripathi et al., 2010; Zawadzka et al., 2010). These newly formed sheaths
are often thinner than those formed during development, a characteristic widely used to

distinguish areas of remyelination from normally myelinated axons (Blakemore, 1974).

The mechanisms controlling OPC activation are very diverse and not completely
understand. An extensive literature now exists on the many factors that control both OPC
division and migration, although only some studies relate to the study of OPCs in the context of
demyelination (Franklin and Ffrench-Constant, 2017). One of mechanisms controlling OPC
activation is the innate immune response triggered by tissue damage. Cells of the innate immune
system, be they microglia or macrophages, are a major source of factors that enhance OPC
activation, proliferation and migration (Franklin and  Ffrench-Constant,  2017).
Microglia/macrophages secrete a wide spectrum of signaling molecules that may modulate the

reparative processes directly or indirectly. In recent years, many microglia/macrophage-derived
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molecules have been identified that have direct effects on OPCs. IGF-1 and transforming growth
factor-B (TGF-B) have long been known to promote OPC differentiation in vitro (McMorris and
Dubois-Dalcqg, 1988; McKinnon et al., 1993, Butovsky et al., 2006) and activin-A was found to be
essential for OPC differentiation (Miron et al., 2013). The anti-inflammatory phenotype is more
efficiently in releasing factors promoting OPC differentiation (Miron et al., 2013) and the timely
transition from the pro-inflammatory to the anti-inflammatory state is critical for rapid and

efficient remyelination.

In addition, other studies on the nature of the beneficial roles of microglia/macrophages
focused on their ability to eliminate myelin debris generated during demyelination by
phagocytosis (Kotter et al., 2005; Déring et al., 2015; Lampron et al., 2015). Studies in toxin-
induced demyelination models, in which the inflammatory response is the consequence of
demyelination and not its cause, have demonstrated a correlation between the abundance of
debris-filled microglia/macrophages and the efficiency of remyelination (Kotter et al., 2005;
Lampron et al., 2015). Myelin contains inhibitors of OPC differentiation which, in the intact CNS,
are thought to prevent OPCs from differentiating in the absence of an exposed axon. In
demyelinating diseases as MS, myelin debris generated by demyelination stop OPC
differentiation and therefore they must be eliminated to facilitate OPC differentiation and
remyelination. The efficacy of microglia/macrophages phagocytosing myelin debris therefore

has a major influence on the reparative response.

In conclusion, through a combination of these mechanisms, microglia and macrophages
can fashion a regenerative environment that maximizes the potential of OPCs to differentiate

and remyelinate (Figure 6).

A common feature of the regenerative processes is that they become less efficient with
ageing (Goodell and Rando, 2015). Remyelination undergoes a progressive slowing in rate
throughout adult life (Shields et al., 2000; Hampton et al., 2012, Pfeifenbring et al., 2015). The
effect of age is not only noticed in the delay of the mobilization of the microglia/macrophages,
but also the ability to phagocytose myelin debris is diminished. It has been recently described
that aged microglia/macrophages accumulate excessive amounts of cholesterol-rich myelin
debris, which trigger cholesterol crystal formation and phagolysosomal membrane rupture. This
fail in the myelin debris degradation process induces maladaptive immune response and
impedes regeneration (Cantuti-Castelvetri et al., 2018). Moreover, it seems that the change of
microglia/macrophage population from one that is predominantly pro-inflammatory to one that

is predominantly anti-inflammatory is also delayed (Franklin and Ffrench-Constant, 2017).
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Figure 6. The actions of microglia/macrophages during remyelination. Microglia/macrophages can
phagocytose inhibitory myelin debris and secrete an array of pro-regenerative factors. The combination
of these functions promotes the differentiation of OPCs and subsequent reinvestment of new myelin
sheaths around denuded axons (blue) (Adapted from McMurran et al., 2016).

As described above, microglia display an enormous plasticity in their responses to injury
and they are able to promote resolution stages of inflammation and tissue regeneration too.
Emerging strategies to drive microglia toward beneficial functions are appearing in the recent
years, which provide insights into molecular mechanisms underlying the phenotypic switch. A
variety of approaches have been proposed which rely on microglia treatment with
pharmacological agents, cytokines, lipid messengers, or microRNAs, as well on nutritional
approaches or therapies with immunomodulatory cells (Fumagalli et al., 2018). Reprograming
microglia toward beneficial functions may provide new therapeutic opportunities to prevent the
deleterious effects of inflammatory microglia and to control excessive inflammation in brain

disorders.
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3. PURINERGIC SIGNALING

One of the most outstanding facts of the purinergic system is the role of adenosine
triphosphate (ATP) as energy source, as neurotransmitter and as immunomodulator. ATP
molecule was first identified in 1929 and rapidly, its importance as a universal chemical energy
source in biological systems was totally accepted. Later, the idea that purines could act as
extracellular signaling molecules arose (Holton, 1959), and in 1972 Burnstock showed that ATP
fit to perfection on the criteria that define a neurotransmitter (Burnstock, 1972). It is now widely
recognized that extracellular ATP acts as either sole neurotransmitter or crucial co-
neurotransmitter in most nerves in both the peripheral nervous system and CNS (Burnstock,
2006; Khakh and North, 2012). In healthy tissues, ATP released to extracellular space is tightly
regulated by cell surface ectonucleotidases that degraded it and stop its signaling and at the

same time generate adenosine and activate its purinergic signaling (Cardoso et al., 2015).

Purinergic signaling is a form of extracellular signaling mediated by adenosine and ATP.
It involves the activation of purinergic receptors, thereby regulating several functions. This ATP
and adenosine mediated purinergic signaling is essential for cell signaling and cell

communication in the CNS (Burnstock, 2017).

In addition, ATP has been recently characterized as DAMP implicated in innate immunity
(Junger, 2011). Immune cells, in the absence of pathogens, sense the injury by recognizing the
release of molecules that are normally located inside the cell, known as DAMPs or “endogenous
danger signals” (Di Virgilio, 2007). When ATP is released from damaged cells by pannexin
opening as well as by other mechanisms, it can initiate inflammatory response and further
amplify and sustain cell-mediated immunity through the activation of P2 receptors (Domercq et

al., 2013; Idzko et al., 2014).

3.1. Purinergic receptors

Purines act as wide spread extracellular signaling molecules and their physiological
effects are mediated through an extended family of purinoceptors (Figure 7). Two families of

receptors for purines are recognized (Burnstock, 1978):

- Adenosine P1 receptors: a family of protein G-coupled metabotropic adenosine receptors.
Currently it is established that there are four subtypes Al, A2A, A2B, A3.

- ATP P2 receptors that are subdivided into another two groups:
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- P2X receptors: non-selective cation channels activated by ATP with high Ca?* permeability
that carry a depolarizing current under standard physiological conditions. Seven genes
encoding P2XR have been identified, P2X1R-P2X7R.

- P2Y receptors: G protein-coupled metabotropic receptors sensitivity to ATP, adenosine
diphosphate (ADP), uridine di- and triphosphate (UDP and UTP, respectively), or UDP-
glucose depending on the receptor subtype. Upon activation, these receptors either
activate phospholipase C and release intracellular calcium or affect adenylate cyclase and
alter cAMP levels. There are eight P2Y receptors identified, P2Y1, P2Y2, P2Y4, P2Y6,
P2Y11, P2Y12, P2Y13, P2Y14.
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Figure 7. Purinergic receptors family: P1, P2Y and P2X. The extracellular ATP is an agonist of the P2X and
P2Y receptors. Moreover, ATP is degraded to adenosine activating the P1 receptors and generating as
intermediate molecule the ADP, agonist of P2Y receptors (Baroja-Mazo et al., 2013).

3.2. ATP receptors in microglia

Several neurological diseases and CNS injuries are characterized by initial microglia
migration to lesion site and subsequent accumulation due to the proliferation of these cells. The

early-phase signal responsible of this recruitment and accumulation is likely to be induced by
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rapidly diffusible factors, such as ATP (Domercq et al., 2013). Microglial cells express a variety of
purinergic receptors that control several functions including process extension and retraction,

migration, proliferation, cytokine release and phagocytosis (Figure 8) (Domercq et al., 2013).

The P2X and P2Y receptors are particularly relevant in microglia, mainly the ionotropic
P2X4 and P2X7 receptors and the metabotropic P2Y12 receptor. In healthy adult brain, microglia
express low levels of P2X4R (Ulmann et al., 2008) and P2X7R (Matute et al., 2007) and high levels
of P2Y12 receptor (Haynes et al., 2006). In pathological conditions, the expression pattern of
purinergic receptors is altered. Microglial P2X7 receptor is upregulated in inflammatory sites of
many neurodegenerative diseases (Parvathenani et al., 2003; McLarnon et al., 2006; Arbeloa et
al., 2012; Kimbler et al., 2012). Similar to P2X7, P2X4 receptor is upregulated in activated
microglia in inflammatory diseases (Domercq et al., 2013). In contrast to P2X4R and P2X7R, the
expression of P2Y12 receptor is down-regulated in parallel to microglia activation (Haynes et al.,

2006; Beaino et al., 2017).

In healthy brain, movement of the fine microglial processes is controlled primarily
through the activation of P2Y12 receptors. In disease conditions, when ATP is released in the
injury site, low ATP concentrations of surrounding areas activate P2X4 and P2Y12 receptors that
mediate microglia chemotaxis characterized by cell body and process movement in order to
recruit cells to the lesion site (Honda et al., 2001; Ohsawa et al., 2007). When microglia moved
to the lesion site the loss of P2Y12 receptor occurs in parallel to microglial morphological change
from ramified to ameboid state. This downregulation suggests that P2Y12 receptors are involved
in the early, rather than late, responses of microglia to injury. In contrast, the upregulation of
P2X4 receptor indicate that chemotaxis after injury could be mediated by this receptor (Ohsawa

et al., 2007).

P2X7 receptors have low ATP affinity and ATP levels in the extracellular space are in the
low nanomolar range due to its rapid inactivation by ecto-ATPases (Abbracchio et al., 2009),
reason by which is not clear if this receptor is activated in physiological conditions. In the injury
foci high ATP concentrations are available and can activate P2X7 receptors (Di Virgilio et al.,
2016). P2X7 receptors have an important role in controlling microglial activation, proliferation,
release of pro-inflammatory cytokines and cell death (Burnstock, 2012). In immune cells, P2X7
receptor activation promotes assembly of the “inflammasome” and caspase-1-dependent
cleavage as well as the release of IL-1B and IL-18 pro-inflammatory cytokines, ultimately leading
to a programmed pro-inflammatory cell death called pyroptosis. P2X7Rs do not desensitize and

its prolonged activation trigger the opening of a big transmembrane pore, permeable to large
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molecular weight molecules, which finally leads to cellular death (Harada et al.,, 2011). It has
been suggested that P2X7R pore formation requires the involvement of another

transmembrane molecule called Pannexin-1 (Murphy et al., 2011).

Although phagocytosis is activated primarily by the expression of “eat-me” signals on
the surface of damaged or dead cells, injured neurons released UDP that activate P2Y6 receptor
and in consequence the phagocytic signaling in microglia (Koizumi et al., 2007). UDP is also able
to induce the expression of chemokines (Kim et al., 2011). In contrast, the activation of P2X7 or

P1 receptors attenuates microglial phagocytic activity (Fang et al., 2009; Bulavina et al., 2012).

Apoptotic
cell
P2Y6
P2Y6
®
—
P34
/7 ) Mraicn Phagocytosis
rocess
= Retraction "% f
’%’ ’% R Y
PZX7
Proliferati
— Process & roliferation
esting entension : : i ik
Surveillance Microglial activation

Figure 8. Purinergic signaling in microglia. Release or leakage of nucleotides/nucleosides from injured
cellsinduces phenotypic alterations in microglia. Microglia undergo progressive changes, including altered
expression of cell surface markers and inflammation-related genes, process retraction and the acquisition
of an amoeboid morphology, cell body migration, and increasing phagocytic ability. The changes in
microglial functions are partly associated with changes in purinergic receptors that determine different
responses to ATP. Thus, process retraction is due to down regulation of P2Y12 receptors, whereas
migration is mediated by P2X4 receptors and proliferation by P2X7 receptors. Phagocytosis signaling is
also unmasked by the up regulation of P2Y6, which is activated by the release of UTP by dying cells.
(Domercq et al., 2013).
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3.3. P2X4R in the CNS

P2X4 receptors form homomeric or heteromeric assemblies with P2X6, P2X7 and P2X1.
It is rapidly activated by ATP and similar to P2X7R, P2X4R has high permeability to Ca?*, slowly

desensitize and has higher affinity to ATP.

The receptor is abundantly expressed in the CNS (Buell et al., 1996, Soto et al., 1996;
Tsuda et al., 2003; Guo and Schluesener, 2005, Amadio et al., 2007; Vazquez-Villoldo et al.,
2014). Neuronal P2X4R has been implicated in physiological functions in the CNS including
modulation of neurotransmission and synaptic strengthening (Rubio and Soto, 2001; Sim et al.,
2006; Baxter et al., 2011). In glial cells, there is no evidence for P2X4R in astrocytes and
oligodendrocytes. Electrophysiological recordings in acute slices demonstrated that astrocytes
as well as oligodendrocytes lack P2X4R-mediated inward currents (Lalo et al., 2008, Laboratory
data). In contrast, microglia have abundant P2X4R expression within brain and spinal cord and
the role of P2X4R in these cells has received much attention in the last decades (Tsuda et al.,

2003; Ulmann et al., 2008).

As it is mentioned above, P2X4R is up-regulated in microglial cells in EAE rats and in
human MS optic nerve samples (Guo and Schluesener, 2005; Vazquez- Villoldo et al., 2014).
Moreover, a specific phenotype of spinal microglia characterized by high expression of P2X4R
has been described after peripheral nerve injury (PNI) (Tsuda et al., 2003; Beggs et al., 2012).
Other studies demonstrate upregulation of P2X4R in microglia following hypoxia and ischemia
(Wixey et al., 2009; Li et al., 2011) and in kainate-induced epilepsy model (U/mann et al., 2013).
It is described the implication of P2X4R in regulating the activation and migration of microglial

cells to the injury site (Guo and Schluesener, 2005; Schwab et al., 2005).

The first evidence related to the pathological role of P2X4 was described in pain
processing. Tsuda and colleagues described a major role for P2X4R in chronic pain and
mechanical allodynia (Tsuda et al., 2003). P2X4R activation in spinal microglia leads to the
release of BDNF, which communicates between microglia and spinal interneurons resulting in
pain hypersensitivity via disinhibition of GABAergic input (Tsuda et al., 2003; Coull et al., 2005;
Ulmann et al., 2008; Trang et al., 2009). Allodynia induced through PNI was reversed by
pharmacological blockade of P2X4 receptors in the spinal cord (Tsuda et al., 2003) and P2X47
mouse models show reduced inflammatory and neuropathic pain (U/mann et al., 2008). These
findings highlight the importance of P2X4R in microglial cells in the development of neuropathic
pain (reviewed by Inoue and Tsuda, 2012; Tsuda et al., 2013). P2X4R is involved in the regulation

of different microglia pathways, therefore may also play roles in controlling or exacerbating
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inflammation in the CNS. Using LPS as a model of neuroinflammation the P2X4r antagonists TNP-
ATP and 5-BDBD (5-(3-Bromophenyl)-1,3-dihydro-2H-benzofuro(3,2-e]-1,4-diazepin-2-one)
were shown to reduce microglial activation in vivo and reduce the microglial loss in spinal cord

(Vazquez-Villoldo et al., 2014).

P2X4 receptor has another peculiarity referring its localization in the cell; the receptor
is mainly localized intracellularly, particularly in lysosomal compartments (Qureshi et al., 2007;
Toyomitsu et al., 2012). This fact could be determinant for its function. P2X4R contains an
additional C-terminal trafficking motif (YxxxG') which facilitates rapid internalization of cell
surface P2X4R via clathrin-dependent endocytosis (Royle et al., 2005). Recently it was suggested
that P2X4R functions as an ATP-gated channel in lysosomes (Huang et al., 2014) and regulates

endolysosomal membrane fusion via Ca**-dependent activation of calmodulin (Coo et al., 2015).

3.3.1. IRF5-P2X4R axis

The interferon regulatory factor (IRF) family of transcription factors are implicated in
diverse functions such as apoptosis, cell cycle, oncogenesis, and gene regulation in response to
pathogen-derived signals. The mammalian IRF family comprise nine members (IRFs 1 -9) (Zhao
et al., 2014). Among the IRF family members, interferon regulatory factor 5 (IRF5) plays a central
role in inflammation. IRF5 mediates induction of pro -inflammatory cytokines such as IL-6, IL-12,
IL-23, and tumor-necrosis factor-alpha (TNF-a) (Takaoka et al., 2005, Krausgruber et al., 2011).
IRF5 is a key factor in defining the inflammatory macrophage phenotype and is highly expressed
in monocytes and macrophages, but also in B cells and dendritic cells. Its expression in
macrophages can be upregulated in response to the inflammatory environment and in particular

to stimulation with GM -CSF and IFN-y (Krausgruber et al., 2011; Weiss et al., 2013).

The role of IRFs in the CNS was entirely unknown, but Masuda et al. (2014) recently
showed that within the spinal cord, IRF8 expression is selectively upregulated in microglia after
PNI. Interestingly, IRF5 expression in activated microglia led to an induction of P2X4R expression
by directly binding to the promoter region of the P2rx4 gene (Figure 9). Consistent with this,
IRF5-deficient mice did not upregulate spinal P2X4R after PNI. Thus, an IRF8-IRF5 transcriptional
axis could contribute to shifting spinal microglia toward a P2X4R-expressing reactive state after

PNI (Masuda et al., 2014).

On the other hand, the Irf5 gene has been identified as a risk factor in several ne
diseases. IRF5 was originally found to be associated with systemic lupus erythematosus

susceptibility (Sigurdsson et al., 2005). Other autoimmune diseases such as rheumatoid arthritis
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(Rueda et al., 2006; Shimane et al., 2009), inflammatory bowel disease (Dideberg et al., 2007) or
Sjogren's syndrome (Miceli-Richard et al., 2007) have been shown to share this genetic risk
factor. High expression of IRF5 contributes to the development of immune-mediated diseases,
including MS. In MS, two single nucleotide polymorphisms (SNPs) in the Irf5 gene (rs4728142
and rs3807306) reached significant association in the three independent cohorts tested

(Kristjansdottir et al., 2008).
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Figure 9. Schematic illustration and working models for determining P2X4R*-reactive microglia and
neuropathic pain (Masuda et al., 2014).
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Hypothesis and Objectives

Purinergic receptors expression is altered in multiple sclerosis (Domercq et al., 2018). In
particular, P2X4 receptor is upregulated in inflammatory foci and in activated microglia in spinal
cord of rats with experimental autoimmune encephalomyelitis (EAE), the acute model, as well
as in the optic nerve of multiple sclerosis patients (Vazquez-Villoldo et al., 2014). In accordance,
P2X4 receptor expression and activity is increased in LPS-activated microglia (Vazquez-Villoldo
et al., 2014). More importantly, blockage of P2X4 receptor controls the fate of LPS-activated
microglia in vitro and in vivo, including its survival (Vazquez-Villoldo et al., 2014) and exacerbates
clinical symptoms in the chronic EAE model (preliminary data from Nuria Vazquez-Villoldo). In
contrast, P2X4 receptor potentiation ameliorates EAE symptoms. In multiple sclerosis,
spontaneous yet transient myelin repair can occur during the course of the disease. A major
component of this regenerative process is a robust innate immune response consisting of
peripherally-derived macrophages and CNS-resident microglia (Kotter et al., 2005; Li J et al.,
2005; Miron et al., 2013). It has been described that microglial polarization to pro-inflammatory
and anti-inflammatory activation state is differently regulated during the course of the disease
in the EAE model and that a switch to an anti-inflammatory phenotype is necessary to favors
remyelination (Miron et al., 2013). Based on all previous data, we hypothesized that P2X4Rs, by

modulating microglial activation, could contribute to myelin repair in demyelinating diseases.

The general objective of this Doctoral Thesis has been to analyse the role of the P2X4
receptor and the transcription factor IRF5, which modulates its expression, in microglia

activation and in the pathophysiology of MS using both in vitro and in vivo models.

For this purpose, we defined the following specific objectives:

1. To characterize the role of P2X4R in EAE pathogenesis
1.1 P2X4R blockage:
1.1.1 To analyse P2X4R expression after EAE immunization.
1.1.2 The impact of P2X4R blockade in neurological signs.

1.1.3 To study the role of P2X4R blockade on microglia activation in vitro and
the effect on oligodendrocyte differentiation.

1.2 P2X4R potentiation:
1.2.1 To determine the impact of P2X4R potentiation in EAE neurological signs.
1.2.2 To study the role of P2X4R potentiation on microglia activation in vitro.
2. To characterize the role of the transcription factor interferon regulatory factor 5 (IRF5)
2.1 To analyse IRF5 expression after EAE immunization.
2.2 To characterize the role of IRF5 in EAE model.

2.3 To characterize the role of IRF5 in a toxin-induced demyelination model.
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Material and Methods

1. ANIMALS

Experiments were performed in Sprague Dawley rats and in wild type (WT), P2X4"
(backcrossed for >15 generations onto C57BL6 background; Sim et al., 2006) and IRF57- C57BL6
mice. All experiments were performed according to the procedures approved by the Ethics
Committee of the University of the Basque Country (UPV/EHU). Animals were handled in
accordance with the European Communities Council Directive. Animals were kept under
conventional housing conditions (22 + 2 temperature, 55 + 10% humidity, 12-hour day/night
cycle and with ad libitum access to food and water) at the University of the Basque Country
animal unit. All possible efforts were made to minimize animal suffering and the number of

animals used.

2. IN VITRO MODELS

2.1. Microglia culture

Primary mixed glial cultures were prepared from the cerebral cortex of neonatal rats
and mice (P0-P2) following the protocol described by McCarthy and De Vellis (1980) with
modifications. Cell suspension was obtained by mechanical and enzymatic dissociation of the
cerebral cortex and was seeded in 75 cm? surface culture flasks previously treated with poly-D-
Lysine (PDL). Flasks were maintained in Iscove’s Modified Dubelcco’s Medium (IMDM; Gibco)
supplemented with 10% fetal bovine serum (FBS) at 37°C, with 5% of CO; in a humidified

incubator.

Approximately 15 days after performing the culture, microglia were isolated by
mechanical shaking. Free-floating microglia were collected from shaken astrocyte flasks and
purified by pre-plating on bacterial plastic dishes (Sterilin). Microglia were maintained in petri
dish 24-48 hours minimum with Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% FBS. Microglia were tripsinized and seeded in PDL coated coverslips at 20,000
cells/well for immunocytochemistry, 100,000 cells/well for western blot, 200,000 cells/well for
medium conditioning and for gPCR experiments. Cells were cultivated in DMEM + 10% FBS at

37°C, with 5% of CO, in a humidified incubator and were used after 24 hours.
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Microglia cells were polarized according to previous protocols (Durafort et al., 2012)

with minor modifications:

- Pro-inflammatory microglia: cells were treated with granulocyte macrophage colony-
stimulating factor (GM-CSF, 5 ng/ml; Peprotech) in FBS-supplemented DMEM for 5 days
followed by 24 hours treatment with lipopolysaccharide (LPS, 10 ng/ml; Sigma) and
interferon-gamma (IFNy, 20 ng/ml; Peprotech).

- Anti-inflammatory microglia: cells were treated with macrophage colony-stimulating factor
(M-CSF, 20 ng/ml; Peprotech) in FBS-supplemented DMEM for 5 days followed by 24 hours
treatment with interlekin-4 (IL-4, 20 ng/ml; Peprotech) and interleukin-13 (IL-13, 50 ng/ml;

Peprotech).

To study the influence of microglia in oligodendrocyte development, medium
conditioned from different polarized microglia was collected and added to oligodendrocyte
progenitor cell (OPC) cultures for 3 days. Microglia cells were polarized in FBS-suplemented
DMEM the first 5 days of the protocol and SATO medium without proliferating and
differentiating factors (SATO-) (Table 1) was added to microglia cultures in the last 24h of the
polarization protocol. Polarizing factors alone in SATO- were directly applied to OPCs as a

control.

Table 1. SATO- medium composition.

Reagent Concentration Company
DMEM Base medium Gibco
BSA 100 pg/ml Sigma
N-Acetyl Cysteine 6,3 ng/ml Sigma
Glutamine 2mM Sigma
Penicillin- Streptomycin 100 U/ml Invitrogen
Insulin 5 ug/ml Sigma
Transferrin 100 pg/ml Sigma
Progesterone 60 ng/ml Sigma
Sodium Selenite 40 ng/ml Sigma
Putrescine 16 pg/ml Sigma
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2.2. OPC culture

OPCs were obtained from the same primary mixed glial cultures used to isolate
microglia. After microglia isolation from the flasks, the remaining OPCs present on the top of the
confluent monolayer of astrocytes were dislodged by shaking flasks overnight. OPCs were
purified from microglial cells by plating on bacterial Petri dishes. The non-adherent cells (OPCs)
were further collected and seeded in PDL-coated coverslips at a density of 5,000 cells/well in
complete SATO medium (SATO+) (Table 2) or SATO- (Table 1) for the experiments were

oligodendrocyte differentiation was studied.

Table 2. Additional components added to SATO- medium for SATO+ medium preparation.

Reagent Concentration Company
Tri-iodothyronine (T3) 30 ng/ml Sigma

L -Thyroxine (T4) 40 ng/ml Sigma
CNTF 10 ng/ml Peprotech
NT-3 1 ng/ml Peprotech

2.3. Oligodendrocyte culture

Primary oligodendrocytes were obtained from Sprague-Dawley rat optic nerves (P10-
12) as previously described (Domercq et al.,, 2010). Optic nerves were mechanically and
enzymatically digested and seeded at 10,000 cells/well in PDL coated coverslips in SATO+
medium (Table 2). Cells were maintained at 37°C, with 5% of CO; in a humidified incubator 24

hours before corresponding treatments.

3. IN VIVO MODELS

3.1. Experimental autoimmune encephalomyelitis (EAE) induction

EAE was induced in 8-10 week old female P2X47, IRF5/ and WT C57BL6 mice by
subcutaneous immunization with 300 pl of myelin oligodendrocyte glycoprotein 35-55
(MOG(35-55); 200 pg; Sigma) emulsioned in incomplete Freund’s adjuvant (Sigma)

supplemented with 8 mg/ml Mycobacterium tuberculosis H37Ra. Pertussis toxin (500 ng/0.1 ml;
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Sigma) was injected intraperitoneally on the day of immunization and again 2 days later to

facilitate and improve the development of the disease.

In this model mice begin to show neurological signs around 10-12 days post-
immunization (dpi). The motor deficits increase with the time reaching a maximum peak around
day 20 postimmunization, followed by a partial and slow recovery. Motor symptoms were

recorded daily and scored from 0 to 8 as follows:

0, no detectable signs

1, weakness in the tail

2, paralysed tail

3, paralysed tail and weakness in hindlegs

4, paralysed tail and hemiparalysis of hindlegs
5, complete hindlimb paralysis

6, paralysis of hindlegs and rigidity in forelegs
7, tetraplegia

8, moribund

To analyse the role of P2X4R, EAE mice were treated daily with TNP-ATP (10 mg/kg),
ivermectin (IVM, 1 mg/kg) or vehicle (saline) intraperitoneally from EAE onset (day 10
postimmunization) to the end of the experiment in order to do not interfere with immune
priming. For the experiments designed to check the effect of TNP-ATP or IVM on immune
priming, treatments were administered daily from day O to EAE peak. All mice were randomized
before the immunization and when possible, before the appearance of EAE symptoms. Disease
phases were assigned according to days after onset as follows: peak, 6-10 days after onset;

recovery, score stabilized and 18-30 days after onset.

3.2. LPC-induced demyelination

LPC-induced demyelination was carried out in the spinal cord of 14-week-old male mice.
Demyelinating lesions were induced by a stereotaxic injection of 0.5 pl of 1% LPC (Sigma) in
saline solution. Prior to the surgery anesthesia was induced by intraperitoneal injection of a
solution of ketamine (100 mg/kg)/ xylazine (10 mg/kg). Two longitudinal incisions into
longissimus dorsi at each side of the vertebral column were performed, and the muscle tissue
covering the column was removed. Animals were placed in a stereotaxic frame, the 13th thoracic
vertebra was fixed in between the bars designed for manipulations on mouse spinal cord, and

intravertebral space was exposed by removing the connective tissue. Dura mater was pierced
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with a 30G needle, and LPC was injected via Hamilton syringe attached to a glass micropipette
using a stereotaxic micromanipulator. The lesion site was marked with sterile charcoal so that
the area of tissue at the lesion center could be unambiguously identified. Following LPC
injection, the wound was sutured, and the animals were allowed to recover. Buprenorphine (0.1
mg/kg, subcutaneous injection) was administered as postoperative analgesic treatment. Mice

were sacrificed 14 days after surgery, to analyse oligodendrocyte differentiation stage.

4. TECHNIQUES

4.1. Indirect myelin phagocytosis analysis in EAE mice

Myelin phagocytosis was quantified in MBP-lbal immunostained EAE spinal cord
samples. Z-stacks were acquired in a LEICA TCS STED SP8 confocal microscope using 40x oil-
immersion objective. Images were processed using ImageJ software (Fiji distribution) (NIH).
Semi-automated phagocytosis of myelin debris was indirectly quantified based on colocalization
between microglia/macrophages (including phagocytic pouches) and myelin debris. A single
plane of the z-stacks was chosen for analysis based on the maximum labelling intensity for MBP.
The “Threshold” tool was wused to automatically identify myelin debris and
microglia/macrophages. A preliminary analysis of all threshold filters was performed for each of
the variables to determine which one best adjusted the original image: Yen filter after
performing a “Gaussian blur” of radius = 1 for myelin debris; and Yen filter for
microglia/macrophages. Upper and lower threshold levels were manually adjusted by
comparing with the original image. All pixels above the threshold level were selected in a mask
for myelin debris. To better detect phagocytic pouches in microglial images, a mask was created
using the “Analyse Particles” tool with the “Include Holes” option checked. Then we used the
“Measurements” tool to analyse the area of colocalization between microglia/macrophages and

myelin debris.

4.2. Cell viability assay

Cell viability was assessed using Calcein-AM (Invitrogen). Cells were incubated with 0.5
UM calcein-AM for 30 minutes at 37°C. After washing viable cells were immediately quantified
with the fluorimeter/spectrophotometer reader Synergy HT (Bio-tek Instruments Incl) at 485 nm

excitation and 528 nm emission wavelength. Data was analysed using Gen5 (Bio-tek, Beverly,
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MA, USA) software. The activity was expressed as the relative percentage of cellular death using
respective values of non-treated oligodendrocytes as control (100% viability). Results were
expressed as the meant s.e.m. of at least three independent experiments performed in

triplicate.

4.3. Western blot

Total protein was extracted by scraping the cells in sample buffer (62.5 mM Tris pH 6.8,
10% glycerol, 2% SDS, 0.002% bromophenol blue and 5.7% B-mercaptoethanol in H,0)
supplemented with proteases inhibitor coctel (Roche). Samples were boiled at 95°C for 5
minutes, loaded and size separated by electrophoresis using Criterion TGX Precast 12% gels and
transferred to Trans-Blot Turbo Midi PVDF Transfer Packs (Bio-Rad). Membranes were blocked
in 5% skimmed milk, 5% serum in Tris-buffered saline/0.1% Tween-20 (TBS-T) for 1 hour at room
temperature (RT). Proteins were detected by specific primary antibodies against BDNF (1:200;
Santa Cruz), and B-actin (1:1000; Sigma) in 5% skimmed milk and 1% serum in TBS-T overnight
at 4°C. After washing membranes were incubated with secondary peroxidase-coupled goat anti-
rabbit antibodies (1:2000; Sigma) in 5% skimmed milk and 1% serum in TBS-T for 1 hour at RT.
Finally, blots were developed using an enhanced chemiluminescence detection kit according to
the manufacturer’s instructions (Super Signal West Dura or Femto, Pierce). Images were
acquired with a ChemiDoc MP system (BioRad) and quantified using Imagelab (Biorad). Values

of BDNF were normalized to corresponding B-actin signal.

4.4. Pain assessment

Mechanical allodynia was assessed by an e-VF Electronic Von Frey aesthesiometer (Ugo
Basile SRL) at different stages of EAE; before immunization, EAE preonset (5 dpi), onset (12 dpi)
and before peak (16 dpi). Mice, placed upon an elevated wire mesh surrounded by a Perspex
box, were exposed to increasing mechanical pressure to the plantar hind paw through a metal
filament. Withdrawal threshold was measured automatically from the initiation of mechanical
stimulus to withdrawal of the paw. Measurements were taken three times in both left and right
hind paw separated by at least 10 minutes between each stimulus. Mean results for each animal

were calculated.
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4.5. Immunochemistry

Cells were fixed and processed for immunocytochemistry as previously described
(Domercq et al., 1999). In all cases, cells were fixed in 4% paraformaldehyde (PFA) in phosphate
buffer (PBS, 0.1 M, pH 7.4) for 20 minutes at RT and after washing with PBS, cells were processed
for immunocytochemistry. For isolectin B4 (IB4) labelling, live cultures were incubated for 30
min with IB4 (1:100, Vector) in culture medium, washed with PBS, fixed in 4% PFA in PBS for 20

min and processed for conventional immunocytochemistry.

Mice from EAE experiments were deeply anesthetized with intraperitoneal injection of
chloral hydrate (500 mg/kg) and transcardially perfused with 0.1 M sodium phosphate buffer,
pH 7.4, followed by 4% PFA in the same buffer for 15-20 minutes. In some experiments, tissue
was processed for multiple analysis. In this case, mice were anesthetized and decapitated and
brain and spinal cord were only post-fixated in 4% PFA by immersion for 4 hours and
cryoprotected in 20% sucrose solution in 0.1M PB for 72 hours at 4°C. Perfused samples were
cut using a Microm HM650V vibratome (40 um), while cryoprotected samples were embebed in
Tissue-tek cryo embedding compound (Sakura) and cut using a cryostat CM3050 S (Leica) (10

pum).

LPC-injected mice were perfused with 2% PFA for 15-20 minutes and spinal cords were
postfixed in 2% PFA for 20 minutes. Tissue was then cryoprotected in 15% sucrose for 72 hours

and embedded in 7% gelatine/15% sucrose before cryostat cutting (12 um).

Tissue sections from in vivo experiments or cells from in vitro experiments were
permeabilized and non-specific labelling was blocked with 4% of serum of the specie in which
secondary antibody was obtained in 0.1 M PBS and 0.1% Triton X-100 for 1 hour at RT. Next,
samples were incubated with primary antibodies overnight at 4°C in 1% serum and 0.1% Triton
X-100 (Table 3). After washing with PBS, corresponding fluorochrome-conjugated antibodies
(Table 3) and Hoechst 33258 (1.5 pg/ml; Sigma) for nuclei labelling were applied and samples
were incubated during 1 hour at RT. After washing, they were mounted using Glicergel mounting
medium (Dako). All incubations and washing steps were performed with gently shaken in the

case of free-floating vibratome sections.

Images were acquired with the same settings for all samples within one experimental
group. Axiovision microscope (Zeiss) (Depatment of Neuroescience), Zeiss Axio Observer with

Apotome microscope (Analytical and High-Resolution Microscopy in Biomedicine Service of the
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UPV/EHU) and Leica TCS SP8 confocal microscope (Achucarro Basque Center for Neuroscience)

were used to adquire the images.

Table 3. Antibodies used for immunochemistry.

Antibody Host Concentration Company
APC (CC1) Mouse 1:200 Calbiochem
Arginase Goat 1:100 Santa Cruz
B220 Rat 1:200 BD Pharmingen
CcD3 Rat 1:50 Serotek
Ibal Rabbit 1:1000 Wako

iNOS Mouse 1:500 BD Bioscience
IRF5 Rabbit 1:500 Abcam
Laminin Rabbit 1:200 Sigma

MBP Mouse 1:500 Covance
MBP Rabbit 1:200 Millipore
MBP Chicken 1:100 Millipore
MRC1 Rabbit 1:1000 Abcam

NG2 Rabbit 1:500 Abcam
Olig2 Mouse 1:1000 Invitrogen
P2X4R Rabbit 1:400 Alomone
P2X7R Rabbit 1:100 Alomone
SMI-32 Mouse 1:1000 Covance
IgG Rabbit-Alexa 488 Goat 1:400 Invitrogen
IgG Rabbit-Alexa 594 Goat 1:400 Invitrogen
IgG Rabbit-Alexa 633 Goat 1:400 Invitrogen
IgG Mouse-Alexa 488 Goat 1:400 Invitrogen
IgG Mouse-Alexa 546 Goat 1:400 Invitrogen
IgG Mouse-Alexa 594 Goat 1:400 Invitrogen

Olig2* cells in corpus callosum and in longitudinal sections of spinal cord and Ibal* cells
in longitudinal sections of spinal cord were counted blindly in 40X images from an Axiovision
microscope (Zeiss). To analyse microglia area, cells were outlined with the Ibal labelling as the
defining parameter for the region of interest (ROIs) using the Image J software (NIH). At least 4

different fields from three slices per animal were counted from 3 mice.
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To quantify microglia polarization, immunoreactivity of inducible oxide nitrite synthase
(iNOS), mannose receptor (MRC1) and Arginase was calculated in 40X images from an Axiovision
microscope (Zeiss) with the ImageJ software (NIH) and normalized to the number of cells (8
fields per coverslip from at least 3 different experiments performed in triplicate). Results were
expressed as changes in fluorescence intensity relative to those seen in control cells or to those

seen in cells without TNP-ATP or IVM treatment.

To quantify microglia and oligodendrocyte expression of P2X receptors, ROIs were
generated with Image J software in IB4* and Olig2* cells (12-15 cells per culture from three
independent experiments) in images acquired using a 40X objective in a LEICA TCS STED SP8

confocal microscope.

To analyse oligodendrocyte occupied area, images were taken with 40X objective in
Axiovision microscope (Zeiss). Oligodendrocytes were outlined with the MBP immunolabelling

as the defining parameter for the region of interest (ROIs) using the Image J software (NIH).

To analyse the effect on oligodendrocyte differentiation, images were taken with 40X
objective in Axiovision microscope (Zeiss). MBP* cells were counted, and the results were
expressed in percentage versus total cells (15 fields per coverslip were analysed by two

observers from n = 3 different experiments performed in triplicate).

CD3* cells, B220* cells and lbal* cells in spinal cord sections from EAE mice were counted
in 40X images acquired using a LEICA TCS STED SP8 confocal microscope and white matter (WM)
area and lesion area were defined as ROl on the basis of MBP immunolabelling using the Image
J software (NIH). At least 4 different fields from three slices per animal were counted from at

least 6 mice.

To quantify axonal damage images were acquired using a LEICA TCS STED SP8 confocal
microscope and SMI-32 immunoreactivity was calculated with the ImageJ software (NIH) and
normalized to WM area defined as ROI. At least 4 different fields from three slices per animal

were counted from at least 6 mice.

Lesion area, Olig2* cells, CC1* cells and CD3* cells in LPC-injected mice spinal cord
sections were quantified in 20X images acquired using a Zeiss Axio Observer with Apotome
microscope. Cell number was normalized to lesion area defined as ROl on the basis of MBP
immunolabelling using the Image J software (NIH). At least 3 different lesioned slices per animal

were counted from at least 5 mice.
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4.6. Fluorescence-activated cell sorting (FACS)

Animals were anesthetized by isoflurane and sacrificed by decapitation. The brains and
spinal cords were extracted, homogenized and digested mechanically and enzymatically.
Homogenates were centrifuged through a continuous 60% Percoll gradient to remove the
myelin and other cell debris. To avoid non-specific binding of the antibodies, Fc receptors
(antibody receptors) were blocked with TruStain FcX antibody (BioLegend) for 10 minutes at 4°C
in FACS buffer (0.1% Bovine serum albumin, BSA and 1 mM EDTA in PBS). For cellular labelling,
a mix of fluorochrome-conjugated antibodies (Table 4) was prepared and the incubation was
simultaneous (30 minutes, 4°C). Stained cells were washed and resuspended in 300 ul FACS

buffer for acquisition in the flow cytometer or for cell sorting.

For microglia sorting, samples were sorted using CD11b, CD45, Ly6G and CCR2 (Table 4)
to distinguish between resident microglia (CD11b*/CD45"°%/Ly6G/CCR2’) and invading
macrophages (CD11b*/CD45"e") (Szulzewsky et al., 2015) using a FACSAria lllu (BD Bioscience).

For immune cell analysis, cells were measured using a BD LSR Fortessa and data were

analysed with FlowJo software (Tree Star).

FACS experiments were performed in collaboration with the laboratory of Experimental
Research in Stroke and Inflammation (ERSI) in the Department of Neurology of the University

Medical Center of Hamburg-Eppendorf.

Table 4. Antibodies used for microglia sorting and for FACS analysis

Antibodies

for microglia sorting Fluorochrome Clone Company
CD11b FITC M 1/70 Biolegend
CD45 Bv421 30-F11 Biolegend
Ly6G AF700 1A8 Biolegend
CCR2 PE 475301 R&D Systems
Antibodies for FACS Fluorochrome Clone Company
Cb4 Bv605 RM4-5 Biolegend
CD8a perCP 53.6-7 Biolegend
v&6TCR Bv650 GL-3 Biolegend
CD3e Bv421 17A2 Biolegend
CD45 APC-eFluor780 30-F11 eBioscience
CD11b FITC M 1/70 Biolegend
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4.7. gPCR and Gene expression profiling

Total RNA from microglia cultures and from mice samples (lumbar spinal cord, lymph
nodes and spleen) was isolated using Trizol (Invitrogen) according to manufacturer’s
instructions. Subsequently, from 1 pg of total RNA cDNA synthesis was conducted using
SuperScript Il retrotranscriptase (200 U/ul; Invitrogen) and random hexamers as primers
(Promega). RNA from sorted microglia was isolated using RNeasy Plus Micro Kit (Quiagen) and
cDNA synthesis was conducted using AffinityScript Multiple Temperature cDNA Synthesis Kit

(Agilent Technologies Inc) and random hexamers as primers (Promega).

Real-time quantitative PCR reactions were performed with SYBR-Green using a BioRad
CFX96 Real-time PCR detection system as described previously (Domercqg et al., 2016). Specific
primers were designed (Table 5) with Primer Express software (Applied Biosystems) in exon
unions, in order to avoid the amplification of genomic DNA. The amount of cDNA was calculated
by means of a standard curve elaborated from a pool of cDNA obtained from different microglia
primary cultures. A normalization factor was calculated for each sample using GeNorm v3.5 free
software (Vandesompele et al., 2002), based on the expression levels of three housekeeping

genes (Table 5).

Gene expression of total RNA and microglia RNA from EAE experiments were further
analysed using a 96.96 Dynamic Array™ integrated fluidic circuit (Fluidigm) real-time PCR and
GenEx software. Results were depicted as relative gene expression according to the AAC,

method (2722%) and expressed in base 2 logarithmic scale.

Table 5. Primers used for gPCR

Sequences for rat primers

Target gene Forward (5’->3’) Reverse (5’->3’)

Argl GTGAAGAACCCACGGTCTGTG GAGATGCTTCCAATTGCCATACTG
Ccl2 GTGCTGTCTCAGCCAGATGCA GCTGCTGGTGATTCTCTTGTAGTT
Mrcl AAGTTTAAGCACTGGCTGGCA CAGGTTCTGATGATGGACTTCCTG
Nos2 GAGATTTTTCACGACACCCTTCAC CATGCATAATTTGGACTTGCAAG
::::ekeeping Forward (5’->3’) Reverse (5’->3’)

Cyclophilin A CAAAGTTCCAAAGACAGCAGAAAA CCACCCTGGCACATGAATC
Gapdh GAAGGTCGGTGTCAACGGATTT CAATGTCCACTTTGTCACAAGAGA
Hprt ATGGACTGATTATGGACAGGACTGA ACACAGAGGGCCACAATGTG
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Sequences for mouse primers

Target gene

Forward (5’->3’)

Reverse (5’->3’)

Argl
Bdnf
Ccl2
Cer7
Chi3I3
Clec7a
Foxp3
Ifny
110
I112a
I11b
114

6
Irf5
Irf8
Jak3
Marco
Mbp
Mr1
Mrcl
Msx3
Nos2
P2rx4
Ptgs2
Retnla
Ror
Statl
Stat3
Staté
Tgfb1
Tnf

GGATTGGCAAGGTGATGGAA
TCCAAAGGCCAACTGAAGCA
AGCAGCAGGTGTCCCAAA
GTGGTGGCTCTCCTTGTCA
GCCCACCAGGAAAGTACACA
ACCACAAGCCCACAGAATCA
ACCACACTTCATGCATCAGCTC

TAACTATTTTAACTCAAGTGGCATAGAGTG

AAAGGACCAGCTGGACAACA
AAACCAGCACATTGAAGACC
TGGCAACTGTTCCTGAACTCA
ACGGAGATGGATGTGCCAAA
CGATGATGCACTTGCAGAAA
TGATGTCAAACCCCGAGAGAA
GATATGCCGCCTATGACACA
CATAGAGGACGTGGACACTCAA
TTCTGTCGCATGCTCGGTTA
CCCTCACAGCGATCCAAGTA
GCTCGCTGTATTCTTGGTGAA
CACAAAGCCATGCTGTAGTACC
CTCCAGTCGCGCACTCTT
GAGGAGCAGGTGGAAGACTA
TTTGCGATTCAGACGCCAAC
CTTCTCCCTGAAGCCGTACA
ATCCCTCCACTGTAACGAAGAC
ACTGAAAGCAGGAGCAATGGAAG
GCAGGTGTTGTCAGATCGAAC
TGGGCATCAATCCTGTGGTA
TGACTTTCCACAACGCCTAC
GCTGCGCTTGCAGAGATTAA
GGGTGATCGGTCCCCAAA

CGACATCAAAGCTCAGGTGAA
CTGCAGCCTTCCTTGGTGTA
TTCTTGGGGTCAGCACAGAC
GGTATTCTCGCCGATGTAGTCA
CCTCAGTGGCTCCTTCATTCA
AGGAAGGCAAGGCTGAGAAA
GGCTGGGTTGTCCAGTGGAC
GCCAGTTCCTCCAGATATCCAAG
TAAGGCTTGGCAACCCAAGTA
GGAAGAAGTCTCTCTAGTAGCC
GGGTCCGTCAACTTCAAAGAAC
GAAGCACCTTGGAAGCCCTA
ACTCCAGAAGACCAGAGGAA
GAACATCTCCAGCAGCAACC
CCCGTAGTAGAAGCTGATGAC
TGACATGTCTCCAGCCCAAA
TTGTCCAGCCAGATGTTCCC
CTCTGTGCCTTGGGAGGAA
ACCAGGATCGGAAACAGCTA
GTAAAACCCATGCCGTTTCCA
CCGTGGTTTGCGATTGGTTT
GGAAAAGACTGCACCGAAGATA
ATGGAACACACCTTCCAGTCC
TGTCACTGTAGAGGGCTTTCAA
ACAAGCACACCCAGTAGCA
TTCAAAAAAGACTGTGTGGTTGTTG
ATGCACGGCTGTCGTTCTA
CCAATTGGCGGCTTAGTGAA
CATCTGAACCGACCAGGAAC
GTAACGCCAGGAATTGTTGCTA
TGAGGGTCTGGGCCATAGAA
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Housekeeping

gene Forward (5’->3’) Reverse (5’->3’)

B2m ACTGACCGGCCTGTATGCTA ATGTTCGGCTTCCCATTCTCC
Gapdh AGACGGCCGCATCTTCTT TTCACACCGACCTTCACCAT
Hprt CAGTACAGCCCCAAAATGGTTA AGTCTGGCCTGTATCCAACA
Ppia AGGGTTCCTCCTTTCACAGAA TGCCGCCAGTGCCATTA

5. STATISTICAL ANALYSIS

Data are presented as mean * s.e.m. with sample size and number of repeats indicated
in the figure legends. Comparisons between two groups were analysed using paired Student’s
two-tailed t-test for data coming from in vitro experiments and unpaired Student’s two-tailed t-
test for data coming from in vivo experiments, except in MOG-EAE experiments where statistical
significance in neurological score was determined by Mann-Whitney U test. Comparisons among
multiple groups were analysed by one-way ANOVA analysis of variance followed by Bonferroni’s
multiple comparison tests for post hoc analysis. Statistical significance was considered at p <

0.05.
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1. P2x4r expression is upregulated during EAE

It is known that after peripheral nerve injury, microglia in the spinal dorsal horn exhibit
a reactive phenotype and upregulate expression of a variety of genes, including purinergic P2x4r
(Tsuda et al., 2003; Beggs et al., 2012). Accordingly, in previews work from our group was
described that the mRNA levels of P2x4r is upregulated in inflammatory foci and in activated
microglia in the spinal cord of rats with acute experimental autoimmune encephalomyelitis
(EAE) at the peak of the immune attack as well as in the optic nerve samples of multiple sclerosis

(MS) patients (Vazquez-Villoldo et al., 2014).

We further analysed the expression and time course of the P2x4r in the chronic EAE
model in mice. The chronic EAE model reproduces the inflammatory phase and the
neurodegenerative phase of the MS disease. Mice were immunized with myelin oligodendrocyte
glycoprotein (MOG) as described previously (Matute et al., 2007). Motor deficits of each animal
were evaluated daily establishing a neurological score and the animals were sacrificed at the
peak of the disease course, defined 6-10 days after onset, and at the recovery phase (30 days

post-immunization) (Figure 10A).

Total mMRNA was isolated from EAE mice spinal cords and analysed via Fluidigm real-time
PCR. Levels of P2x4r expression were increased at the peak of the disease and remained elevated
during the recovery phase (Figure 10B). Interestingly, there was a strong correlation between
P2x4r expression and the neurological score, both at the peak and recovery (Figure 10C, r?= 0.99

and 0.61 respectively).

Next, we analysed P2x4r expression levels in microglia cells. We performed another EAE
experiment and mice were sacrificed at the recovery phase (Figure 10D). We isolated microglia
from spinal cord homogenates by fluorescence activated cell sorting (FACS) using CD11b, CD45,
Ly6G and CCR2 antibodies (Cd11b*CD45'"Ly6G CCR2’; see gating strategy in Figure 10E). mRNA
from sorted microglia was extracted and analysed by real-time PCR. P2x4r upregulation was also

detected in FACS-isolated microglia in the spinal cord at EAE recovery phase (Figure 10E, F).
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Figure 10. P2x4r is increased at peak and recovery phases in experimental autoimmune
encephalomyelitis (EAE) mice.

A- Neurological score of EAE mice (n =12).

B- Expression of P2x4r in the spinal cord of control (n = 7) and EAE mice at peak (n = 4) and recovery (n =
8) phases as analysed using qPCR.

C- Correlation of P2x4r expression with neurological score at EAE peak and recovery.
D- Neurological score of EAE mice used to microglia sorting (n = 6).

E- Plots depicting the strategy to distinguish resident microglia (Cd11b*CD45'°¥Ly6G CCR2’) from invading
macrophages (CD11b*CD45"e") in mice spinal cords.

F- P2x4r expression in microglia from control (n = 4) and EAE mice at the recovery phase (n = 6).

Data information: data are presented as mean * s.e.m. and were analysed by one-way ANOVA (B) and
Student’s t-test (F). *P < 0.05, **P <0.01, ***P < 0.001.
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2. P2X4R blockade exacerbates EAE

We then tested the role of P2X4R in EAE pathogenesis in mice treated daily with P2X4R
antagonist TNP-ATP (10 mg/kg) from the onset of the disease at 10 dpi. This time window is
coincident with microglial activation, as previously reported (Ajami et al., 2011), and do not
interfere with immune priming. Previous data have shown that microglia die at early stages of
EAE induction, and that this population is replenished by infiltrating monocytes, promoting
progression to paralysis (Ajami et al, 2011). Because P2X4R blockade was previously
demonstrated to prevent LPS-induced microglia cell death (Vazquez-Villoldo et al., 2014), we
reasoned that blockade of microglia cell death by TNP-ATP would prevent replacement by
monocyte and improve clinical signs of EAE. In contrast, blockade of P2X4R with TNP-ATP

exacerbated EAE disease (Figure 11).
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Figure 11. P2X4R blockade exacerbates experimental autoimmune encephalomyelitis (EAE).

Neurological score of vehicle and TNP-ATP (10 mg/kg) -treated mice after EAE induction (n = 10
mice/group). Mice were treated daily from 10" day postimmunization to the end of the experiment.

Data information: data are presented as mean * s.e.m. Statistic was performed with Mann—Whitney U-
test. *P < 0.05.

We next confirmed the role played by P2X4R in EAE pathogenesis using P2X4”" mice. We
first characterized the impact of P2X4R deficiency in microglia and oligodendrocytes
development in normal conditions. We did not detect any change in the number or morphology
of Ibal* cells in spinal cord nor in the number of Olig2* oligodendrocytes in the corpus callosum

and spinal cord of two months old P2X47 mice (Figure 12A, B).

Once confirmed that the P2X47" mice do not have apparent alterations in microglia and
oligodendrocytes in healthy conditions, we compared neurological score in wild type (WT) and
P2X47 MOG-injected mice. In accordance with results obtained with TNP-ATP, P2X47 mice

showed an exacerbated EAE (Figure 13A). To further assess that the effect of TNP-ATP was
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P2X4R-dependent, we treated P2X47 mice with TNP-ATP (10mg/kg) from the onset of the
disease. TNP-ATP failed to alter the course of EAE disease in P2X47" mice demonstrating the
involvement of P2X4R in the effect observed in TNP-ATP-treated mice (Figure 13B). All these

data confirmed the role played by P2X4R in EAE pathogenesis.

Spinal cord Corpus callosum
1254 80-
& N
© gmo— o E co!
8 g 75 8g
+ o +. O 40
D S 504 Do
52 o2
£ 25 £ 0
- 0- I
WT P2X4 WT P2X4
Spinal cord Spinal cord
«~ 4000~ 15+
g @
> 3000+ o §
N o= 107
@ =1
© 20001 i, =
8 82 s
+_ 1000+ =
= =
=

WT  P2x4™" WT  P2x4™

Figure 12. P2X4R deficiency does not alter normal development.

A- Immunofluorescent analysis of Olig2, a marker of oligodendrocytes, in corpus callosum and spinal cord
of wild type (WT) and P2X47" mice. Images show representative fields in corpus callosum. Histograms
represent the cell density calculated using ImageJ software. Cells were identified by nuclear Hoechst
labelling. (n = 3 mice/group). Scale bar = 20 um.

B- Immunofluorescent analysis of Ibal, a marker of microglia, in spinal cord of WT and P2X4”" mice.
Images show representative fields. Histograms represent the cell density and the area of the cells
calculated using Image) software. Cells were identified by nuclear Hoechst labelling. (n = 3
mice/group). Scale bar = 50 um (/eft) and 20 um (right).

Data information: data are presented as mean * s.e.m.
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Figure 13. P2X4R deficiency exacerbates experimental autoimmune encephalomyelitis (EAE).

A- Neurological score of wild type (WT) and P2X47- mice after EAE induction (n = 10 mice/group). Mice
were treated daily from 10t day postimmunization to the end of the experiment.

B- Neurological score after EAE induction in P2X47- mice treated with vehicle (n = 4) or TNP-ATP (n = 5).

Data information: data are presented as mean % s.e.m. Statistic was performed with Mann—Whitney U-
test. *P < 0.05.

3. P2X4R modulation do not affect immune priming in EAE

During EAE, T cells are primed in the mouse peripheral immune system before the onset
of the clinical signs (Stromnes and Goverman, 2006), suggesting that treatment with TNP-ATP
starting after the onset of the disease would have no impact on T cell infiltration. To exclude
the involvement of P2X4R in adaptive immune system we performed an additional EAE
experiment and treated mice with TNP-ATP during the priming phase (0 -17 dpi). TNP-ATP
treatment during the priming phase did not affect disease development (Figure 14A). At the
peak, we quantified by flow cytometry the immune response in periphery (spleen and lymph
nodes) and in the spinal cord (see gating strategy in Figure 14B). Treatment with TNP-ATP did
not change the number of CD4* T cells, CD8* T cells and y& T cells in spleen, lymph nodes or in
the spinal cord (Figure 14C). To further assess the CD4* T cell response, we measured mRNA for
Foxp3 and Ror, transcription factors that specifies regulatory T cells (Tregs) and T-helper 17 cells
(Th17) respectively and Ifny, signature cytokine for T-helper 1 cells (Th1). We did not detect any
change in transcript expression after TNP-ATP treatment (Figure 14D). These data suggest that
the TNP-ATP treatment during the priming phase do not affect T cells infiltration and response

in the spinal cord after EAE induction.
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Figure 14. P2X4R do not interfere with immune priming.

A-

Neurological score of vehicle (n = 13 from two independent experiments) and TNP-ATP-treated (n =

12 from 2 independent experiments) mice after experimental autoimmune encephalomyelitis (EAE)
induction. Mice were treated daily from day 0 postimmunization to EAE peak.

Flow cytometry gating strategy for analysis of infiltrates in the spinal cord of EAE mice at peak.

Flow cytometric quantification of CD4*, CD8* and y& T cells of total CD3+ T cells in lymph nodes (LN),

spleen and spinal cord at EAE peak of vehicle- (n = 7) and TNP-ATP-treated mice (n = 5).

EAE peak of vehicle- (n = 6) and TNP-ATP-treated mice (n = 7).

Data information: data are presented as mean + s.e.m.
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4. Role of P2X4R on microglia polarization

Since myelin clearance is necessary for remyelination and recovery (Li et al., 2005, Kotter
et al., 2006, Neuman et al., 2009) and phagocytosis and remyelination are modulated by
microglia/macrophage polarization (Miron et al., 2013), we hypothesized that P2X4R could be
involved in this process. We first checked the status of microglia/macrophage in TNP-ATP and
vehicle-treated EAE mice. We performed gene expression profiling from the lumbar spinal cord
of vehicle and TNP-ATP-treated EAE mice at the peak and recovery phase (Figure 15A, B).
Expression of pro-inflammatory and anti-inflammatory genes involved in microglia/macrophage
activation was analysed using a 96.96 Dynamic Array™ integrated fluidic circuit (Fluidigm). In
accordance to previous data showing that macrophages and microglia showed an intermediate
activation status in MS (Vogel et al., 2013), most pro-inflammatory and anti-inflammatory genes
were significantly increased at EAE peak (Figure 15A) and recovery phase (Figure 15B). Blockade
of P2X4R with TNP-ATP did not significantly alter anti-inflammatory gene expression, but it
significantly increased pro-inflammatory gene expression at recovery phase (Figure 15B), but
not at EAE peak (Figure 15A). A higher increase in pro-inflammatory gene expression was also
detected on FACS-sorted microglia (Cd11b*CD45"°%Ly6G CCR2; see gating strategy in Figure 10E)
from EAE P2X4”" mice versus EAE WT (Figure 15C). Then, we analysed the expression of iNOS
(pro-inflammatory marker) in spinal cord sections of TNP-ATP-treated mice and P2X47" mice
after EAE induction. Accordingly, we found an increase of iINOS expression in
microglia/macrophages after EAE induction in TNP-ATP-treated mice and in P2X4” mice (Figure

16A, B). These data suggest that P2X4R could be influencing microglia/macrophage activation.
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Figure 15. P2X4R blockade increases pro-
inflammatory gene expression after
experimental autoimmune encephalo-
myelitis (EAE) induction.

A-B- Heatmaps showing changes in mRNA

levels of pro-inflammatory and anti-
inflammatory markers in the spinal cord
at EAE peak (A) and at EAE recovery (B)
in the presence or absence of TNP-ATP
(n=3).

Heatmap showing changes in pro-
inflammatory and anti-inflammatory
markers in FACS-isolated microglia from
control, EAE wild type (WT) and EAE
P2X47- mice at recovery phase (n = 2 in
duplicate).

Data information: tables indicate statistical
significance between control and EAE (*)
and between EAE and EAE + TNP-ATP (*) (A,
B) or between EAE WT and EAE P2X47 (*)
(C). Data were analysed by Student’s t-test.
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Figure 16. P2X4R blockade increases iNOS expression after experimental autoimmune
encephalomyelitis (EAE) induction.

Parenchymal microglia

Inflammatory foci

Immunofluorescence iNOS (pro-inflammatory marker; green) expression was increased in lbal* cells (red)
in the spinal cord of TNP-ATP-treated versus vehicle-treated mice (A) and in P2X47- mice versus wild type
(WT) mice (B) after EAE induction (n = 3). Analysis was performed at the recovery phase of the EAE. Scale
bars = 50 (A; B top) and 25 (B bottom) um.
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To further analyse the influence of P2X4R on microglia activation in vitro, cells were
primed with colony stimulating factors and cytokines or LPS to differentiate into pro-
inflammatory and anti-inflammatory microglia according to a previous protocol (Durafort et al.,
2012; Figure 17, see details in methods). Activation was analysed by immunocytochemistry
using pro-inflammatory (iNOS) and anti-inflammatory (mannose receptor, MRC1 and Arginase)
markers. Blockade of P2X4R with TNP-ATP induced a significant increase in iNOS expression and
a significant reduction in MRC1 and Arginase expression (Figure 18A, B). Accordingly, gPCR
analysis revealed an increase in pro-inflammatory genes and a decrease in anti-inflammatory
genes after TNP-ATP treatment during polarization (Figure 19). Then, we characterized microglia
activation in P2X47 cells. P2X47" microglia cultures showed a significant increase in iNOS
expression and a significant decrease in MRC1 expression in pro and anti- inflammatory
microglia respectively (Figure 20). Altogether, these data suggest that P2X4Rs modulate

microglial activation.

Homeostatic microglia

GM-CSF M-CSF
TNP-ATP +-  (8days) (5days) 4/ TNp-ATP
LPS, IFNy ¥~ IL-4, IL-13
(24h) \ (24h)
Pro-inflammatory Anti-inflammatory

Figure 17. Schematic representation of microglia polarization protocol.

- Pro-inflammatory microglia: cells were treated with GM-CSF (5 ng/ml) for 5 days followed by 24 hours
(h) treatment with LPS (10 ng/ml) and IFNy (20 ng/ml).

- Anti-inflammatory microglia: cells were treated with M-CSF (20 ng/ml) 5 days followed by 24 hours
(h) treatment with IL-4 (20 ng/ml) and IL-13 (50 ng/ml).

Polarizing protocol was performed in the presence or absence of TNP-ATP (10 uM) all the time.
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Figure 18. P2X4R modulates microglia activation.

A- Immunofluorescent labelling for iNOS (red) (n = 7) and mannose receptor (MRC1, green) (n = 4) in
control microglia and after different polarization protocols (see Figure 17) in the absence or presence
of TNP-ATP (10 uM). Histograms represent immunoreactivity per cell. Cells were identified by nuclear
Hoechst labelling. Scale bar = 50 um.

B- Immunofluorescent labelling for Arginase (green) (n = 3) in anti-inflammatory microglia in the absence
or presence of TNP-ATP (10 uM). Histograms represent immunoreactivity per cell. Cells were identified
by nuclear Hoechst labelling. Scale bar = 50 um.

Data information: data are presented as mean + s.e.m. and were analysed by one-way ANOVA. */#P <
0.05, #P < 0.01, ***P < 0.001 versus control (*) or versus pro-/anti-inflammatory microglia (*).
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Figure 19. P2X4R modulates mRNA expression of microglia activation markers.

gPCR quantification of pro-inflammatory genes (Cc/2 and Nos2) and anti-inflammatory genes (Arg1 and
Mrc1) in different activated microglia in the absence or presence of TNP-ATP (10 uM) (n = 3).

Data information: data are presented as mean + s.e.m. and were analysed by one-way ANOVA. */#P <
0.05, **/#Pp < 0.01, ***P < 0.001 versus control (*) or versus pro-/anti-inflammatory microglia (¥).
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Figure 20. Pro-inflammatory and anti-inflammatory polarization in wild type (WT) and P2X4"/- microglia.

Immunofluorescent labelling for iINOS (red) and mannose receptor (MRC1, green) in control, pro-
inflammatory and anti-inflammatory microglia from WT and P2X47 mice. Histograms represent
immunoreactivity per cell (n = 4). Cells were identified by nuclear Hoechst labelling. Scale bar = 50 um.

Data information: data are presented as mean + s.e.m. and were analysed by one-way ANOVA. */#P <
0.05, **P < 0.01 versus control (*) or versus pro-/anti-inflammatory microglia (*).
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5. Effect of P2X4R on oligodendrocyte differentiation

A switch from a pro-inflammatory to an anti-inflammatory phenotype occurs in
microglia and peripherally derived macrophages during remyelination in MS and this change is
essential for efficient remyelination (Miron et al., 2013). These data led us to the hypothesis that
P2X4R blockade in microglia could be indirectly affecting oligodendrocyte differentiation and
remyelination. We first characterized the expression and function of P2X4R in oligodendrocytes
and microglia in mixed culture. Triple immunofluorescent analysis showed that P2X4R
expression is virtually absent from Olig2* oligodendrocytes progenitor cells and in mature
oligodedrocytes and highly enriched in isolectin B4* microglia cells in microglia-oligodendrocytes
progenitor cells (OPCs) mixed cultures (Figure 21A). On the contrary, P2X7 receptors are

expressed in both cell populations (Figure 21B).

To further exclude any direct role of P2X4R on oligodendrocyte differentiation, we
stimulated culture oligodendrocytes with pharmacological agents. Oligodendrocytes were
stimulated with ATPyS (10 uM, 3 days) at low concentrations to avoid P2X7R activation.
Oligodendrocyte differentiation was analysed by quantifying the surface area of the cells and
the number of MBP* cells. ATPyS did not induce any change in both parameters (Figure 22A).
Previous data in the laboratory have demonstrated the expression of functional P2X7 receptors
in oligodendrocytes and that their overactivation induces oligodendrocyte cell death (Matute et
al.,, 2007). So, we analysed whether P2X4R, if present in oligodendrocytes, could affect
oligodendrocyte viability. Long term incubation (3 days) with BzATP (broad-spectrum agonist of
purinergic receptors) induced oligodendrocyte cell death but TNP-ATP (10 uM) did not inhibit
cell death. In addition, long term incubation with ATPyS in the absence or presence of the
positive modulator ivermectin (IVM, 3 uM) did not induce oligodendrocyte cell death (Figure

22B). Altogether, these results suggested that oligodendrocytes lack P2X4Rs.
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Figure 21. Oligodendrocytes lack P2X4Rs.

Representative images of microglia-OPCs cocultures immunofluorescent labelling for P2X4R (A; red) or
P2X7R (B; red), Olig2 (oligodendrocyte lineage marker; white), isolectin B4 (microglia marker; IB4; green)
and Hoechst (blue) at different stages of oligodendrocyte development, 4 hours in vitro (HIV), 1 and 3
days in vitro (DIV). Scale bar = 20 um. Notice the presence of P2X4R on IB4* cells and the absence in Olig2*
cells. Histograms show quantification of P2X4R (A) and P2X7R (B) in microglia and OPCs at different stages
of oligodendrocyte development in cocultures (n = 3).

Data information: data are presented as mean * s.e.m.
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Figure 22. No functional role of P2X4R in oligodendrocytes in vitro.

A- Effect of ATPyS (10 uM) in the absence or presence of ivermectin (IVM) or TNP-ATP (10 uM) on
oligodendrocyte differentiation quantified based on the area of the cells (left) and the number of MBP*
cells/total cell number (right). Area was calculated with Image J software. (n = 3).

B- Oligodendrocyte cell viability after 24h incubation with BzATP, broad-spectrum agonist of purinergic
receptors, in the absence or presence of TNP-ATP (10 uM) (left) or ATPyS (right) in the absence or
presence of IVM (3 uM). (n = 3).

Data information: data are presented as mean * s.e.m. and were analysed by Student’s t-test. *P < 0.05,
***< 0.001 versus control.

Next, we analysed whether microglial P2X4R could play a role on oligodendrocyte
differentiation. To this end, we polarized microglia to control, pro-inflammatory or anti-
inflammatory state in the presence or absence of TNP-ATP (10 uM). SATO- medium was added
to microglia cultures in the last 24h of the polarization protocol (see methods). Microglia
conditioned medium (MCM) was collected and added to OPC cultures for 3 days (see cartoon in
Figure 23A). All microglia-conditioned media induced an increase in the number of mature MBP*
oligodendrocytes as compared to polarization factors alone (Figure 23B). However, anti-
inflammatory microglia induced a higher increase in oligodendrocyte differentiation, an effect

that was blocked in the presence of TNP-ATP (Figure 23B).
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Figure 23. Microglial P2X4R modulates oligodendrocyte differentiation.
A- OPCs were treated with control, anti-inflammatory and pro-inflammatory microglia-conditioned
media (MCM).

B- Immunofluorescent labelling for NG2 (green) and MBP (red) in OPCs treated with MCM from
differentially activated microglia. Histogram represents the quantification of MBP* cells per field (n =
3). Cells were identified by nuclear Hoechst labelling. Scale bar = 20 um.

Data information: data are presented as mean + s.e.m. and were analysed by one-way ANOVA. *P < 0.05,
** [Hip < 0,01, ***P < 0.001. Symbols indicate significance versus polarizing factors (*), versus MCM (¥) or
versus Control MCM (*).
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Since BDNF enhances oligodendrocyte differentiation and myelination (Wong et al.,
2013) and P2X4R stimulation in microglia has been linked to BDNF release (Tsuda et al., 2003;
Coull et al., 2005), we asked whether BDNF was involved in the anti-inflammatory microglia
response. We first corroborate the involvement of P2X4 receptor in BDNF release. To activate
P2X4R we stimulated cells with IVM (3 uM). Western blot analysis revealed that IVM enhanced
BDNF release in WT microglia but not in P2X47" microglia, confirming the role of P2X4R (Figure
24A). Then, we analysed BDNF production in differentially polarized microglia. Western blot
analysis showed a significant increase in BDNF production in anti-inflammatory microglia, which

was significantly reduced in the presence of TNP-ATP (Figure 24B).
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Figure 24. Increased BDNF production in anti-inflammatory microglia.

A- Western blot analysis of BNDF in control and ivermectin (IVM)-treated wild type (WT) and P2X47-
microglia. Histogram shows BDNF expression normalized to B-actin (n = 3).

B- Representative immunoblots of BDNF levels in differentially activated microglia in vitro in the
absence or presence of TNP-ATP (10 uM) and densitometry quantification of BDNF normalized to B-
actin. (n = 10).

Data information: data are presented as mean * s.e.m. and were analysed by Student’s t-test. */*P <

0.05.
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After these in vitro results, we checked Bdnf mRNA levels in EAE samples at the recovery
phase. Accordingly, Bdnf levels were significantly reduced in the presence of TNP-ATP, a fact
that correlated with the downregulation of Mbp expression (Figure 25A). Bdnf mRNA was also
reduced in FACS isolated microglia from control and EAE P2X47 mice (Figure 25B). These data
suggested that P2X4R blockade in microglia inhibit oligodendrocyte differentiation by shifting

microglia towards a pro-inflammatory phenotype, an effect that could impede remyelination in

vivo.
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Figure 25. P2X4R deficiency induces a reduction in Bdnf levels after experimental autoimmune
encephalomyelitis (EAE) induction.

A- Bdnf and Mbp mRNA expression (left) and correlation of the expression (right) at EAE recovery phase
in control mice, EAE mice and TNP-ATP-treated EAE mice. (n = 10 mice/group).

B- Bdnf mRNA levels in the spinal cord of wild type (WT) and P2X47-mice in control conditions and at the
recovery phase of EAE (n = 4 mice/group).

Data information: data are presented as mean * s.e.m. and were analysed by one-way ANOVA. *P < 0.05,
**p < 0.01.

6. P2X4R potentiation ameliorates EAE

We then explored the therapeutic potential of P2X4R potentiation. To that aim, we used
Ivermectin (IVM), an FDA-approved semi-synthetic macrocyclic lactone used in veterinary and
clinical medicine as an anti-parasitic agent. IVM allosterically modulates both ion conduction
and channel gating of P2X4Rs (Priel and Silberberg, 2004). We first analysed the role of P2X4R
potentiation in EAE pathogenesis in mice treated daily with IVM (1 mg/kg) after the onset of the

disease (10 dpi). IVM induced a significant amelioration of the motor deficits of EAE (Figure 26A).
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To further assess that the effect of IVM was P2X4R-dependent, we treated P2X47- mice with IVM
from the onset of the disease. IVM failed to alter the course of EAE disease in P2X4”" mice
confirming the specificity of the treatment (Figure 26B). This data indicates that IVM treatment

effectively promoted recovery.
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Figure 26. P2X4R potentiation ameliorates experimental autoimmune encephalomyelitis (EAE).

A- Neurological score of EAE and ivermectin (IVM)-treated EAE mice (1 mg/kg) (n = 5 mice/group). Mice
were treated daily from day 10 postimmunization to the end of the experiment.

B- Neurological score after EAE induction in P2X4”" mice treated with vehicle (n = 4) or IVM (1 mg/kg) (n
=5). Mice were treated daily from day 10 postimmunization to the end of the experiment.

Data information: data are presented as mean # s.e.m. Statistic was performed with Mann-Whitney U-
test. **P < 0.01.

As we did for TNP-ATP treatment, to further exclude the involvement of P2X4R in
adaptive immune system we performed an additional EAE experiment and treated mice with
IVM during the priming phase (0 -17 dpi). IVM treatment did not affect disease development
(Figure 27A). Mice were sacrificed at the peak of symptoms and immune response was
quantified by flow cytometry in periphery (spleen and lymph nodes) and in the spinal cord (see
gating strategy in Figure 14B). The number of CD4* T cells, CD8" T cells and y& T cells was not
altered after IVM treatment during the priming phase (Figure 27B). Next, CD4* T cell response
was characterized more in detail by gPCR and we did not detect any change in transcript

expression of Foxp3 (T regs), Ror (Th17) and Ifny (Th1) after IVM treatment (Figure 27C).

69



Results

A
& . -+ EAE
=
& & reatment period o EAE + IVM
o
@ 5]
2 3
Q
5 29
[ob]
= 14
0 : : :
0 10 20 30
Days postimmunization
B
LN Spleen % Spinal cord
1)100 £1OU o 100 W EAE
T 80 g 80 o 80 [ EAE +IVM
= &0 ~ 60 T 80
+ +, =
© 40 Iﬂ Iﬂ § 40 Iﬂ g 40
o
20 = 20 +. 20
e 5 . 2 5 iﬁ
R I I ES I I [} I I a
0 0 G 0
CD4 CD8 ¥ CD4 CD8 ¥o = CD4 CD8 ¥o
C
Foxp3 Ifny Ror
4 5 50 Il EAE
2 40 [] EAE +IVM
g 3 S § 30
7] @ 3 é ﬁ
E 2 £ 20
e] c 2 g
n n ]

0
LN  Spleen Spinal cord LN  Spleen Spinal cord LN  Spleen Spinal cord

Figure 27. P2X4R do not interfere with immune priming.

A- Neurological score of vehicle and ivermectin (IVM)-treated (1mg/kg) mice after experimental
autoimmune encephalomyelitis (EAE) induction (n = 13 mice/group from two independent
experiments). Mice were treated daily with IVM from day 0 postimmunization to EAE peak.

B- Flow cytometric quantification of CD4*, CD8* and y& T cells in lymph nodes (LN), spleen and spinal cord
at EAE peak of vehicle- and IVM-treated mice (n = 7 mice/group) (gating strategy as described in Figure
5B).

C- Relative mRNA expression of Foxp3, Ifny and Ror in LN, spleen and spinal cord at EAE peak of vehicle-
(n =6) and IVM-treated mice (n = 7).

Data information: data are presented as mean £ s.e.m.

Then we analysed the effect of IVM on microglial polarization in vitro. Microglia cells
were polarized in the presence or absence of IVM (3 uM) and treatment induced a significant
increase in polarization to an anti-inflammatory phenotype (Figure 28A). Accordingly, gPCR
analysis revealed a decrease in pro-inflammatory genes and an increase in anti-inflammatory
genes after IVM treatment during polarization (Figure 28B). Altogether, these data suggest that
P2X4R potentiation by IVM could favour microglia switch to an anti-inflammatory phenotype

necessary to efficient remyelination.
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Figure 28. P2X4R modulates microglia polarization.

A- Immunofluorescent labelling for iINOS (red) and mannose receptor (MRC1, green) in different
activated microglia in vitro in the absence or presence of ivermectin (IVM) (3 uM). Histograms
represent immunoreactivity per cell (n = 3). Cells were identified by nuclear Hoechst labelling. Scale
bar =50 um

B- gPCR quantification of pro-inflammatory genes (Cc/2 and Nos2) and anti-inflammatory genes (Arg1
and Mrc1) in different activated microglia in the absence or presence of IVM (3 uM) (n = 3).

Data information: data are presented as mean + s.e.m. and were analysed by one-way ANOVA. */#P <
0.05, **/#Pp < 0.01, ***P < 0.001 versus control (*) or versus pro-/anti-inflammatory microglia (*).
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7. Treatment with TNP-ATP or IVM do not change mechanical allodynia in
EAE mice

The therapeutic potential of IVM in MS could be compromised by its possible influence
in neuropathic pain. Thus, a recent study reported the anti-allodynic effect of a novel P2X4R
antagonist in mice with traumatic nerve damage, although the antagonist did not affect acute
nociceptive pain and motor function (Matsumura et al., 2016). Moreover, pain occurs in MS
patients with a wide prevalence (O'Connor et al., 2008) although it does not correlate with

disease severity.

To clarify the role of P2X4R, we performed an EAE experiment where mice were treated
daily from day 0 to the end of the experiment with vehicle, TNP-ATP or IVM and mechanical
allodynia was analysed before the immunization, at preonset (5 dpi), onset (12 dpi) and before
peak (16 dpi). We evaluated mechanical withdrawal by electronic Von Frey at different stages
of EAE before the appearance of severe motor deficits. Withdrawal thresholds were significantly
diminished in vehicle-treated mice at EAE onset (12 dpi) and before peak (16 dpi) relative to
baseline responses, indicative of an increased pain sensitivity during EAE. However, there were

no significant differences between vehicle-treated mice and TNP-ATP- or IVM-treated mice

(Figure 29).
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Figure 29. P2X4R potentiation do not enhance allodynia in experimental autoimmune
encephalomyelitis (EAE).

A- Neurological score of vehicle (n = 6), TNP-ATP- (n = 7) and ivermectin (IVM)-treated mice (n = 7) after
EAE induction. Mice were treated daily from day O to 17 postimmunization (dpi). Arrows indicate
mechanical allodynia measurements before the immunization, at preonset (5 dpi), onset (12 dpi) and
before peak (16 dpi).

B- Withdrawal threshold (grams) of mechanical stimulation by von Frey filament applied to the mouse
hindpaw in vehicle- (n = 6), TNP-ATP- (n = 7) and IVM-treated mice (n = 7) before EAE immunization,
at preonset, at onset and before peak of EAE neurological symptoms.

Data information: data are presented as mean + s.e.m. Statistics were performed with Students t-test. *P
< 0.05, ***P < 0.001 versus EAE before immunization.
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8. Irf8 and Irf5 transcription factors expression is upregulated during EAE

Interferon regulatory factor 5 (IRF5) is a transcription factor involved in innate immune
response and previous data have demonstrated that interferon regulatory factor 8 (IRF8)-IRF5
transcriptional axis is a critical regulator for shifting microglia cells towards a P2X4R*-reactive
phenotype (Masuda et al., 2014). IRF5 is upregulated in microglia after GM-CSF exposure
(Krausgruber et al., 2011) and is critical for pro-inflammatory gene expression (Takaoka et al.,
2005; Krausgruber et al., 2011). Moreover, genetic polymorphisms in human IRF5 that lead to
the expression of various unique isoforms or higher expression of Irf5 mRNA have been linked
to immune-mediated diseases, including MS (Kristjansdottir et al., 2008; Tang et al., 2014).

We first analysed the expression and time course of Irf8 and Irf5 in the same EAE
samples used to analyse P2x4r expression (Figure 10A). Accordingly, we observed that Irf8 and
Irf5 transcription factors were upregulated at the peak and recovery phase of the disease (Figure
30A) and their expression correlated well with P2x4r expression (Figure 30B). IRF5 expression,

as visualized by immunohistochemistry, was also increased in EAE chronic lesions (Figure 31).
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Figure 30. Irf8 and Irf5 are increased in experimental autoimmune encephalomyelitis (EAE) mice at peak
and at recovery phase.

A- Expression of Irf8 (top) and Irf5 (bottom) in the spinal cord of control (n = 7) and of EAE mice at peak
(n=4) and at recovery (n = 8) phase as analysed using qPCR.

B- Correlation of P2x4r expression with Irf8 (top) and Irf5 (bottom) expression at EAE peak and recovery
phases.

Data information: data are presented as mean + s.e.m. and were analysed by one-way ANOVA. **P <0.01,
**¥*p < 0.001.

73



Results

w ...
<
| ...

Figure 31. IRF5 is overexpressed in EAE lesions.

Representative images showing spinal cord immunofluorescent labelling for IRF5 (green) in EAE mice at
recovery phase. Note the accumulation of IRF5* cells in the lesion area. In blue, nuclear Hoechst labelling.
Scale bar =50 um.

9. Role of IRF5 transcription factor in EAE pathogenesis

To analyse the role of IRF5 in EAE pathogenesis we performed an EAE experiment in
IRF57- mice. IRF57- mice showed a significant delay in the appearance of neurological symptoms,
indicating that immune priming could be postponed in IRF57" mice (Figure 32A, B). However,
similarly to the blockage of P2X4R, IRF57- mice showed an exacerbation of clinical signs in the
recovery phase (Figure 32A). When analysed individually, we observed that EAE maximal score
was similar in both genotypes (Figure 32A, C) but IRF5”" mice stayed longer at maximal score
before the initiation of recovery (Figure 32D) than WT mice and that recovery was smaller
(Figure 32A). These results suggest that IRF5 have a dual role in EAE pathogenesis and that IRF5

deletion, similarly to P2X4R deletion, could impair EAE remyelination at the recovery phase.
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Figure 32. IRF57 mice have a delay at the onset, but impairment at the recovery.

A- Neurological score of wild type (WT) (n = 14) and IRF57 (n = 12) mice after experimental autoimmune
encephalomyelitis (EAE) induction.

B, C, D- Onset day of neurological symptoms (B), maximal score at the peak of the disease (C) and number
of days needed to initiate recovery (D) in WT (n = 14) and IRF57" (n = 12) mice after EAE induction.

Data information: data are presented as mean + s.e.m. from two independent experiments. Statistics
were performed with Mann-Whitney U-test (A) and Student’ t-test (B, D). **P < 0.01, ***P < 0.001.

Next, we checked the activation status of microglia/macrophages in IRF57- mice after
EAE induction as we did for TNP-ATP-treated EAE mice. We performed gene expression profiling
from the lumbar spinal cord of WT and IRF57° EAE mice at the recovery phase (score showed in
Figure 32A; Figure 33). Expression of pro-inflammatory and anti-inflammatory genes were
analysed via Fluidigm qPCR. We corroborate the upregulation of both phenotype markers in WT
EAE mice. IRF57 mice showed a modest but significant upregulation of most pro-inflammatory
and anti-inflammatory markers versus WT mice (Figure 33). These data are surprising since IRF5

is involved in microglia activation and regulates pro-inflammatory gene expression.
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Figure 33. IRF5 deficiency increases gene expression of microglia activation markers after experimental
autoimmune encephalomyelitis (EAE) induction.

Heatmap showing significant changes in pro-inflammatory and anti-inflammatory mRNA expression in
the spinal cord at EAE recovery phase in wild type (WT) and IRF57 mice (n = 6).

Data information: tables indicate statistical significance between EAE WT and EAE IRF57/- mice. Data were
analysed by Student’s t-test.

10. IRF5 deletion has no effect in immune response

IRF5 plays a central role in inflammation and, in addition to microglia, it is also expressed
in peripheral immune cells. First, we checked the immune cell infiltration by
immunohistochemistry, and we did not detect differences in T cell (CD3* cells) and B cell (B220*
cells) infiltration in the spinal cord after EAE induction in WT versus IRF57" mice (Figure 34A). We
further analysed the role of IRF5 in adaptive immune system by qPCR for Cd4 and Cd8 mRNA
and IRF5 deficiency did not alter transcript expression in the spinal cord (Figure 34B). Finally,
transcript expression of Foxp3, Ror and Ifny was analysed to characterize CD4* T cell response.
The only significant change was an increase in Ror expression (Th17 response) in lymph nodes

in IRF57- mice compared to WT mice at the recovery phase of EAE (Figure 34C).
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Figure 34. Absence of IRF5 has no impact on immune response.

A- Spinal cord immunolabelling for MBP (red) and CD3 (T cell marker; green; top) and B220 (B cell marker;
green, bottom) in wild type (WT) (n = 7) and IRF57* (n = 6) mice at EAE recovery phase. Histograms
showing CD3* cells normalized to lesion area (top) and B220* cells normalized to white matter (WM)
area (bottom). Arrows point to B220* cells. Scale bar = 50 pum.

B- Relative mRNA expression of Cd4 and Cd8 in the spinal cord of WT (n=14) and IRF57" (n=12) mice at
EAE recovery phase.

C- Relative mRNA expression of Foxp3 (Tregs), Ifny (Th1) and Ror (Th17) in lymph nodes (LN), spleen and
spinal cord of WT (n = 14) and IRF57" (n = 12) mice.

Data information: data are presented as mean * s.e.m. from two independent experiments (B, C).
Statistics were performed with Student’ t-test. *P < 0.05.

11. IRF5 deficiency increased tissue damage in EAE mice

To further analyse the role of IRF5 in EAE pathogenesis histological characterization of
WT and IRF57- mice was performed after EAE induction. Spinal cord sections were stained at the
end of the experiment for MBP. Lesions in white matter (WM) were defined on the basis of MBP
immunolabelling, as the absence of labelling or the accumulation of myelin debris, together with
the presence of inflammatory cells accumulation, as revealed by Hoechst. Lesion area was
slightly increased in IRF57" mice although the difference was not significant (Figure 35A). Myelin
debris has higher immunoreactivity for MBP than the undamaged myelin likely due to the

unmasking of protein epitopes. Taking advantage of this peculiarity, we quantified myelin debris
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and IRF57- EAE mice showed a significant increase in myelin debris in the lesions than WT mice
(Figure 35B). Microglia/macrophage number was also quantified using Ibal labelling and IRF57-
mice showed a significant increase in Ibal* cells in damaged area versus WT EAE mice (Figure
35C). Finally, axonal damage was measured using SMI-32 immunolabelling and higher
immunoreactivity was detected in IRF57- versus WT mice (Figure 35D). SMI-32 was evaluated in
total WM because it is present also outside the lesions. These results suggest that IRF5 deletion

is detrimental at EAE recovery phase.
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Figure 35. IRF5 deletion increases myelin and axonal damage in EAE.

Immunofluorescent MBP analysis of spinal cord sections to define lesion area (A) or MBP debris
accumulation for myelin damage (B); with lbal, for microglia/macrophages (C), and SMI-32 for axonal
damage (D). In A and C nuclear Hoechst labelling in blue. White dash line in A indicates lesion border.
Right, quantification of the lesion area (A), myelin debris (B), microglia/macrophages number (C) and
axonal damage (D) in the spinal cord of wild type (WT) (n=7 (A, C, D); n=3 (B)) and IRF57* (n=6 (A, C, D);
n=3 (B)) mice at EAE recovery phase. WM = white matter. Scale bar = 50 um.

Data information: data are presented as mean + s.e.m. Statistics were performed with Student’ t-test. *P
< 0.05.
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12. Impaired phagocytosis in IRF57- mice after EAE induction

Phagocytosis of myelin debris by microglia is essential for an efficient regenerative
response (Kotter et al., 2006, Ruckh et al., 2012). We observed a higher accumulation of
disrupted or fragmented myelin after EAE induction in IRF57" mice (Figure 35). Because of that,
we hypothesis that these features could be the consequence of a failure on
microglia/macrophage phagocytosis. Phagocytosis was quantified at EAE recovery as the
colocalization of Ibal and MBP immunolabelling in lesion areas (see methods). IRF57
microglia/macrophages showed higher damaged myelin accumulation than WT
microglia/macrophages (Figure 36). Moreover, myelin debris size was bigger and located
preferentially in phagocytic processes in IRF57 mice. In contrast, WT mice showed more
abundance of partially degraded myelin into the cytoplasm (Figure 36). These data suggest that

IRF5 deficiency could impaired microglia/macrophages phagocytic capacity.
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Figure 36. IRF5 deletion impairs myelin debris phagocytosis after experimental autoimmune
encephalomyelitis (EAE) induction.

Spinal cord sections of wild type (WT) (n = 3) and IRF57 (n = 3) mice at EAE recovery phase immunolabelled
for MBP (red) and Ibal (green). Nuclear Hoechst labelling (gray) was also performed. Notice the higher
presence of degraded myelin in cytoplasm (arrowheads) in WT mice and the abundance of bigger myelin
debris located in phagocytic processes (arrows) in IRF57- mice (bottom images are the insets in top ones).
Histogram shows the phagocytosis index calculated on the basis of MBP accumulation in Ibal* cells using
Image) in WT and IRF57" mice. Scale bar = 20 um.

Data information: data are presented as mean * s.e.m. Statistic was performed with Student’ t-test. *P <
0.05.

79



Results

13. Decreased OPC recruitment in IRF57" mice after lysolecithin (LPC)-

induced demyelination

In order to analyse whether IRF5 deficiency impairs remyelination, we used another MS
animal model, LPC-induced demyelination model. In this model, demyelination occurs due to
the toxic effect of LPC on myelin sheaths (Jeffery and Blakemore, 1995) and it is independent of
the immune response, a characteristic that makes it a suitable model to analyse remyelination.

LPC was injected in the spinal cord of WT and IRF57° mice and remyelination was
analysed by immunohistochemistry at 14 days after demyelination. At that stage OPCs have
migrated to the lesion and they have differentiated into mature myelinating oligodendrocytes.
We observed that LPC induced higher lesions in IRF57" mice than in WT mice, defined on the
basis of MBP immunolabelling as absence (Figure 37). Next, we quantified total cell number
from the oligodendrocyte linage (Olig2* cells) and the adult oligodendrocytes (CC1* cells) in the
lesion area. IRF57 mice showed a decrease in the total number of Olig2* cells inside the lesion
(Figure 38A). However, there was no difference in the percentage of Olig2* cells differentiated
into mature oligodendrocytes CC1* in the lesions (Figure 38B). These results suggest
that remyelination deficiency was due to a failure in recruitment more thana failure in

differentiation.

W WT
B RF5™

Figure 37. Increased damage in IRF57/ mice after lysolecithin (LPC)-induced demyelination.

Spinal cord sections of wild type (WT) and IRF57 mice immunolabelled for MBP (to define the lesion area;
red) 14 days after LPC injection. Histogram shows the quantification of the lesion area in the spinal cord
of WT (n=5) and IRF57" (n=6) mice. White dash line indicates lesion border. Scale bar = 100 pm.

Data information: data are presented as mean * s.e.m. Statistic was performed with Student’ t-test. *P <
0.05.
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Figure 38. IRF5 deletion decreases OPC recruitment after lysolecithin (LPC)-induced demyelination.

A- Spinal cord sections of wild type (WT; n = 5) and IRF57" (n = 6) mice immunolabelled for Olig2
(oligodendrocyte linage marker; green) and MBP (to define the lesion area; grey) 14 days after LPC

injection. Histogram show quantification of Olig2* cells in lesion area. White dash line indicates lesion
border. Scale bar = 50 um.

B- Spinal cord sections of WT (n = 5) and IRF57 (n = 6) mice immunolabelled for MBP (to define the lesion
area; grey; top) and CC1 (for mature oligodendrocytes; red; bottom) 14 days after LPC injection.
Nuclear Hoechst labelling was also performed (blue). Histograms show quantification of CC1* cells
normalized to lesion area (top) and the percentage of CC1* cells versus Olig2* cells (bottom). Red dash
line (top) and white dash line (bottom) indicates lesion border. Scale bar = 50 um.

Data information: data are presented as mean + s.e.m. Statistics were performed with Student’ t-test. *P
<0.05, **P <0.01.
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14. Altered inflammatory response in IRF57/- mice after LPC injection

Although demyelination in this model is immune response independent, immediately
after LPCinjection T cells, B cells and macrophages infiltrate in the lesion site and this short-lived
infiltration is proposed to be beneficial to initiate remyelination (Bieber et al., 2003).

As detailed before, we observed that lesions were higher at 14 days in IRF57 mice than
in WT mice (Figure 37). Moreover IRF5”" mice showed significant inflammation of the meninges,
(Figure 39), as detailed with laminin immunolabelling. No meningitis has been previously
described in the literature in this animal model and accordingly, we did not detect any change
in WT mice. To further analyse the role of IRF5 in the immune response after LPC injection, we
quantified by immunohistochemistry T cells (CD3* cells). In WT mice few CD3* cells were
detected mainly in the lesion site, but also outside the lesion (Figure 40). In contrast, IRF57 mice
showed a higher infiltration of T cells in lesion site (Figure 40). All these data suggest that IRF57
mice have an exacerbated immune response. Whether this altered response is responsible of

the delay in remyelination remains to be determined.

Figure 39. IRF5 deficiency alters inflammatory response after lysolecithin (LPC)-induced demyelination.

Top, spinal cord sections of wild type (WT; n = 5) and IRF57 (n = 6) mice immunolabelled for laminin (to
meninges visualization; green) 14 days after LPC injection. Nuclear Hoechst labelling was also performed.
Bottom, higher magnification of the area in the white box. Scale bar = 50 um (top) and 25 um (bottom).
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Figure 40. IRF5 deficiency alters T cells response after lysolecithin (LPC)-induced demyelination.

Top, spinal cord sections of wild type (WT; n = 5) and IRF57 (n = 6) mice immunolabelled for MBP (red)
and CD3 (T cell marker; green) 14 days after LPC injection. Bottom, higher magnification of the area in the
white box. Scale bar =50 um (top) and 25 um (bottom).

Data information: data are presented as mean * s.e.m. Statistic was performed with Student’ t-test. *P <
0.05.
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Several pathological conditions of the CNS have in common the upregulation of the
purinergic P2X4 receptor (Tsuda et al., 2003; Wixey et al., 2009; Liet al., 2011; Beggs et al., 2012;
Ulmann et al., 2013; Vazquez-Villoldo et al., 2014). In brain injury it is described an upregulation
of P2X4R that shifts microglia towards a P2X4R-expressing reactive state through an IRF8-IRF5
transcriptional axis (Beggs et al., 2012). In the present study we showed that IRF8-IRF5-P2X4R is
upregulated at the peak and recovery phase of EAE. Moreover, we demonstrated that blockade
of P2X4R exacerbates EAE whereas potentiation with IVM ameliorates this autoimmune
experimental disease. Mechanistically, P2X4 receptor signalling potentiation in
microglia/macrophage favours a switch to an anti-inflammatory phenotype that by secreting
factors such as BDNF improves recovery. In parallel IRF5 deletion delay EAE onset but impairs

EAE remyelination similar to EAE P2X4”" mice.

1. P2X4 receptor controls microglia activation and favours remyelination

in experimental autoimmune encephalomyelitis

1.1. Microglial P2x4r is upregulated in EAE mice

ATP is a multifunction signaling molecule copiously released into the extracellular space
during activation, stress or cell damage. It is known that purinergic signaling in the CNS,
mediated by ATP or molecules derived from its metabolism, participate in neurodegenerative
and neuroinflammatory diseases such as MS (Amadio et al., 2011). Purinergic receptors are
abundantly expressed in the CNS (Tsuda et al., 2003; Ulmann et al., 2008) and in microglia cells,
purinergic receptors are involved in several functions as motility, cytokine release and
phagocytosis (Domercq et al., 2013). Microglial P2X4R upregulation seems to be common in
most acute and chronic neurodegenerative diseases associated with inflammation (reviewed in
Domercq et al., 2013). P2X4R overexpression is described in microglial cells in EAE rats and in
human MS optic nerve samples (Vazquez- Villoldo et al., 2014). These data are in accordance

with the P2x4r upregulation observed in our EAE experiments.

1.2. Treatments specificity

In this work TNP-ATP treatment was able to exacerbate a clinical course of mice after
EAE induction and in contrast IVM was able to improve the development of the disease at the

recovery phase. TNP-ATP is a non-selective P2X antagonist, but there is no a selective and potent
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antagonist of P2X4R with solubility in water. 5-BDBD works as a selective P2X4 receptor
antagonist, but it displays a very low water-solubility, which limits its application using systemic
injection. An exception is the new compound NP-1815-PX which is a potent and selective
antagonist of P2X4R (Matsumura et al., 2016). However, the compound is not commercial. In
order to corroborate the specificity of TNP-ATP and IVM treatments in our experiments, we
tested them in P2X4”" mice after EAE induction. Neither TNP-ATP nor IVM induced any change
in the neurological score in P2X47- mice after EAE induction, thus corroborating that the effects
observed are P2X4R-dependant and further supporting the specificity of the pharmacological

tools used in the study.

1.3. P2X4R modulation affects mainly microglia cells

In brain, P2X4Rs are highly enriched in microglia compared to oligodendrocytes and
other CNS cells (gene expression data from Zhang et al., 2014). However, P2X4R is also present
in neurons and in healthy conditions the receptor activation contributes to synaptic
strengthening in the CA1 area of the hippocampus (Sim et al., 2006). In inflammatory pain it has
been recently shown that P2X4R expressed by sensory neurons controls neuronal BDNF release
that contributes to hyper-excitability during chronic inflammatory pain (Lalisse et al., 2018). We
can not exclude effects in neuronal P2X4R, but our in vitro experiments support the role of
microglial P2X4R in the results obtained in our experimental model. In addition, our
immunocytochemical and pharmacological characterization of P2X4R showed selective
microglia expression versus oligodendrocytes. Accordingly, the lack of P2X4R-mediated inward
currents in electrophysiological recordings in astrocytes and oligodendrocytes corroborate that
microglia are the main P2X4R expressing cells in the CNS (Lalo et al., 2008, Zabala et al., 2018).
Interestingly, although oligodendrocytes lack P2X4 receptor, a recent study has described
upregulation of P2X4R in Schwann cells following nerve crush injury. Moreover, overexpression
of P2X4R in Schwann cells by genetic manipulation promoted recovery and remyelination via
BDNF release after nerve injury (Su et al., 2018). These results are in accordance with the

beneficial role described for P2X4R in this work.

1.4. P2X4R modulation does not affect immune priming

P2X4R could also be expressed in peripheral T cells and could modulate immune
response. In fact, several studies have shown the involvement of P2X4R in T cells activation.

Pannexin-1 hemichannels and P2X1 and P2X4 receptors facilitate ATP release and autocrine
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feedback mechanisms that control T-cell activation at the immune synapse between T cell and
APCs (Woehrle et al., 2010; Manohar et al., 2012). T cells also require ATP release and purinergic
P2X4R signaling for their migration to APCs (Ledderose et al., 2018). On the other hand, APCs,
including CNS microglia and perivascular macrophages, play pivotal roles in initiating Th17-cell
development and transmigration through the BBB leading to EAE (Bartholomdius et al., 2009;
Goldman et al., 2013; Xiao et al., 2013; Yoshida et al., 2014). However, our results did not
substantiate a direct (T-cell mediated) or indirect (APC-dependent) role of P2X4R for the
development of T cell response and recruitment to the CNS (Zabala et al., 2018). Altogether we
proposed that P2X4R blockage or potentiation does not interfere with the efficacy of

immunization and the cellular immune response against MOG.

1.5. P2X4R potentiation switch microglia to an anti-inflammatory phenotype and ameliorates

EAE symptoms at the recovery phase

The role of inflammation in promoting neural repair is gaining increasing recognition.
Products of macrophages as well as of microglia, their CNS counterparts, facilitate the
regeneration of axons (David et al., 1990; Yin et al., 2006) and promote remyelination in animal
models of demyelination as their deficiency retards the process of remyelination (Kotter et al.,
2005; Kondo et al., 2011; Miron et al., 2013; Sun et al., 2017; Cantuti-Castelvetri et al., 2018).
However, the innate immune system capacity to restore myelination in the context of MS
depends on microglia/macrophage polarization state. Thus, pro-inflammatory
microglia/macrophage deactivation suppress EAE acute phase (Starossom et al., 2012), whereas
microglia/macrophage polarization to an anti-inflammatory phenotype is essential for efficient
remyelination later on (Butovsky et al., 2006; Miron et al., 2013; Sun et al., 2017). Thus, a switch
from a pro-inflammatory to an anti-inflammatory dominant polarization of
microglia/macrophage is critical in the repair process and therefore manipulating polarization
phenotypes of microglia/macrophage might be a promising therapeutic strategy for treating MS.
We here demonstrate that blocking P2X4R or its deficiency exacerbated a switch to a pro-
inflammatory phenotype and increased neurological deterioration in the recovery phase
whereas its potentiation with IVM increased anti-inflammatory polarization and ameliorate
clinical signs. A role of P2X4R in recovery is also supported by the beneficial/detrimental effect
of P2X4R manipulation in remyelination in LPC-treated slices, a model lacking adaptive immune
activation. Nowadays the DMTs available to treat MS target the adaptive immune cells

activation, being efficient reducing relapses, but they do not stop disease progression to a
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chronic phase (Haghikia et al., 2013; Feinstein et al., 2015). In this sense, it is relevant the fact
that P2X4R potentiation could be a therapeutic approach to the treatment of the chronic phases

of MS.

Emerging evidence indicate that the activation states of microglia/macrophages, is a
continuum with pro-inflammatory and anti-inflammatory phenotypes on either end of this
spectrum. This idea is in line with studies describing that macrophages and microglia showed an
intermediate activation state in MS (Ponomarev et al., 2007; Vogel et al, 2013) and that different
populations of myeloid cells exists along the different phases in EAE mice (Ajami et al., 2018;
Locatelli et al., 2018). Moreover, the movement of microglia/macrophage population along this
spectrum appears to be unidirectional. At early stages pro-inflammatory
microglia/macrophages are mainly detected in lesions, which over time are replaced by
intermediate-activated ones and ultimately by anti-inflammatory microglia/macrophages
(Locatelli et al., 2018). We detected an upregulation of both pro-inflammatory and anti-
inflammatory markers at EAE peak and chronic phase, a finding consistent with the existence of
a variable spectrum of microglia/macrophage phenotypes depending on the environmental

signals inside or around the lesions.

Resident microglia and monocytes contribute differentially to EAE induction (Ajami et
al., 2011; Yamasaki et al., 2014) whereas few studies have addressed their specific contribution
to remyelination (Lampron et al., 2015). We could not discriminate between the role of
macrophages which express high levels of P2X4R and microglia. Although both cell types show
different properties in EAE induction (Ajami et al., 2011; Yamasaki et al., 2014), both type of
cells are similarly polarized and participate in remyelination in MS model (Miron et al., 2013).
Further experiments deleting specifically P2X4R in microglia and/or macrophages are necessary

to define the role played by P2X4R in the two cell populations.

1.6. P2X4R potentiation enhances oligodendrocyte differentiation

Previous data on literature demonstrated that OPC differentiation and myelination in
the CNS are controlled by highly regulated sequences of molecular interactions with
neurotransmitters released by axons, growth factors, neuregulins, integrins and cell adhesion
molecules. Among all, it is well known that BDNF enhances oligodendrocyte differentiation and
myelination (Wong et al., 2013). A main source of BDNF promoting oligodendrogenesis after

white matter ischemic insults are astrocytes (Miyamoto et al., 2015). However, microglia are
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also another important source of BDNF in physiological conditions and after injury (Dougherty
et al., 2000; Parkhurst et al., 2013). Microglial P2X4R activation has been linked to BDNF release,
causing tactile allodynia (Ferrini et al., 2013) and accordingly, we detected increased BDNF
production after IVM treatment on microglia cells, an effect that was not detected in P2X47
microglia. We showed here that all microglia conditioned medium induced oligodendrocyte
differentiation, but the differentiation was significantly higher with anti-inflammatory microglia
conditioned medium. After analysing BDNF production, an increased production was detected
in anti-inflammatory microglia and this effect was significantly reduced by TNP-ATP treatment.
In addition, Mbp levels correlated strongly with Bdnf levels at EAE peak and recovery and were
dramatically reduced after TNP-ATP treatment. However, these data are only correlative, so we

not exclude the role of other factors secreted by microglia in oligodendrocyte differentiation.

1.7. P2X4R potentiation with IVM does not enhance allodynia in EAE

It is well established that P2X4 receptors are involved in neuropathic pain after
peripheral nerve injury and P2X4 receptor blockers have been proposed as potential therapeutic
drugs to treat neuropathic pain (Tsuda et al., 2003; Trang et al., 2009, Beggs et al., 2012;
Matsumura et al., 2016). Chronic pain is a common symptom associated with demyelinating
autoimmune diseases of the CNS, such as MS. In MS, chronic neuropathic pain is one of the most
frequent symptoms that dramatically reduces the quality of life of MS patients (Ferraro et al.,
2018). It has been reported that approximately 50-80% of patients with MS feel pain (Osterberg
et al., 2005), but the underlying pathological mechanism are still poorly understood. The
possible involvement of P2X4 receptor in neuropathic pain is a relevant point to consider before
performing further research and investment in IVM as a potential drug for MS. In EAE models of
MS, pro-nociceptive behaviours may be evoked reliably in the lower extremities, tail and
hindpaws, effectively recapitulating the predominantly lower extremity pain reported by
patients with MS (Svendsen et al. 2005b; Olechowski et al., 2013; Serizawa et al., 2018). Hence,
EAE mice are used for investigating the pathophysiology of MS-associated neuropathic pain. In
accordance, our results indicate that mechanical sensitivity was increased during EAE, but P2X4R
blockage or potentiation did not alter this sensitivity, indicating that we were not modifying MS-

associated pain mechanisms.
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2. Dual role of IRF5 during EAE

2.1. Irf5 is upregulated in EAE mice

IRF5 drives de novo expression of P2X4R by directly binding to the promoter region
(Masuda et al., 2014). Genome-wide SNP analysis identified IRF8 as a susceptibility factor for
multiple sclerosis (De Jager et al., 2009). In addition, genetic polymorphisms in human IRF5 that
lead to the expression of various unique isoforms or higher expression of Irf5 mRNA have been
linked to immune-mediated diseases, including MS (Kristjansdottir et al., 2008). IRF5 and IRF8
play a key role in the induction of pro-inflammatory cytokines, contributing to the polarization
of macrophages to a pro-inflammatory phenotype and initiation of a potent Th1-Th17 response
that boost EAE disease progression (Krausgruber et al., 2011; Yoshida et al., 2014). Here we
showed that Irf5, Irf8 and P2x4r mRNA expression are increased and are correlated at the peak
as well as in the recovery phase of the EAE. IRF5 was also detect at protein level in lesion areas
of EAE mice at the recovery phase. In accordance, in vitro polarization of microglia towards a
pro-inflammatory phenotype, not to an anti-inflammatory, upregulate P2X4R expression and
function (Zabala et al., 2018). However, the risk factor for MS of IRF5 and IRF8 contrast with the
protective role described here for P2X4R. Thus, although this receptor is activated during pro-
inflammatory polarization, it is conceivable that P2X4R overexpression may help to resolve or
counterbalance the inflammatory reaction by priming a subsequent anti-inflammatory
response. Indeed, the presence of pro-inflammatory macrophages is a prerequisite for the
successive emergence of anti-inflammatory macrophages and tissue homeostasis during wound

healing and Listeria monocytogenes infections (Chazaud, 2014; Bleriot et al., 2015).

2.2. IRF5 deficiency is beneficial at initial phases of EAE, delaying the onset of the disease

Previous data have demonstrated that IRF8-IRF5 transcriptional axis is a critical regulator
for shifting microglia towards a P2X4R*-reactive phenotype (Masuda et al., 2014). On the other
hand, IRF87~ mice are resistant to EAE, since the T cell response is not generated in these mice
upon MOG immunization. This data is in accordance with the studies that described IRF8 as MS
risk factor (De Jager et al., 2009; Disanto et al., 2012). As both transcription factors, IRF8 and
IRF5, are implicated in the same transcriptional axis, in this work we analyzed the role of IRF5 in
the EAE model. First we detected a significant delay in the appearance of neurologic symptoms
in IRF57 mice after EAE induction. Accordingly, IRF5 deficiency has beneficial effects in several

autoimmune diseases such as systemic sclerosis (Saigusa et al., 2015) and systemic lupus

92



Disccusion

erythematosus (Ban et al., 2016). IRF5 is a transcription factor involved in innate immune
response, although it also play a role in B cell response (Ban et al., 2018). The beneficial effects
of IRF5 deficiency described previously are related to the modulation of the innate immune
system response. The delay observed in the onset of symptoms after EAE induction in IRF57
mice indicate that immune priming in the periphery or the infiltration of T cells into the spinal
cord is postponed. However, we could not discard the hypothesis that IRF5 depletion in
microglia/macrophages leads to the delay in T cell response at EAE onset. Previous data on
literature have demonstrated that the specific depletion of transforming growth factor (TGF)-b-
activated kinase 1 (TAK1) in microglia cells suppresses EAE development (Goldmann et al., 2013).
They demonstrated that microglia at early stages of disease provide a permissive cytokine
microenvironment that potentiates the immune response locally. Thus, IRF5 deficient microglia
could be involved in the onset delay of EAE and more experiments are needed to corroborate

this hypothesis.

2.3. Absence of recovery in IRF57" mice at chronic EAE

Individual neurological scores indicated that IRF57- mice stayed longer at maximal score
before the initiation of recovery and that the recovery was smaller. Because IRF5 is present only
in immune cells, not in oligodendroctytes, we hypothesized that this failure could be due to a
failure in microglia/macrophage function. Indeed, we did not detect any alteration in T cell
infiltration or response at EAE chronic phase. The benefits of microglia/macrophage are also
attributed to being required in clearing myelin debris after a demyelinating episode (Kotter et
al., 2006; Neuman et al., 2009; Lampron et al., 2015; Cantuti-Castelvetri et al., 2018). Indeed,
P2X4R blockage impairs myelin endocytosis and degradation in microglia cells and P2X4R
deficient mice show higher accumulation of myelin debris after EAE induction (Zabala et al.,
2018). In accordance with these data, IRF57" mice showed a higher accumulation of myelin in
microglia/macrophage at chronic EAE. Whether this accumulation represents deficient or
excessive phagocytosis is currently under investigation. In vitro preliminary data in our
laboratory indicate that IRF5 deficient microglia exhibit impaired myelin degradation but no
change in myelin endocytosis (data not shown). Further experiments will be needed to clarify
this point and the mechanism involved. Together, our results indicate that IRF5 is necessary for

the correct myelin clearance and degradation after EAE induction.

P2X4R blockade or potentiation modulates the effect of polarization on phagocytosis

(Zabala et al., 2018). However, the opposite interpretation is also possible. Thus, phagocytosis
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of myelin controls microglia/macrophage inflammatory response (Kroner et al, 2014).
Phagocytosis of myelin in vitro promotes anti-inflammatory polarization (Boven et al., 2006; Liu
et al., 2006). However, this shift could be altered in pathological conditions. After spinal cord
injury, microglia retain a predominantly pro-inflammatory state, a fact detrimental for recovery
(Kroner et al, 2014). Two of the factors that prevents phagocytosis-mediated conversion from
pro-inflammatory to anti-inflammatory microglia are TNF alpha and iron accumulation into
microglia/macrophages. Other factor determinant in this shift could be the age of the cells. Thus,
it has been recently described that phagocytosis of myelin in aged microglia/macrophages after
demyelination results in cholesterol accumulation in these cells, leading to a maladaptive
inflammatory response with inflammasome activation and impaired remyelination (Cantuti-
Castelvetri et al., 2018). Relative to this idea, IRF57 mice showed a modest but significant
upregulation of some pro-inflammatory markers at EAE chronic phase. These data are surprising
since IRF5 is involved in microglia/macrophage activation and regulates pro-inflammatory gene
expression (Krausgruber et al., 2011). Whether this upregulation is the secondary consequence
of a deficient phagocytosis and not the direct consequence of the transcriptional activity is an

hypothesis currently under investigation.

3. Role of IRF5 in LPC-demyelination model

Studies in toxin-induced demyelination models showed that myelin debris generated by
demyelination and containing inhibitors of OPC differentiation must be eliminated for an
efficient remyelination process. Microglia/macrophages are the responsible of phagocytosing
myelin debris, a necessary process to initiate the reparative response. Apart from their
phagocytic function, they release several factors into the injured CNS that influence
oligodendrocyte recruitment and differentiation (Kotter et al., 2005; Déring et al., 2015;
Lampron et al., 2015). Our results after LPC-induced demyelination indicate that IRF5 deficiency
inhibits OPC recruitment to lesion site delaying the reparative process and this could explain the
bigger lesion areas observed in IRF57- mice. Further studies are needed to conclude whether this
impaired recruitment is due to a delay in myelin debris phagocytosis, an effect that would be in

accordance with the results observed in EAE model.

The demyelination after LPC injection is independent of the immune response since it is
not alter in immune-deficient mice (Bieber et al., 2003). However, immediately following the

LPCinjection, lesion sites are often infiltrated with T cells, B cells and macrophages. This immune
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response is proposed to have a beneficial role in CNS repair (Bieber et al., 2003; Nielsen et al.,
2011; Dombrowski et al., 2017). Our results indicate that the immune response in IRF57" mice
after LPC-demyelination is exacerbated as there is higher infiltration of CD3* T cells and severe
inflammation of the meninges. This altered response has probably detrimental consequences as
lesions in IRF57° mice are higher. Although toxin-induced demyelination models are mainly
independent of the immune response, previous evidence suggest that under pathological or
altered situations demyelination in these models could induce a secondary immune activation.
For example, subtle myelinopathy induced by abbreviated cuprizone treatment coupled with
subsequent immune activation can initiate inflammatory demyelination similar to MS lesions
(Caprarielo et al., 2018). Thus, the myelin injury drives the immune activation. Biochemical
alteration of myelin, in particular, deimination of myelin basic protein (a major myelin
constituent that influences its compaction), exposes an immunodominant epitope (Musse et al.,
2006). The extent of modified myelin biochemistry correlates with the severity of MS lesion
subsets (Moscarello et al., 1994; Wood et al., 1996, Bradford et al., 2014). Thus, LPC-induced
damage to myelin together with problems in myelin clearance could lead to longer exposion of
antigenic myelin epitopes initiating an altered immune response in IRF57- mice. The contribution
of the immune cells to higher lesion area or to the fail in OPC recruitment must be analyzed in

further experiments.
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Conclusions

The conclusions of this work are as follows (see also Figure 41):

1. Expression of P2x4r and the transcription factors controlling its expression, Irf8 and Irf5,

was increased in EAE.

2. EAE clinical signs were exacerbated by P2X4R blockage and ameliorated by P2X4R

potentiation with the allosteric modulator ivermectin.

3. P2X4R blockage or potentiation does not interfere with the immune priming after EAE

immunization.

4. P2X4R activation favors a switch of microglia/macrophage to an anti-inflammatory

phenotype and increases BDNF release, that promotes oligodendrocyte differentiation.
5. IRF5 deletion delays EAE onset but exacerbate clinical signs at the recovery phase.

6. IRF5”° mice showed an accumulation of myelin debris and a deficient

microglia/macrophage phagocytosis.

7. IRF57 mice showed a deficient recruitment of oligodendrocyte progenitors and an

exacerbation of the immune reaction after toxin-induced demyelination.
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Figure 41. Scheme showing how modulating IRF5 expression and microglia/macrophage P2X4R activation
determines clinical outcome in the experimental autoimmune encephalomyelitis (EAE) model of MS
(modified from Zabala et al., 2018).
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Manipulating the innate immune system to promote repair might be a promising
therapeutic strategy for treating MS. Altogether data here suggest that IRF5-P2X4R axis
upregulation could be a marker of neuroinflammatory response in MS and that P2X4R is a key
modulator of microglia/macrophage polarization. The results obtained in this work support the
use of IVM to potentiate a microglia/macrophage switch to a reparative phenotype that favours
remyelination in MS. It is important to note that anti-helminthic host responses are based on
anti-inflammatory macrophage polarization (Satoh et al., 2010) and thus, it is conceivable that
the mechanism described here could be added to the IVM therapeutic effects against helminths.
The fact that IVM is already in use as an anti-parasitic agent in humans will facilitate challenging

this drug in clinical trials in demyelinating diseases.

IRF5 transcriptional factor is implicated in many autoimmune diseases, including MS.
The results obtained in this work point to a complex role of IRF5 that evolves during EAE
development from detrimental to beneficial, a finding in correlation with the complex and dual
role of microglia/macrophages in the pathology. Different mechanisms and cell types could be
involved in this dual effect. More studies are planned to clarify i) the role of IRF in immune

priming and ii) the potential of boosting its activity to promote remyelination.

In conclusion, the results obtained in this thesis have made a great advance in
understanding the role of P2X4 receptor and IRF5 transcription factor in MS pathophysiology.
Because P2X4 receptor and IRF5 modulate macrophage/microglia response, we have also made
important advances in understanding the role of microglia/macrophage in the recovery phase
of EAE. Understanding chronic progression of MS, more than autoimmune-driven relapses, and
understanding the disease pathways that allow recovery in the animal models is certainly
relevant to design alternative interventions to treat specifically primary and secondary

progressive MS.

100



REFERENCES







References

Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H (2009) Purinergic signalling in the
nervous system: an overview. Trends Neurosci 32:19-29.

Aguzzi A, Barres BA, Bennett ML (2013) Microglia: scapegoat, saboteur, or something else?
Science 339:156-161.

Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FM (2011) Infiltrating monocytes trigger EAE
progression, but do not contribute to the resident microglia pool. Nat Neurosci 14:1142-
1149.

Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM (2007) Local self-renewal can sustain CNS
microglia maintenance and function throughout adult life. Nat Neurosci 10:1538-1543.
Ajami B, Samusik N, Wieghofer P, Ho PP, Crotti A, Bjornson Z, et al. (2018) Single-cell mass
cytometry reveals distinct populations of brain myeloid cells in mouse neuroinflammation

and neurodegeneration models. Nat Neurosci 21:541-551.

Alliot F, Godin |, Pessac B (1999) Microglia derive from progenitors, originating from the yolk sac,
and which proliferate in the brain. Brain Res Dev Brain Res 117:145-152.

Alonso A, Hernan MA (2008) Temporal trends in the incidence of multiple sclerosis: a systematic
review. Neurology 71:129-135.

Amadio S, Apolloni S, D'Ambrosi N, Volonté C (2011) Purinergic signalling at the plasma
membrane: a multipurpose and multidirectional mode to deal with amyotrophic lateral
sclerosis and multiple sclerosis. J Neurochem 116:796-805.

Amadio S, Montilli C, Picconi B, Calabresi P, Volonté C (2007) Mapping P2X and P2Y receptor
proteins in striatum and substantia nigra: An immunohistological study. Purinergic Signal
3:389-398.

Antony JM, van Marle G, Opii W, Butterfield DA, Mallet F, Yong VW, et al. (2004) Human
endogenous retrovirus glycoprotein mediated induction of redox reactants causes
oligodendrocyte death and demyelination. Nat Neurosci 7:1088-1095.

Arbeloa J, Pérez-Samartin A, Gottlieb M, Matute C (2012) P2X7 receptor blockade prevents ATP
excitotoxicity in neurons and reduces brain damage after ischemia. Neurobiol Dis 45:954-
961.

Arno B, Grassivaro F, Rossi C, Bergamaschi A, Castiglioni V, Furlan R, et al. (2014) Neural
progenitor cells orchestrate microglia migration and positioning into the developing cortex.
Nat Commun 5:5611.

Arnold T, Betsholtz C (2013) The importance of microglia in the development of the vasculature

in the central nervous system. Vasc Cell 5:4.

103



References

Ban T, Sato GR, Nishiyama A, Akiyama A, Takasuna M, Umehara M, et al. (2016) Lyn Kinase
Suppresses the Transcriptional Activity of IRF5 in the TLR-MyD88 Pathway to Restrain the
Development of Autoimmunity. Immunity 45:319-332.

Ban T, Sato GR, Tamura T (2018) Regulation and role of the transcription factor IRF5 in innate
immune responses and systemic lupus erythematosus. Int Immunol 30:529-536.

Barnett MH, Prineas JW (2004) Relapsing and remitting multiple sclerosis: pathology of the
newly forming lesion. Ann Neurology 55:458-468.

Baroja-Mazo A, Barbera-Cremades M, Pelegrin P (2013) The participation of plasma membrane
hemichannels to purinergic signaling. BBA-Biomembranes 1828:79-93.

Bartholomaus |, Kawakami N, Odoardi F, Schldger C, Miljkovic D, Ellwart JW, et al. (2009) Effector
T cell interactions with meningeal vascular structures in nascent autoimmune CNS lesions.
Nature 462:94-98.

Baxter AW, Choi SJ, Sim JA, North RA (2011) Role of P2X4 receptors in synaptic strengthening in
mouse CA1 hippocampal neurons. Eur J Neurosci 34:213-220.

Beaino W, Janssen B, Kooij G, van der Pol SMA, van Het Hof B, van Horssen J, et al. (2017)
Purinergic receptors P2Y12R and P2X7R: potential targets for PET imaging of microglia
phenotypes in multiple sclerosis. J Neuroinflammation 14:259.

Béchade C, Cantaut-Belarif Y, Bessis A (2013) Microglial control of neuronal activity. Front Cell
Neurosci 7:32.

Beggs S, Trang T, Salter MW (2012) P2X4R+ microglia drive neuropathic pain. Nat Neurosci
15:1068-1073.

Bernarroch EE (2013) Microglia: Multiple roles in surveillance, circuit shaping, and response to
injury. Neurology 81:1079-1088.

Bessis A, Béchade C, Bernard D, Roumier A (2007) Microglial control of neuronal death and
synaptic properties. Glia 55:233-238.

Bieber AJ, Kerr S, Rodriguez M (2003) Efficient central nervous system remyelination requires T
cells. Ann Neurol 53:680-684.

Bitsch A, Schuchardt J, Bunkowski S, KuhlmannT, Briick W (2000) Acute axonal injury in multiple
sclerosis. Correlation with demyelination and inflammation. Brain 123:1174-1183.

Bittner S, Meuth SG (2013) Targeting ion channels for the treatment of autoimmune
neuroinflammation. Ther Adv Neurol Disord 6:322-336.

Blakemore WF (1974) Pattern of remyelination in the CNS. Nature 249:577-578.

104



References

Bleriot C, Dupuis T, Jouvion G, Eberl G, Disson O, Lecuit M (2015) Liver-resident macrophage
necrosis orchestrates type 1 microbicidal inflammation and type-2 mediated tissue repair
during bacterial infection. Immunity 42:145-158.

Block ML, Zecca L, Hong JS (2007) Microglia-mediated neurotoxicity: uncovering the molecular
mechanisms. Nat Rev Neurosci 8:57-69.

Boche D, Perry VH, Nicoll JAR (2013) Review: activation patterns of microglia and their
identification in the human brain. Neuropathol App! Neurobiol 39:3-18.

Boven LA, Van Meurs M, Van Zwam M, Wierenga-Wolf A, Hintzen RQ, Boot RG, et al. (2006)
Myelin-laden macrophages are anti-inflammatory, consistent with foam cells in multiple
sclerosis. Brain 129:517-526.

Bradford CM, Ramos |, Cross AK, Haddock G, McQuaid S, Nicholas AP, et al. (2014) Localisation
of citrullinated proteins in normal appearing white matter and lesions in the central nervous
system in multiple sclerosis. J Neuroimmunol 273:85-95.

Browne P, Chandraratna D, Angood C, Tremlett H, Baker C, Taylor BV, et al. (2014) Atlas of
Multiple Sclerosis 2013: A growing global problem with widespread inequity. Neurology
83:1022-1024.

Buell G, Lewis C, Collo G, North RA, Surprenant A (1996) An antagonist-insensitive P2X receptor
expressed in epithelia and brain. EMBO J 15:55-62.

Bulavina L, Szulzewsky F, Rocha A, Krabbe G, Robson SC, Matyash V, et al. (2012) NTPDasel
activity attenuates microglial phagocytosis. Purinergic Signal 9:199-205.

Burnstock G (1972) Purinergic nerves. Pharmacol Rev 24:509-581.

Burnstock G (1978) A basis for distinguishing two types of purinergic receptor. In: Straub, R.W.,
Bolis, L. (Eds.), Cell Membrane Receptors for Drugs and Hormones: A Multidisciplinary
Approach. Raven Press, New York, pp. 107-118.

Burnstock G (2006) Purinergic signaling. Br J Pharmacol 147Suppl 1:5172-181.

Burnstock G (2012) Purinergic signaling: Its unpopular beginning, its acceptance and its exciting
future. Bioessays 34:218-225.

Burnstock G (2017) Purinergic Signalling: Therapeutic Developments. Front Pharmacol 8:661.

Butovsky O, Landa G, Kunis G, Ziv Y, Avidan H, Greenberg N, et al. (2006) Induction and blockade
of oligodendrogenesis by differently activated microglia in an animal model of multiple
sclerosis. J Clin Invest 116:905-915.

Cantuti-Castelvetri L, Fitzner D, Bosch-Queralt M, Weil MT, Su M, Sen P, et al. (2018) Defective
cholesterol clearance limits remyelination in the aged central nervous system. Science

359:684-688.

105



References

Cao Q, Zhong XZ, Zou Y, Murrell-Lagnado R, Zhu MX, Dong XP (2015) Calcium release through
P2X4 activates calmodulin to promote endolysosomal membrane fusion. J Cell Biol 209:879-
894.

Caprariello AV, Rogers JA, Morgan ML, Hoghooghi V, Plemel JR, Koebel A, et al. (2018)
Biochemically altered myelin triggers autoimmune demyelination. Proc Nat/ Acad Sci U S A
115:5528-5533.

Cardoso AM, Schetinger MR, Correia-de-Sa P, Sévigny J (2015) Impact of ectonucleotidases in
autonomic nervous functions. Auton Neurosci 191:25-38.

Chazaud B (2014) Macrophagues: supportive cells for tissue repair and regeneration.
Immunobiology 219:172-178.

Choi SH, Veeraraghavalu K, Lazarov O, Marler S, Ransohoff RM, Ramirez JM, et al. (2008) Non-
cell-autonomous effects of presenilin 1 variants on enrichment-mediated hippocampal
progenitor cell proliferation and differentiation. Neuron 59:568-580.

Compstom A, Coles A (2008) Multiple sclerosis. Lancet 372:1502-1517.

Coull JA, Beggs S, Boudreau D, Boivin D, Tsuda M, Inoue K, et al. (2005) BDNF from microglia
causes the shift in neuronal anion gradient underlying neuropathic pain. Nature 438:1017-
1021.

Crawford AH, Chambers C, Franklin RJ (2013) Remyelination: the true regeneration of the central
nervous system. J Comp Pathol 149:242-254.

Czeh M, Gressens P, Kaindl AM (2011) The yin and yang of microglia. Dev Neurosci 33:199-209.

Davalos D, Grutzendler J, Yang G, Kim J V, Zuo Y, Jung S, et al. (2005) ATP mediates rapid
microglial response to local brain injury in vivo. Nat Neuroscience 8:752-758.

Davalos D, Ryu JK, Merlini M, Baeten KM, Le Moan N, Petersen MA et al. (2012) Fibrinogen-
induced perivascular microglial clustering is required for the development of axonal damage
in neuroinflammation. Nat Commun 3:1227.

David S, Bouchard C, Tsatas O, Giftochristos N (1990) Macrophages can modify the
nonpermissive nature of the adult mammalian central nervous system. Neuron 5:463-469.

De Jager PL, Chibnik LB, Cui J, Reischl J, Lehr S, Simon KC, et al. (2009) Integration of genetic risk
factors into a clinical algorithm for multiple sclerosis susceptibility: a weighted genetic risk
score. Lancet Neurol 8:1111-1119.

Dekkers MP, Barde YA (2013) Developmental biology. Programmed cell death in neuronal
development. Science 340:39-41.

106



References

Del Rio-Hortega P (1919a) El “tercer elemento” de los centros nerviosus. I. La microglia en estado
normal. Il. Intervencion de la microglia en los procesos patologicos (Celulas en bastoncito y
cuerpos granuloadiposos). Boletin de la Sociedad Espafiola de Biologia VIII:69-109.

Dendrou CA, Fugger L, Friese MA (2015) Immunopathology of multiple sclerosis. Nat Rev
Immunol 15:545-558.

Di Virgilio F (2007) Liaisons dangereuses: P2X(7) and the inflammasome. Trends Pharmacol Sci
28:465-472.

Di Virgilio F, Pinton P, Falzoni S (2016) Assessing extracellular ATP as danger signal in vivo: the
pmeLuc system. Nir Proteins: Methods and Protocols 1417:115-129.

Dideberg V, Kristjansdottir G, Milani L, Libioulle C, Sigurdsson S, Louis E, et al. (2007) An
insertion-deletion polymorphism in the interferon regulatory Factor 5 (IRF5) gene confers
risk of inflammatory bowel diseases. Hum Mol Genet 16:3008-3016.

Disanto G, Sandve GK, Berlanga-Taylor AJ, Morahan JM, Dobson R, Giovannoni G (2012)
Genomic regions associated with multiple sclerosis are active in B cells. PLoS One. 7:€32281.

Dombrowski Y, O'Hagan T, Dittmer M, Penalva R, Mayoral SR, Bankhead P, et al. (2017)
Regulatory T cells promote myelin regeneration in the central nervous system. Nat Neurosci
20:674-680.

Domercq M, Pérez-Samartin A, Aparicio D, Alberdi E, Pampliega O, Matute C (2010) P2X7
receptors mediate ischemic damage to oligodendrocytes. Glia 58:730-740.

Domercq M, Sanchez-Gémez MV, Areso P, Matute C (1999) Expression of glutamate
transporters in rat optic nerve oligodendrocytes. Eur J Neurosci 11:2226-36.

Domercq M, Szczupak B, Gejo J, Gdmez-Vallejo V, Padro D, Gona KB, et al. (2016) PET Imaging
with [(18)F]FSPG Evidences the Role of System xc(-) on Brain Inflammation Following
Cerebral Ischemia in Rats. Theranostics 6:1753-1767.

Domercq M, Vazquez-Villoldo N, Matute C (2013) Neurotransmitter signaling in the
pathophysiology of microglia. Front Cell Neurosci 7:49.

Domercq M, Zabala A, Matute C (2018) Purinergic receptors in multiple sclerosis pathogenesis.
Brain Res Bull pii: S0361-9230(18)30611-7.

Domingues HS, Portugal CC, Socodato R, Relvas JB (2016) Oligodendrocyte, Astrocyte, and
Microglia Crosstalk in Myelin Development, Damage, and Repair. Front Cell Dev Biol 4:71.

Doring A, Sloka S, Lau L, Mishra M, van Minnen J, Zhang X, et al. (2015) Stimulation of monocytes,
macrophages, and microglia by amphotericin B and macrophage colony-stimulating factor

promotes remyelination. J Neurosci 35:1136-1148.

107



References

Dougherty KD, Dreyfus CF, Black IB (2000) Brain-derived neurotrophic factor in astrocytes,
oligodendrocytes, and microglia/macrophages after spinal cord injury. Neurobiol Dis 7:574-
585.

Durafourt BA, Moore CS, Zammit DA, Johnson TA, Zaguia F, Guiot MC, et al. (2012) Comparison
of polarization properties of human adult microglia and blood-derived macrophages. Glia
60:717-727.

Fang KM, Yang CS, Sun SH, Tzeng SF (2009) Microglial phagocytosis attenuated by short-term
exposure to exogenous ATP through P2X receptor action. J Neurochem 111:1225-1237.
Feinstein A, Freeman J, Lo AC (2015) Treatment of progressive multiple sclerosis: what works,

what does not, and what is needed. Lancet Neurol 14:194-207.

Ferraro D, Plantone D, Morselli F, Dallari G, Simone AM, Vitetta F, et al. (2018) Systematic
assessment and characterization of chronic pain in multiple sclerosis patients. Neurol Sci
39:445-453.

Ferrer |, Bernet E, Soriano E, del Rio T, Fonseca M (1990) Naturally occurring cell death in the
cerebral cortex of the rat and removal of dead cells by transitory phagocytes. Neuroscience
39:451-458.

Ferrini F, Trang T, Mattioli TA, Laffray S, Del'Guidice T, Lorenzo LE, et al. (2013). Morphine
hyperalgesia gated through microglia mediated disruption of neuronal CI- homeostasis. Nat
Neurosci 16:183-192.

Fischer MT, Wimmer |, Hoftberger R, Gerlach S, Haider L, Zrzavy T, et al. (2013) Disease-
specific molecular events in cortical multiple sclerosis lesions. Brain 136:1799-1815.

Fourgeaud L, Través PG, Tufail Y, Leal-Bailey H, Lew ED, Burrola PG, et al. (2016) TAM receptors
regulate multiple features of microglial physiology. Nature 532:240-244.

Frade JM, Barde YA (1998) Microglia-derived nerve growth factor causes cell death in the
developing retina. Neuron 20:35-41.

Franklin RJ, Ffrench-Constant C (2008) Remyelination in the CNS: from biology to therapy. Nat
Rev Neurosci 9:839-855.

Franklin RJM, Ffrench-Constant C (2017) Regenerating CNS myelin — from mechanisms to
experimental medicines. Nat Rev Neurosci 18:753-769.

Franklin RJM, Ffrench-Constant C, Edgar J, Smith JM (2012) Neuroprotection and repair in
multiple sclerosis. Nat Rev Neurol 8:624-634.

Franklin RJIM, Gallo V (2014) The translational biology of remyelination: past, present and future.
Glia 62:1905-1915.

108



References

Fumagalli M, Lombardi M, Gressens P, Verderio C (2018) How to reprogram microglia toward
beneficial functions. Glia 66:2531-2549.

Gebara E, Sultan S, Kocher-Braissant J, Toni N (2013) Adult hippocampal neurogenesis inversely
correlates with microglia in conditions of voluntary running and aging. Front Neurosci 7:145.

Geginat J, Paroni M, Pagani M, Galimberti D, De Francesco R, Scarpini E, et al. (2017) The
Enigmatic Role of Viruses in Multiple Sclerosis: Molecular Mimicry or Disturbed Immune
Surveillance? Trends Immunol 38:498-512.

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. (2010) Fate mapping analysis
reveals that adult microglia derive from primitive macrophages. Science 330:841-845.

Ginhoux F, Lim S, Hoeffel G, Low D, Huber T (2013) Origin and differentiation of microglia. Front
Cell Neurosci 7:45.

Giovannoni G, Butzkueven H, Dhib-Jalbut S, Hobart J, Kobelt G, Pepper G, et al. (2016) Brain
health: time matters in multiple sclerosis. Mult Scler Relat Disord 9 Suppl 1:55-548.

Goldmann T, Wieghofer P, Miller PF, Wolf Y, Varol D, Yona S, et al. (2013) A new type
of microglia gene targeting shows TAK1 to be pivotal in CNS autoimmune inflammation. Nat
Neurosci 16:1618-1626.

Goodell MA, Rando TA (2015) Stem cells and healthy aging. Science 350:1199-1204.

Groom AJ, Smith T, Turski L (2003) Multiple sclerosis and glutamate. Ann N Y Acad Sci 993:229-
275.

Guo LH, Schluesener HJ (2005) Lesional accumulation of P2X(4) receptor(+) macrophages in rat
CNS during experimental autoimmune encephalomyelitis. Neuroscience 134:199-205.

Hafler DA, Compston A, Sawcer S, Lander ES, Daly MJ, De Jager PL et al. (2007) Risk alleles for
MS identified by a genomewide study. International Multiple Sclerosis Genetics Consortium.
N Engl J Med 357:851-862.

Haghikia A, Hohlfeld R, Gold R, Fugger L (2013) Therapies for multiple sclerosis: translational
achievements and outstanding needs. Trends Mol Med 19:309-319.

Hampton DW, Innes N, Merkler D, Zhao C, Franklin RJ, Chandran S (2012) Focal immune-
mediated white matter demyelination reveals an age-associated increase in axonal
vulnerability and decreased remyelination efficiency. Am J Pathol 180:1897-1905.

Harada K, Hide I, Seki T, Tanaka S, Nakata Y, Sakai N (2011). Extracellular ATP differentially
modulates Toll-like receptor 4-mediated cell survival and death of microglia. J Neurochem

116:1138-1147.

109



References

Haynes SE, Hollopeter G, Yang G, Kurpius D, Dailey M E, Gan W B, et al. (2006) The P2Y12
receptor regulates microglial activation by extracellular nucleotides. Nat Neuroscience
9:1512-1519.

Heppner FL, Greter M, Marino D, Falsig J, Raivich G, Hévelmeyer N, et al. (2005) Experimental
autoimmune encephalomyelitis repressed by microglial paralysis. Nat Med 11:146-152.
Holton P (1959) The liberation of adenosine triphosphate on antidromic stimulation of sensory

nerves. J Physiol 45:494-504.

Honda S, Sasaki Y, Ohsawa K, Imai Y, Nakamura Y, Inoue K, et al. (2001) Extracellular ATP or ADP
Induce Chemotaxis of Cultured Microglia through Gi/o-Coupled P2Y Receptors. J
Neuroscience 21:1975-1982.

Hoshiko M, Arnoux |, Avignone E, Yamamoto N, Audinat E (2012) Deficiency of the microglial
receptor CX3CR1 impairs postnatal functional development of thalamocortical synapses in
the barrel cortex. J Neurosci 32:15106-15111.

Huang P, Zou Y, Zhong XZ, Cao Q, Zhao K, Zhu MX, et al. (2014) P2X4 forms functional ATP-
activated cation channels on lysosomal membranes regulated by luminal pH. J Biol Chem
289:17658-17667.

Huynh JL, Casaccia P (2013) Epigenetic mechanisms in multiple sclerosis: implications for
pathogenesis and treatment. Lancet Neurol 12:195-206.

Hvilsted Nielsen H, Toft-Hansen H, Lambertsen K L., Owens T, Finsen B (2011) Stimulation of
adult oligodendrogenesis by myelin-specific T cells. Am J Pathol 179:2028-2041.

Idzko M, Ferrari D, Eltzschig HK (2014) Nucleotide signalling during inflammation. Nature
509:310-317.

Inoue K, Tsuda M (2012) P2X4 receptors of microglia in neuropathic pain. CNS Neurol Disord
Drug Targets 11:699-704.

Jeffery ND, Blakemore WF (1995) Remyelination of mouse spinal cord axons demyelinated by
local injection of lysolecithin. J Neurocytol 24:775-781.

Ji K, Akgul G, Wollmuth LP, Tsirka SE (2013) Microglia actively regulate the number of functional
synapses. PLoS One 8:€56293.

Jiang HR, Milovanovi¢ M, Allan D, Niedbala W, Besnard AG, Fukada SY, et al. (2012) IL-33
attenuates EAE by suppressing IL-17 and IFN-y production and inducing alternatively
activated macrophages. Eur J Immunol 42:1804-1814.

Junger WG (2011) Immune cell regulation by autocrine purinergic signalling. Nat Rev Immunol

11:201-212.

110



References

Kettenmann H, Hanisch U, Noda M, Verkhratsky A (2011) Physiology of Microglia. Physiol Rev
91:461-553.

Kettenmann H, Kirchhoff F, Verkhratsky A (2013) Microglia: new roles for the synaptic stripper.
Neuron 77:10-18.

Khakh BS, North RA (2012) Neuromodulation by extracellular ATP and P2X receptors in the CNS.
Neuron 76:51-69.

Kierdorf K, Erny D, Goldmann T, Sander V, Schulz C, Perdiguero EG, et al. (2013) Microglia emerge
from erythromyeloid precursors via Pu.l- and Irf8-dependent pathways. Nat Neurosci
16:273-280.

Kierdorf K, Prinz M (2017) Microglia in steady state. J Clin Invest 127:3201-3209.

Kigerl KA, de Rivero Vaccari JP, Dietrich WD, Popovich PG, Keane RW (2014) Pattern recognition
receptors and central nervous system repair. Exp Neurol 258:5-16.

Kim B, Jeong HK, Kim JH, Lee SY, Jou |, Joe EH (2011) Uridine 5'-diphosphate induces chemokine
expression in microglia and astrocytes through activation of the P2Y6 receptor. J Immunol
186:3701-3709.

Kimbler DE, Shields J, Yanasak N, Vender JR, Dhandapani KM (2012) Activation of P2X7 promotes
cerebral edema and neurological injury after traumatic brain injury in mice. PLoS One
7:41229.

King IL, Dickendesher TL, Segal BM (2009) Circulating Ly-6C+ myeloid precursors migrate to the
CNS and play a pathogenic role during autoimmune demyelinating disease. Blood 113:3190-
3197.

Koizumi S, Shigemoto-Mogami Y, Nasu-Tada K, Shinozaki Y, Ohsawa K, Tsuda M, et al. (2007)
UDP acting at P2Y6 receptors is a mediator of microglial phagocytosis. Nature 446:1091-
1095.

Kondo Y, Adams JM, Vanier MT, Duncan ID (2011) Macrophages counteract demyelination in a
mouse model of globoid cell leukodystrophy. J Neurosci 31:3610-3624.

Kotter MR, Li WW, Zhao C, Franklin RJ (2006) Myelin impairs CNS remyelination by inhibiting
oligodendrocyte precursor cell differentiation. J Neurosci 26:328-332.

Kotter MR, Zhao C, van Rooijen N, Franklin RJ (2005) Macrophage-depletion induced impairment
of experimental CNS remyelination is associated with a reduced oligodendrocyte progenitor
cell response and altered growth factor expression. Neurobiol Dis 18:166-175.

Krausgruber T, Blazek K, Smallie T, Alzabin S, Lockstone H, Sahgal N, et al. (2011) IRF5 promotes

inflammatory macrophage polarization and TH1-TH17 responses. Nat Immunol 12:231-238.

111



References

Kristjansdottir G, Sandling JK, Bonetti A, Roos IM, Milani L, Wang C, et al. (2008) Interferon
regulatory factor 5 (IRF5) gene variants are associated with multiple sclerosis in three
distinct populations. J Med Genet 45:362-369.

Kroner A, Greenhalgh AD, Zarruk JG, Passos Dos Santos R, Gaestel M, David S (2014) TNF and
increased intracellular iron alter macrophage polarization to a detrimental M1 phenotype
in the injured spinal cord. Neuron 83:1098-1116.

Lalisse S, Hua J, Lenoir M, Linck N, Rassendren F, Ulmann L (2018) Sensory neuronal P2RX4
receptors controls BDNF signaling in inflammatory pain. Sci Rep 8:964.

Lalo U, Pankratov Y, Wichert SP, Rossner MJ, North RA, Kirchhoff F et al. (2008) P2X1 and P2X5
subunits form the functional P2X receptor in mouse cortical astrocytes. J Neurosci 28:5473-
5480.

Lampron A, Larochelle A, Laflamme N, Préfontaine P, Plante MM, Sanchez MG, et al. (2015)
Inefficient clearance of myelin debris by microglia impairs remyelinating processes. J Exp
Med 212:481-495.

Laria A, Lurati A, Marrazza M, Mazzocchi D, Re KA, Scarpellini M (2016) The macrophages in
rheumatic diseases. J Inflamm Res 9:1-11.

Lassmann H, Bradl M (2017) Multiple sclerosis: experimental models and reality. Acta
Neuropathol 133:223-244.

Lawson LJ, Perry VH, Dri P, Gordon S (1990) Heterogeneity in the distribution and morphology
of microglia in the normal adult mouse brain. Neuroscience 39:151-170.

Lawson LJ, Perry VH, Gordon S (1992) Turnover of resident microglia in the normal adult mouse
brain. Neuroscience 48:405-415.

Ledderose C, Liu K, Kondo Y, Slubowski CJ, Dertnig T, Denicold S, et al. (2018) Purinergic P2X4
receptors and mitochondrial ATP production regulate T cell migration. J Clin Invest
128:3583-3594.

Li F, Wang L, Li JW, Gong M, He L, FengR, et al. (2011) Hypoxia induced amoeboid microglial cell
activation in postnatal rat brain is mediated by ATP receptor P2X4. BMC Neurosci 12:111.

Li WW, Setzu A, Zhao C, Franklin RJ (2005) Minocycline-mediated inhibition of microglia
activation impairs oligodendrocyte progenitor cell responses and remyelination in a non-
immune model of demyelination. J Neuroimmunol 158:58-66.

Li Y, Du XF, Liu CS, Wen ZL, Du JL (2012) Reciprocal regulation between resting microglial

dynamics and neuronal activity in vivo. Dev Cell 23:1189-1202.

112



References

Liu L, Belkadi A, Darnall L, Hu T, Drescher C, Cotleur AC, et al. (2010) CXCR2-positive neutrophils
are essential for cuprizone-induced demyelination: relevance to multiple sclerosis. Nat
Neurosci 13:319-326.

Liu Y, Hao W, Letiembre M, Walter S, Kulanga M, Neumann H, et al. (2006) Suppression of
microglial inflammatory activity by myelin phagocytosis: role of p47-PHOX-mediated
generation of reactive oxygen species. J Neurosci 26:12904-12913.

Locatelli G, Theodorou D, Kendirli A, Jorddo MJC, Staszewski O, Phulphagar K, et al. (2018)
Mononuclear phagocytes locally specify and adapt their phenotype in a multiple sclerosis
model. Nat Neurosci 21:1196-1208.

Léopez-Diego RS, Weiner HL (2008) Novel therapeutic strategies for multiple sclerosis - a
multifaceted adversary. Nat Rev Drug Discov 7:909-925.

Lublin FD (2014) New multiple sclerosis phenotypic classification. Eur Neurol 72Suppl 1:1-5.

Lublin FD, Reingold SC (1996) Defining the clinical course of multiple sclerosis: results of an
international survey. National Multiple Sclerosis Society (USA) Advisory Committee on
Clinical Trials of New Agents in Multiple Sclerosis. Neurology 46:907-911.

Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H (2000) Heterogeneity
of multiple sclerosis lesions: implications for the pathogenesis of demyelination. Ann
Neurology 47:707-717.

Mahad DH, Trapp BD, Lassmann H (2015) Pathological mechanisms in progressive multiple
sclerosis. Lancet Neurol 14:183-193.

Manohar M, Hirsh MI, Chen Y, Woehrle T, Karande AA, Junger WG (2012) ATP release and
autocrine signaling through P2X4 receptors regulate y& T cell activation. J Leukoc Biol
92:787-794.

Marin-Teva JL, Dusart |, Colin C, Gervais A, van Rooijen N, Mallat M (2004) Microglia promote
the death of developing Purkinje cells. Neuron 41:535-547.

Masuda T, lwamoto S, Yoshinaga R, Tozaki-Saitoh H, Nishiyama A, Mak TW, et al. (2014)
Transcription factor IRF5 drives P2X4R+-reactive microglia gating neuropathic pain. Nat
Commun 5:3771.

Matsumura Y, Yamashita T, Sasaki A, Nakata E, Kohno K, Masuda T, et al. (2016) A novel P2X4
receptor-selective antagonist produces anti-allodynic effect in a mouse model of
herpetic pain. Sci Rep 6:32461.

Matsushima GK, Morell P (2001) The neurotoxicant, cuprizone, as a model to study

demyelination and remyelination in the central nervous system. Brain Pathol 11:107-116.

113



References

Matute C, Alberdi E, Domercq M, Pérez-Cerda F, Pérez-Samartin A, Sdnchez-Gémez MV (2001)
The link between excitotoxic oligodendroglial death and demyelinating diseases. Trends
Neurosci 24:224-230.

Matute C, Pérez-Cerda F (2005) Multiple sclerosis: novel perspectives on newly forming lesions.
Trends Neurosci 28:173-175.

Matute C, Torre |, Pérez-Cerdd F, Pérez-Samartin A, Alberdi E, Etxebarria E, et al. (2007) P2X(7)
receptor blockade prevents ATP excitotoxicity in oligodendrocytes and ameliorates
experimental autoimmune encephalomyelitis. J Neurosci 27:9525-9533.

McCarthy KD, de Vellis J (1980) Preparation of separate astroglial and oligodendroglial cell
cultures from rat cerebral tissue. J Cell Biol 85:8390-902.

McKinnon RD, Piras G, Ida JA Jr, Dubois-Dalcq M (1993) A role for TGF-beta in oligodendrocyte
differentiation. J Cell Biol 121:1397-1407.

McLarnon JG, Ryu JK, Walker DG, Choi HB (2006) Upregulated expression of purinergic P2X(7)
receptor in Alzheimer disease and amyloid-beta peptide-treated microglia and in peptide-
injected rat hippocampus. J Neuropathol Exp Neurol 65:1090-1097.

McMorris FA, Dubois-Dalcg M (1988) Insulin-like growth factor | promotes cell proliferation and
oligodendroglial commitment in rat glial progenitor cells developing in vitro. J Neurosci Res
21:199-209.

McMurran CE, Jones CA, Fitzgerald DC, Franklin RJ (2016) CNS Remyelination and the Innate
Immune System. Front Cell Dev Biol 4:38.

Miceli-Richard C, Comets E, Loiseau P, Puechal X, Hachulla E, Mariette X (2007) Association of
an IRF5 gene functional polymorphism with Sjégren's syndrome. Arthritis Rheum 56:3989-
3994.

Mikita J, Dubourdieu-Cassagno N, Deloire MS, Vekris A, Biran M, Raffard G, et al. (2011) Altered
M1/M2 activation patterns of monocytes in severe relapsing experimental rat model of
multiple sclerosis. Amelioration of clinical status by M2 activated monocyte administration.
Mult Scler 17:2-15.

Mildner A, Mack M, Schmidt H, Briick W, Djukic M, Zabel MD, et al. (2009) CCR2+Ly-6Chi
monocytes are crucial for the effector phase of autoimmunity in the central nervous system.
Brain 32:2487-2500.

Milior G, Lecours C, Samson L, Bisht K, Poggini S, Pagani F, et al. (2016) Fractalkine receptor
deficiency impairs microglial and neuronal responsiveness to chronic stress. Brain Behav

Immun 55:114-125.

114



References

Miller D, Barkhof F, Montalban X, Thompson A, Filippi M (2005) Clinically isolated syndromes
suggestive of multiple sclerosis, part I: natural history, pathogenesis, diagnosis, and
prognosis. Lancet Neurol 4:281-288.

Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, et al. (2013) M2 microglia and
macrophages drive oligodendrocyte differentiation during CNS remyelination. Nat Neurosci
16:1211-1218.

Miron VE, Franklin RJ (2014) Macrophages and CNS remyelination. J Neurochem 130:165-171.

Mishra MK, Wang J, Silva C, Mack M, Yong VW (2012) Kinetics of proinflammatory monocytes in
a model of multiple sclerosis and its perturbation by laquinimod. Am J Pathol 181:642-651.

Miyamoto N, Maki T, Shindo A, Liang AC, Maeda M, Egawa N, et al. (2015) Astrocytes promote
oligodendrogenesis after white matter damage via brain-derived neurotrophic factor. J
Neurosci 35:14002-14008.

Moscarello MA, Wood DD, Ackerley C, Boulias C (1994) Myelin in multiple sclerosis is
developmentally immature. J Clin Invest 94:146-154.

Mosser DM, Edwards JP (2008) Exploring the full spectrum of macrophage activation. Nat Rev
Immunol 8:958-969.

Moyon S, Dubessy AL, Aigrot MS, Trotter M, Huang JK, Dauphinot L, et al. (2015) Demyelination
causes adult CNS progenitors to revert to an immature state and express immune cues that
support their migration. J Neurosci 35:4-20.

Murphy N, Cowley TR, Richardson JC, Virley D, Upton N, Walter D, et al. (2011) The
Neuroprotective Effect of a Specific P2X(7) Receptor Antagonist Derives from its Ability to
Inhibit Assembly of the NLRP3 Inflammasome in Glial Cells. Brain Pathol 22:295-306.

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al. (2014) Macrophage
activation and polarization: nomenclature and experimental guidelines. Immunity 41:14-20.

Musse AA, Boggs JM, Harauz G (2006) Deimination of membrane-bound myelin basic protein in
multiple sclerosis exposes an immunodominant epitope. Proc Natl Acad Sci USA 103:4422-
4427.

Nave KA (2010) Myelination and the trophic support of long axons. Nat Rev Neurosci 11:275-
283.

Neumann H, Kotter MR, Franklin RJ (2009) Debris clearance by microglia: an essential link
between degeneration and regeneration. Brain 132:288-295.

Nicholas RS, Wing MG, Compston A (2001) Nonactivated microglia promote oligodendrocyte
precursor survival and maturation through the transcription factor NF-kappa B. Eur J

Neurosci 13:959-967.

115



References

Nimmerjahn A (2012) Two-photon imaging of microglia in the mouse cortex in vivo. Cold Spring
Harb Protoc 2012(5). pii: pdb.prot069294.

Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial cells are highly dynamic
surveillants of brain parenchyma in vivo. Science 308:1314-1318.

Nishioku T, Matsumoto J, Dohgu S, Sumi N, Miyao K, Takata F, et al. (2010) Tumor necrosis
factor-alpha mediates the blood-brain barrier dysfunction induced by activated microglia in
mouse brain microvascular endothelial cells. J Pharmacol Sci 112:251-254.

Ntranos A, Lublin F (2016) Diagnostic criteria, classification and treatment goals in multiple
sclerosis: The chronicles of time and space. Curr Neurol Neurosci Rep 16:90.

O'Connor AB, Schwid SR, Herrmann DN, Markman JD, Dworkin RH (2008) Pain associated with
multiple sclerosis: systematic review and proposed classification. Pain 137:96-111.

Ohsawa K, Irino Y, Nakamura Y, Akazawa C, Inoue K (2007) Involvement of P2X 4 and P2Y 12
Receptors in ATP-Induced Microglial Chemotaxis. Glia 616:604-616.

Olechowski CJ, Tenorio G, Sauve Y, Kerr BJ (2013) Changes in nociceptive sensitivity and object
recognition in experimental autoimmune encephalomyelitis (EAE). Exp Neurol 241:113-121.

Osterberg A, Boivie J, Thuomas KA (2005) Central pain in multiple sclerosis--prevalence and
clinical characteristics. Eur J Pain 9:531-542.

Pachner AR (2011) Experimental models of multiple sclerosis. Curr Opin Neurol 24:291-299.

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, et al. (2011) Synaptic pruning
by microglia is necessary for normal brain development. Science 333:1456-1458.

Parkhurst CN, Yang G, Ninan |, Savas JN, Yates 3™ JR, Lafaille JJ, et al. (2013) Microglia promote
learning-dependent synapse formation through brain-derived neurotrophic factor. Cell
155:1596-1609.

Parvathenani LK, Tertyshnikova S, Greco CR, Roberts SB, Robertson B, Posmantur R (2003) P2X7
mediates superoxide production in primary microglia and is up-regulated in a transgenic
mouse model of Alzheimer's disease. J Biol Chem 278:13309-13317.

Patani R, Balaratnam M, Vora A, Reynolds R (2007) Remyelination can be extensive in multiple
sclerosis despite a long disease course. Neuropathol Appl Neurobiol 33:277-287.

Patrikios P, Stadelmann C, Kutzelnigg A, Rauschka H, Schmidbauer M, Laursen H, et al. (2006)
Remyelination is extensive in a subset of multiple sclerosis patients. Brain 129:3165-3172.

Peri F, Nusslein-Volhard C (2008) Live imaging of neuronal degradation by microglia reveals a
role for vO-ATPase al in phagosomal fusion in vivo. Cell 133:916-927.

Perry V H (1998) A revised view of the central nervous system microenvironment and major

histocompatibility complex class Il antigen presentation. J Neuroimmunol 90: 113-121.

116



References

Pfeifenbring S, Nessler S, Wegner C, Stadelmann C, Briick W (2015) Remyelination After
Cuprizone-Induced Demyelination Is Accelerated in Juvenile Mice. J Neuropathol Exp Neurol
74:756-766.

Ponomarev ED, Shriver LP, Maresz K, Dittel BN (2005) Microglial cell activation and proliferation
precedes the onset of CNS autoimmunity. J Neurosci Res. 81:374-389.

Priel A, Silberberg SD (2004) Mechanism of ivermectin facilitation of human P2X4 receptor
channels. J Gen Physiol 123:281-293.

Prineas JW, Barnard RO, Kwon EE, Sharer LR, Cho ES (1993) Multiple sclerosis: remyelination of
nascent lesions. Ann Neurol 33:137-151.

Prineas JW, Kwon EE, Cho ES, Sharer LR, Barnett MH, Oleszak EL, et al. (2001) Immunopathology
of secondary-progressive multiple sclerosis. Ann Neurol 50:646-657.

Prinz M, Priller J (2014) Microglia and brain macrophages in the molecular age: from origin to
neuropsychiatric disease. Nat Rev Neurosci 15:300-312.

Qureshi OS, Paramasivam A, Yu JC, Murrell-Lagnado RD (2007) Regulation of P2X4 receptors by
lysosomal targeting, glycan protection and exocytosis. J Cell Sci 120:3838-3849.

Ransohoff RM (2012) Animal models of multiple sclerosis: the good, the bad and the bottom
line. Nat Neurosci 15:1074-1077.

Ransohoff RM (2016) A polarizing question: do M1 and M2 microglia exist? Nat Neurosci 19:987-
991.

Rasmussen S, Wang Y, Kivisakk P, Bronson RT, Meyer M, Imitola J, et al. (2007) Persistent
activation of microglia is associated with neuronal dysfunction of callosal projecting
pathways and multiple sclerosis-like lesions in relapsing remitting experimental
autoimmune encephalomyelitis. Brain 130:2816-2829.

Reemst K, Noctor SC, Lucassen PJ, Hol EM (2016) The Indispensable Roles of Microglia and
Astrocytes during Brain Development. Front Hum Neurosci 10:566.

Ribeiro Xavier AL, Kress BT, Goldman SA, Lacerda de Menezes JR, Nedergaard M (2015) A Distinct
Population of Microglia Supports Adult Neurogenesis in the Subventricular Zone. J Neurosci
35:11848-11861.

Rocca MA, Filippi M (2007) Functional MRI in multiple sclerosis. J Neuroimaging 17Suppl 1:36S-
41S.

Rocca MA, Mezzapesa DM, Falini A, Ghezzi A, Martinelli V, Scotti G, et al. (2003) Evidence for
axonal pathology and adaptive cortical reorganization in patients at presentation with

clinically isolated syndromes suggestive of multiple sclerosis. Neuroimage 18:847-855.

117



References

Royle SJ, Qureshi OS, Bobanovi¢ LK, Evans PR, Owen DJ, Murrell-Lagnado RD (2005) Non-
canonical YXXGPhi endocytic motifs: recognition by AP2 and preferential utilization in P2X4
receptors. J Cell Sci 118:3073-3080.

Rubio ME, Soto F (2001) Distinct Localization of P2X receptors at excitatory postsynaptic
specializations. J Neurosci 21:641-653.

Ruckh JM, Zhao JW, Shadrach JL, van Wijngaarden P,Rao TN, Wagers AJ, et al. (2012)
Rejuvenation of regeneration in the aging central nervous system. Cell Stem Cell 10:96-103.

Rueda B, Reddy MV, Gonzalez-Gay MA, Balsa A, Pascual-Salcedo D, Petersson IF, et al. (2006)
Analysis of IRF5 gene functional polymorphisms in rheumatoid arthritis. Arthritis Rheum
54:3815-3819.

Rymo SF, Gerhardt H, Wolfhagen Sand F, Lang R, Uv A, Betsholtz C (2011) A two-way
communication between microglial cells and angiogenic sprouts regulates angiogenesis in
aortic ring cultures. PLoS One 6:€15846.

Saigusa R, Asano Y, Taniguchi T, Yamashita T, Ichimura Y, Takahashi T, et al. (2015) Multifaceted
contribution of the TLR4-activated IRF5 transcription factor in systemic sclerosis. Proc Natl
Acad Sci U S A 112:15136-15141.

Satoh T, Takeuchi O, Vandenbon A, Yasuda K, Tanaka Y, Kumagai Y, et al. (2010) The Jmjd3-Irf4
axis regulates M2 macrophage polarization and host responses against helminth infection.
Nat Immunol 11:936-944.

Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yamasaki R, et al. (2012)
Microglia sculpt postnatal neural circuits in an activity and complement- dependent manner.
Neuron 74:691-705.

Schafer DP, Stevens B (2015) Microglia Function in Central Nervous System Development and
Plasticity. Cold Spring Harb Perspect Biol 7:a020545.

Schwab JM, Guo L, Schluesener HJ (2005) Spinal cord injury induces early and persistent lesional
P2X4 receptor expression. J Neuroimmunol 163:185-189.

Serizawa K, Tomizawa-Shinohara H, Magi M, Yogo K, Matsumoto Y (2018) Anti-IL-6 receptor
antibody improves pain symptoms in mice with experimental autoimmune
encephalomyelitis. J Neuroimmunol 319:71-79.

Shields S, Gilson J, Blakemore W, Franklin R (2000) Remyelination occurs as extensively but more
slowly in old rats compared to young rats following fliotoxin-induced CNS demyelination.

Glia 29:102.

118



References

Shigemoto-Mogami Y, Hoshikawa K, Goldman JE, Sekino Y, Sato K (2014) Microglia enhance
neurogenesis and oligodendrogenesis in the early postnatal subventricular zone. J Neurosci
34:2231-2243.

Shimane K, Kochi Y, Yamada R, Okada Y, Suzuki A, Miyatake A, et al. (2009) A single nucleotide
polymorphism in the IRF5 promoter region is associated with susceptibility to rheumatoid
arthritis in the Japanese population. Ann Rheum Dis 68:377-383.

Sierra A, Beccari S, Diaz-Aparicio |, Encinas JM, Comeau S, Tremblay ME (2014) Surveillance,
phagocytosis, and inflammation: how never-resting microglia influence adult hippocampal
neurogenesis. Neural Plast 2014:610343.

Sierra A, Encinas JM, Deudero JJ, Chancey JH, Enikolopov G, Overstreet- Wadiche LS, et al. (2010)
Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis.
Cell Stem Cell 7:483-495.

Sigurdsson S, Nordmark G, Goéring HH, Lindroos K, Wiman AC, Sturfelt G, et al. (2005)
Polymorphisms in the tyrosine kinase 2 and interferon regulatory factor 5 genes are
associated with systemic lupus erythematosus. Am J Hum Genet 76:528-537.

Sim JA, ChaumontS$, Jo J, Ulmann L, Young MT, Cho K, et al. (2006) Altered hippocampal synaptic
potentiation in P2X4 knock-out mice. J Neurosci 26:9006-9009.

Soto F, Garcia-Guzman M, Gomez-Hernandez JM, Hollmann M, Karschin C, Stiihmer W (1996)
P2X4: an ATP-activated ionotropic receptor cloned from rat brain. Proc Natl Acad Sci USA
93:3684-3688.

Sousa C, Biber K, Michelucci A (2017) Cellular and Molecular Characterization of Microglia: A
Unique Immune Cell Population. Front Immunol 8:198.

Squarzoni P, Oller G, Hoeffel G, Pont-Lezica L, Rostaing P, Low D, et al. (2014) Microglia modulate
wiring of the embryonic forebrain. Cell Rep 8:1271-1279.

Starossom SC, Mascanfroni ID, Imitola J, Cao L, Raddassi K, Hernandez SF, et al. (2012) Galectin-
1 deactivates classically activated microglia and protects from inflammation-induced
neurodegeneration. Immunity 37:249-263.

Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N, et al. (2007) The classical
complement cascade mediates CNS synapse elimination. Cel/l 131:1164-1178.

Stromnes IM, Goverman JM (2006) Active induction of experimental allergic encephalomyelitis.
Nat Protoc 1:1810-1819.

Su WF, Wu F, Jin ZH, Gu Y, Chen YT, Fei Y, et al. (2018) Overexpression of P2X4 receptor in
Schwann cells promotes motor and sensory functional recovery and remyelination via BDNF

secretion after nerve injury. Glia 67:78-90.

119



References

Sun D, Yu Z, Fang X, Liu M, Pu Y, Shao Q, et al. (2017) LncRNA GAS5 inhibits microglial M2
polarization and exacerbates demyelination. EMBO Rep 18:1801-1816.

Svendsen KB, Jensen TS, Hansen HJ, Bach FW (2005) Sensory function and quality of life in
patients with multiple sclerosis and pain. Pain 114:473-481.

Szulzewsky F, Pelz A, Feng X, Synowitz M, Markovic D, Langmann T, et al. (2015) Glioma-
associated microglia/macrophages display an expression profile different from M1 and M2
polarization and highly express Gpnmb and Spp1. PLoS One 10:e0116644.

Takaoka A, Yanai H, Kondo S, Duncan G, Negishi H, Mizutani T, et al. (2005) Integral role of IRF-
5 in the gene induction programme activated by Toll-like receptors. Nature 434:243-249.

Tang L, Chen B, Ma B, Nie S (2014) Association between IRF5 polymorphisms and autoimmune
diseases: a meta-analysis. Genet Mol Res 13:4473-4485.

Tierney JB, Kharkrang M, La Flamme AC (2009) Type ll-activated macrophages suppress the
development of experimental autoimmune encephalomyelitis. Immunol Cell Biol 87:235-
240.

Tiwari S, Lapierre J, Ojha CR, Martins K, Parira T, Dutta RK, et al. (2018) Signaling pathways and
therapeutic perspectives related to environmental factors associated with multiple
sclerosis. J Neurosci Res 96:1831-1846.

Tompkins SM, Padilla J, Dal Canto MC, Ting JP, Van Kaer L, Miller SD (2002) De novo central
nervous system processing of myelin antigen is required for the initiation of experimental
autoimmune encephalomyelitis. J Immunol 168:4173-4183.

Toyomitsu E, Tsuda M, Yamashita T, Tozaki-Saitoh H, Tanaka Y, Inoue K (2012) CCL2 promotes
P2X4 receptor trafficking to the cell surface of microglia. Purinergic Signal 8:301-310.

Trang T, Beggs S, Wan X, Salter MW (2009) P2X4-receptor-mediated synthesis and release of
brain-derived neurotrophic factor in microglia is dependent on calcium and p38-mitogen-
activated protein kinase activation. J Neurosci 29:3518-3528.

Trapp BD, Nave K-A (2008) Multiple Sclerosis: An Immune or Neurodegenerative Disorder?
Annual Rev Neurosci 31:247-269.

Trapp BD, Vignos M, Dudman J, Chang A, Fisher E, Staugaitis SM, et al. (2018) Cortical neuronal
densities and cerebral white matter demyelination in multiple sclerosis: a retrospective
study. Lancet Neurol 17:870-884.

Tremblay ME, Lowery RL, Majewska AK (2010) Microglial interactions with synapses are
modulated by visual experience. PLoS Biol 8:e1000527.

120



References

Tripathi RB, Rivers LE, Young KM, Jamen F, Richardson WD (2010) NG2 glia generate new
oligodendrocytes but few astrocytes in a murine experimental autoimmune
encephalomyelitis model of demyelinating disease. J Neurosci 30:16383-16390.

Tsuda M, Masuda T, Tozaki-Saitoh H, Inoue K (2013) P2X4 receptors and neuropathic pain. Front
Cell Neurosci 7:191.

Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S, Salter MW, et al. (2003)
P2X4 receptors induced in spinal microglia gate tactile allodynia after nerve injury. Nature
424:778-783.

Tsunoda |, Fujinami RS (2002) Inside-Out versus Outside-In models for virus induced
demyelination: axonal damage triggering demyelination. Springer Semin Immunopathol
24:105-125.

Tsunoda |, Libbey JE, Fujinami RS (2007) TGF-betal suppresses T cell infiltration and VP2 puff B
mutation enhances apoptosis in acute polioencephalitis induced by Theiler's virus. J
Neuroimmunol 190:80-89.

Tuohy VK, Lu Z, Sobel RA, Laursen RA, Lees MB (1989) Identification of an encephalitogenic
determinant of myelin proteolipid protein for SIL mice. J Immunol 142:1523-1527.

Ueno M, Fujita Y, Tanaka T, Nakamura Y, Kikuta J, Ishii M, et al. (2013) Layer V cortical neurons
require microglial support for survival during postnatal development. Nat Neurosci 16:543-
551.

Ulmann L, Hatcher JP, Hughes JP, Chaumont S, Green PJ, Conquet F, et al. (2008) Up-regulation
of P2X4 receptors in spinal microglia after peripheral nerve injury mediates BDNF release
and neuropathic pain. J Neurosci 28:11263-11268.

Ulmann L, Levavasseur F, Avignone E, Peyroutou R, Hirbec H, Audinat E, et al. (2013) Involvement
of P2X4 receptors in hippocampal microglial activation after status epilepticus. Glia 61:1306-
1319.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. (2002) Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple
internal control genes. Genome Biol 3:RESEARCH0034.

Vazquez-Villoldo N, Domercq M, Martin A, Llop J, Gdmez-Vallejo V, Matute C (2014) P2X4
receptors control the fate and survival of activated microglia. Glia 62:171-184.

Vilalta A, Brown GC (2017) Neurophagy, the phagocytosis of live neurons and synapses by glia,
contributes to brain development and disease. FEBS J 285:3566-3575.

121



References

Vogel DY, Vereyken EJ, Glim JE, Heijnen PD, Moeton M, van der Valk P,et al. (2013)
Macrophages in inflammatory multiple sclerosis lesions have an intermediate activation
status. J Neuroinflammation 10:35.

Vukovic J, Colditz MJ, Blackmore DG, Ruitenberg MJ, Bartlett PF (2012) Microglia modulate
hippocampal neural precursor activity in response to exercise and aging. J Neurosci 32:6435-
6443.

Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J (2009) Resting microglia directly monitor
the functional state of synapses in vivo and determine the fate of ischemic terminals. J
Neurosci 29:3974-3980.

Wakselman S, Béchade C, Roumier A, Bernard D, Triller A, Bessis A (2008) Developmental
neuronal death in hippocampus requires the microglial CD11b integrin and DAP12
immunoreceptor. J Neurosci 28:8138-8143.

Walter L, Neumann H (2009) Role of microglia in neuronal degeneration and regeneration.
Semin Immunopath 31:513-525.

Wang Y, Jin S, Sonobe Y, Cheng Y, Horiuchi H, Parajuli B, et al. (2014) Interleukin-1B induces
blood-brain barrier disruption by downregulating Sonic hedgehog in astrocytes. PLoS One
9:110024.

Weiss M, Blazek K, Byrne AJ, Perocheau DP, Udalova IA (2013) IRF5 is a specific marker of
inflammatory macrophages in vivo. Mediators Inflamm 2013:245804.

Werner P, Pitt D, Raine CS (2001) Multiple sclerosis: altered glutamate homeostasis in lesions
correlates with oligodendrocyte and axonal damage. Ann Neurol 50:169-180.

Wixey JA, Reinebrant HE, Carty ML, Buller KM (2009) Delayed P2X4R expression after hypoxia-
ischemia is associated with microglia in the immature rat brain. J Neuroimmunol 212:35-43.

Wlodarczyk A, Holtman IR, Krueger M, Yogev N, Bruttger J, Khorooshi R, et al. (2017) A novel
microglial subset plays a key role in myelinogenesis in developing brain. EMBO J 36:3292-
3308.

Woehrle T, Yip L, Elkhal A, SumiY, ChenY, Yao Y, et al. (2010) Pannexin-1 hemichannel-mediated
ATP release together with P2X1 and P2X4 receptors regulate T-cell activation at the immune
synapse. Blood 116:3475-3484.

Wong AW, Xiao J, Kemper D, Kilpatrick TJ, Murray SS (2013) Oligodendroglial expression of TrkB
independently regulates myelination and progenitor cell proliferation. J Neurosci 33:4947-

4957.

122



References

Wood DD, Bilbao JM, O’Connors P, Moscarello MA (1996) Acute multiple sclerosis (Marburg
type) is associated with developmentally immature myelin basic protein. Ann Neurol 40:18-
24,

Xiao Y, Jin J, Chang M, Chang JH, Hu H, Zhou X, et al. (2013) Pelil promotes microglia-mediated
CNS inflammation by regulating Traf3 degradation. Nat Med 19:595-602.

Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester |, et al. (2014) Transcriptome-based
network analysis reveals a spectrum model of human macrophage activation. Immunity
40:274-288.

Yamasaki R, Lu H, Butovsky O, Ohno N, Rietsch AM, Cialic R, et al. (2014) Differential roles of
microglia and monocytes in the inflamed central nervous system. J Exp Med 211:1533-1549.

Yenari MA, Kauppinen TM, Swanson RA (2010) Microglial activation in stroke: therapeutic
targets. Neurotherapeutics 7:378-391.

Yin Y, Henzl MT, Lorber B, Nakazawa T, Thomas TT, Jiang F, et al. (2006) Oncomodulin is a
macrophage-derived signal for axon regeneration in retinal ganglion cells. Nat Neurosci
9:843-852.

Yoshida Y, Yoshimi R, Yoshii H, Kim D, Dey A, Xiong H, et al. (2014) The transcription factor IRF8
activates integrin-mediated TGF-B signaling and promotes neuroinflammation. Immunity
40:187-198.

Yu Z, Sun D, Feng J, Tan W, Fang X, Zhao M, et al. (2015) MSX3 switches microglia polarization
and protects from inflammation-induced demyelination. J Neurosci 35:6350-6365.

Zabala A, Vazquez-Villoldo N, Rissiek B, Gejo J, Martin A, Palomino A, et al. (2018) P2X4 receptor
controls microglia activation and favors remyelination in autoimmune encephalitis. EMBO
Mol Med 10. pii: e8743.

Zawadzka M, Rivers LE, Fancy SP, Zhao C, Tripathi R, Jamen F, et al. (2010) CNS-resident glial
progenitor/stem cells produce Schwann cells as well as oligodendrocytes during repair of
CNS demyelination. Cell Stem Cell 6:578-590.

ZhanY, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, Pagani F, et al. (2014) Deficient neuron-
microglia signaling results in impaired functional brain connectivity and social behavior. Nat
Neurosci 17:400-406.

Zhang JD, Yang XL, Zhou Y, Fox H, Xiong H (2018) Direct contacts of microglia on myelin sheath
and Ranvier's node in the corpus callosum in rats. J Biomed Res. doi:

10.7555/JBR.32.20180019.

123



References

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O'Keeffe S, et al. (2014) An RNA-Sequencing
Transcriptome and Splicing Database of Glia, Neurons, and Vascular Cells of the Cerebral
Cortex. J Neurosci 34:11929-11947.

Zhao GN, lJiang DS, Li H (2014) Interferon regulatory factors: at the crossroads of immunity,
metabolism, and disease. Biochim Biophys Acta 1852:365-378.

Zipp F, Aktas O (2006) The brain as a target of inflammation: common pathways link

inflammatory and neurodegenerative diseases. Trends Neurosci 29:518-527.

124






	PORTADAK
	TESIS_24.01.19

