fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

Microglial Phenotypes and Functions
in Multiple Sclerosis

Elaine O’Loughlin,’ Charlotte Madore,” Hans Lassmann,? and Oleg Butovsky™?

'Ann Romney Center for Neurologic Diseases, Department of Neurology, Brigham and Women's
Hospital, Harvard Medical School, Boston, Massachusetts 02115

2Center for Brain Research, Medical University of Vienna, A-1090 Vienna, Austria

*Evergrande Center for Immunologic Diseases, Brigham and Women'’s Hospital, Harvard Medical
School, Boston, Massachusetts 02115

Correspondence: obutovsky@rics.bwh.harvard.edu

Microglia are the resident immune cells that constantly survey the central nervous system.
They can adapt to their environment and respond to injury or insult by altering their mor-
phology, phenotype, and functions. It has long been debated whether microglial activation is
detrimental or beneficial in multiple sclerosis (MS). Recently, the two opposing yet connected
roles of microglial activation have been described with the aid of novel microglial markers,
RNA profiling, and in vivo models. In this review, microglial phenotypes and functions in the
context of MS will be discussed with evidence from both human pathological studies, in vitro
and in vivo models. Microglial functional diversity—phagocytosis, antigen presentation,
immunomodulation, support, and repair—will also be examined in detail. In addition, this
review discusses the emerging evidence for microglia-related targets as biomarkers and
therapeutic targets for MS.

ultiple sclerosis (MS) is a complex inflam-

matory disease accompanied by demyeli-
nation of the central nervous system (CNS)
(Compston and Coles 2002). MS was first depict-
ed more than 160 years ago and was originally
characterized as an inflammatory process with
focal plaques and demyelination in white matter
brain regions and also the spinal cord (Symonds
1975; Lassmann et al. 2007). It is considered a
multifaceted heterogeneous disease, involving
different patterns and mechanisms of tissue in-
jury that are often difficult to treat (Lassmann
et al. 2001). The mechanism of MS pathology is

elusive, but it is known that it involves complex
interactions between systems and cell types, in-
cluding neurons, glia, and immune cells, finally
leading to focal lesions of inflammatory demye-
lination and diffuse neurodegeneration in the
brain and spinal cord (Bruck et al. 1995). Sup-
ported by the major animal model of MS, the
experimental autoimmune encephalomyelitis
(EAE), MS was once traditionally thought of
a predominantly T-cell-mediated autoimmune
disease. It is now known that microglia, the res-
ident CNS immune cells, are key players in MS
disease progression (Jack et al. 2005).
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Microglia, the brain’s macrophages, occupy
~10% of the CNS; they are involved in a wide
variety of functions, for example, phagocytosis.
They are the resident cells of the innate immune
system in the brain (Heneka et al. 2014). Microg-
lia provide the first line of defense against in-
vading pathogens and during inflammation.
Their primary role is to maintain cellular, syn-
aptic, and myelin homeostasis during the nor-
mal function of the CNS and in response to CNS
injury (Benarroch 2013). Under homeostatic
conditions, microglia typically are characterized
by a ramified morphology and continuously
monitor their surrounding environment for
signs of infection or homeostasis-perturbing
events (Gonzalez et al. 2014). Microglia are
weak antigen-presenting cells (APCs) but can
rapidly transform to an activated macrophage
phenotype in response to a specific stimulus
(Kettenmann et al. 2011). They are essential to
CNS inflammation, can be activated by signals
released by neighboring or recruited cells (Facci
et al. 2014), and rapidly migrate to the site of
infection or injury. They secrete a variety of cy-
tokines, are capable of phagocytosis, and can
recruit peripheral cells to the site of injury
(Lampron et al. 2013). Microglia can also serve
beneficial functions to the host by promoting the
formation of new synapses, which in turn facil-
itates the differentiation and proliferation of
neurons (Block and Hong 2007; Gemma and
Bachstetter 2013). Microglia participate in the
maintenance of tissue homeostasis and synaptic
remodeling, but they also contribute in health
and disease to the clearance of cellular debris
and damaged cells. Microglia are very diverse
and, during the past decade, they have emerged
as a key target in neurodegenerative and neuro-
inflammatory diseases. In the context of MS,
microglia phagocytosis is a hallmark of MS le-
sions; they can mount inflammatory responses
that can induce bidirectional feedback between
resident and infiltrating peripheral cells, further
exacerbating the disease.

This review will focus on the roles of microg-
lia phenotype and function in human MS and
experimental models and it will also discuss the
emerging evidence for microglia-targeted ther-
apies, using these cells as a biomarker in MS.

MICROGLIA PHENOTYPIC DIVERSITY
Microglia in Acute and Chronic MS Lesions

The main pathological hallmark of MS is the
presence of focal areas of primary demyelination
with partial preservation of axons and reactive
astrocytic gliosis (Popescu and Lucchinetti
2012). Active demyelination is associated with
inflammation and reactive microgliosis (Lass-
mann 2014). New focal lesions can appear at
any site of the brain and spinal cord, but are
more likely to occur at sites of high venous den-
sity, reflecting the development of brain inflam-
matory lesions around veins (Haider et al. 2016).
Although MS has been associated with a disease
affecting the CNS white matter, recent patholog-
ical and imaging studies show that demyelinat-
ing lesions are also found in cortical gray matter
and deep grey matter nuclei in MS patients (Ca-
labrese et al. 2010). MS lesions evolve differently
during acute versus chronic disease stages (Po-
pescu and Lucchinetti 2012). Lesion pathology
also differs greatly depending on disease type,
for example, active acute lesions are more fre-
quent in acute and relapsing-remitting MS
(RRMS). These demyelinating plaques are pri-
marily occupied by infiltrating myeloid cells that
are evenly distributed throughout the lesion.
Chronic “slowly expanding” lesions are more
frequent than active acute plaques in patients
with progressive MS (Popescu et al. 2013).
They are well-delimitated demyelinated lesions
where myeloid cells are present at the lesion
perimeter. Inactive chronic lesions are charac-
terized by a loss of myelin, axons, and oligoden-
drocytes and by the presence of very low num-
bers of inflammatory cells (Frischer et al. 2009).

Microglia, together with macrophages, are
the most abundant immune cells in active MS
lesions of the brain and spinal cord (Bogie et al.
2014). Activated microglia are present during
early and late MS stages (van der Valk and
Amor 2009; Singh et al. 2013). MS studies
have shown that active lesions correlate with
axonal and oligodendrocyte injury and loss
(Trapp etal. 1998; Henderson et al. 2009). There
is good agreement that cells with a morpholog-
ical microglia phenotype (small cells with elon-
gated nuclei and ramified cell processes) domi-
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nate in initial lesion areas of new active MS
lesions and at the site of lesion expansion in
chronic lesions (Barnett and Prineas 2004;
Marik et al. 2007; Zrzavy et al. 2017), whereas
cells with a macrophage phenotype populate the
lesions after the initial destruction of myelin and
the phagocytosis of myelin debris (Bruck et al.
1995). However, microglia can transform into
a macrophage phenotype (Kettenmann et al.
2011). Because of the difficulty in distinguishing
monocytes and microglia, both morphologically
and functionally, the complex roles of microglia
versus monocytes in the inflammatory/degener-
ative cascade in MS have not been fully revealed
yet. However, with the advancement of specific
markers and identification of molecular signa-
tures of these cells, significant advancements are
being made in this field (Butovsky et al. 2014;
Rinchai et al. 2016).

TMEM119 is expressed by microglia but
not by recruited monocytes in rodent CNS
and in the human brain (Butovsky et al. 2014;
Bennett et al. 2016; Satoh et al. 2016). The mark-
er TMEM119 was used to differentiate cells de-
rived from the resident microglia pool from re-
cruited macrophages in different stages of MS
lesions. In initial stages of new active lesions and
at the edge of slowly expanding lesions, the ma-
jority of IBA-1-positive myeloid cells expressed
TMEM119, whereas the percentage of cells
with macrophage phenotypes within established
plaques declined with lesion maturation. This
suggests that the initial tissue damage in MS le-
sions is mainly associated with activated microg-
lia, and that these cells after phagocytosis of tissue
debris transform into cells with a macrophage
phenotype. In addition, however, there is a fur-
ther recruitment of monocytes into established
lesions, which coincides with profound addition-
al recruitment of lymphocytes (Marik et al. 2007;
Henderson et al. 2009; Zrzavy et al. 2017).

It is still a controversial matter whether de-
myelination and tissue damage in active MS le-
sions is initiated by the adaptive inflammatory
response or by activated microglia in the absence
of a lymphocyte contribution. Experiments us-
ing bone marrow chimeric mice showed that
microglia activation precedes the onset of EAE
and that microglia depletion or down-regulation

Microglia in Multiple Sclerosis

of microglial genes results in attenuation of dis-
ease severity and demyelination in EAE (Hepp-
ner et al. 2005; Ponomarev et al. 2005; Gold-
mann et al. 2013). These studies indicate that
microglia can promote disease progression in
EAE and possibly also in MS. In line with this
concept, preactive lesions have been described in
MS, which are defined by clusters of activated
microglia in the white matter of MS patients,
which develop without demyelination and pe-
ripheral cell infiltration (van Horssen et al.
2012), and thus may represent the early stage
of inflammatory lesion (van Noort et al. 2011).
However, these “preactive” lesions have been de-
scribed in progressive MS, are very frequent and
widespread, and it is therefore highly unlikely
that such lesions develop into classical active
MS plaques. In addition, they are poorly defined
and may also reflect areas of diffuse microglia
activation in the normal-appearing white matter
of MS patients as well as areas of secondary
Wallerian degeneration or even remyelination.

However, in a detailed study on inflamma-
tion in relation to demyelinating activity, it was
suggested that initial (so-called prephagocytic)
lesions in early MS are associated with microglia
activation in the absence of lymphocytic infil-
trates (Barnett and Prineas 2004). Subsequent
studies by the same group (Henderson et al.
2009) and others (Marik et al. 2007) showed
that even within and these lesions T and B lym-
phocytes are present, although their number is
much smaller compared with that in later lesion
stages. From all these studies, it is clear that
active demyelination and neurodegeneration is
associated with microglia activation. Whether
this microglia activation is the primary trigger
of lesion formation, whether they are activated
by T lymphocytes or B cells, or they are second-
ary to tissue injury mediated by soluble factors
produced by cells of the adaptive immune sys-
tem is currently unresolved.

Patterns of Microglia Activation in MS Lesions

The immune reaction in MS lesions has initially
been characterized by showing activated T cells
and major histocompatibility complex (MHC)
class II microglia and macrophages being pres-
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ent in MS lesions (Traugott et al. 1983). These
data suggest that the microglial cells are of major
importance in acting as an APC to T cells in the
lesions (Woodroofe et al. 1986; Traugott and
Zhirmunskaia 1993). However, knowledge re-
garding the phenotype and function of these
cells is so far limited (Bogie et al. 2014). It has
been difficult to identify the phenotypic diver-
sity of microglia in MS lesions, mostly because of
an absence of unique markers distinguishing
microglia from macrophages. Indeed, microglia
and macrophages have been wrongly classified
as pro- versus anti-inflammatory cells (Marti-
nez and Gordon 2014; Ransohoff 2016). Until
recently, no clearly defined lesion stage-depen-
dent phenotype was identified. Macrophages
and microglia were considered to present an in-
termediate phenotype in human MS lesions
(Vogel et al. 2013; Peferoen et al. 2015) with a
predominance of proinflammatory phenotypes
during the acute or early phase of disease (Gao
and Tsirka 2011). Microglia in human CNS tis-
sue express a pattern of G-protein-coupled
sphingosine-1-phosphate (S1P) receptors simi-
lar to mature dendritic cells (DCs) and macro-
phages but distinct from that seen in circulating
monocytes (Hunter et al. 2016). A variety of
receptors are expressed at the cell surface of mi-
croglia, including complement receptors, scav-
enger receptors, Fc receptors, Toll-like receptors
(TLRs), TREM2, pyrimidinergic receptor P2Y,
mannose receptor, and macrophage antigen
complex 2 (Napoli and Neumann 2009; Fu et
al. 2014). TREM2 is increased in the cerebro-
spinal fluid of both progressive and RRMS pa-
tients (Ohrfelt et al. 2016).

The discovery of specific markers and iden-
tification of molecular signatures of microglia
made significant advancements in the field
(Hickman et al. 2013; Butovsky et al. 2014). A
recent study showed that macrophages and
microglia have to be defined according to a com-
bination of their morphological and molecular
features (Butovsky et al. 2014; Zrzavyetal. 2017).
P2Y12 is a unique microglia marker, expressed
on human microglia in homeostasis (Mildner
et al. 2017). Although in humans microglia al-
ready have a preactivated phenotype in normal
white matter in between the homeostatic and

proinflammatory phenotypes, P2Y12 expres-
sion is reduced in normal-appearing white mat-
ter, distant from focal lesions of MS patients, and
totally lost in active lesions but is reexpressed on
the few microglia that are left over in inactive
lesions (Zrzavy et al. 2017). Similar results have
been reported previously, although they were
only based on a single MS lesion (Mildner et al.
2017). Microglia and macrophages in initial and
early active lesion stages showed a dominant ex-
pression of proinflammatory markers involved
in phagocytosis (CD68), in antigen presentation
(MHC class I and II, CD86), and in the produc-
tion of reactive oxygen species (ROS) (p22phox).
In later stages of active lesions, the cells switched
to an intermediate phenotype and coexpressed
proinflammatory markers with other antigens as-
sociated with M2 activation (CD206 and CD163)
(Zrzavy et al. 2017). The activation patterns of
microglia and macrophages were qualitatively
similar in new demyelinating lesions from early
MS and in slowly expanding lesions of progressive
MS. In addition, microglia and macrophages in
active MS lesions also expressed proteins that are
involved in iron metabolism, which was in part
associated with profound iron accumulation in
these cells, in particular, in brains from patients
from the progressive stage of the disease (Hamet-
ner et al. 2013; Dal-Bianco et al. 2017).

All of the above-described data indicate a
prominent role of microglia and macrophages in
the pathogenesis of multiple sclerosis lesions. It
should, however, be noted that this reaction pat-
tern of microglia and macrophages is not unique
for MS. Essentially similar results have been ob-
tained in the analysis of different stages of stroke
lesions. Although, in stroke, these microglia acti-
vation patterns are seen in relation to fresh lesions,
microglia activation in MS is a chronic process
associated with slow expansion of preexisting le-
sions and diffuse injury of the normal-appearing
white and grey matter. What drives the chronic
microglia activation in MS is currently unknown.

MICROGLIA IN PRECLINICAL STUDIES

Most advances in our understanding of microg-
lia function in the normal brain and in disease
conditions arise from experimental models.
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They include the analysis of the normal brain
and its development of inflammatory, demyeli-
nating, and neurodegenerative conditions. For
the topic of this review, experimental models
of brain inflammation and/or demyelination
are most relevant.

Experimental models of brain inflammation
and demyelination include the spectrum of au-
toimmune encephalomyelitis, as well as toxic or
virus-induced demyelinating diseases (Lass-
mann and Bradl 2017). The most characterized
and used experimental models are (1) EAE; (2)
viral-induced chronic demyelinating disease
such as Theiler’s murine encephalomyelitis vi-
rus (TMEV) infection; and (3) toxin-induced
demyelination, such as cuprizone. These models
used in combination and in different rodent
strains cover a broad spectrum of the MS phe-
notype. All of these models, in various ways,
have allowed us to understand the role of mi-
croglia in MS pathogenesis.

EAE can be induced in all vertebrate species
by active sensitization of the animals with brain
tissue. All brain antigens, which are able to
mount specific T-cell responses, can trigger neu-
roinflammation. This reaction can be induced
by active sensitization as well as by passive trans-
fer of autoreactive CD4" T-cell populations.
EAE induced by autoreactive CD4" T cells is
characterized by pronounced inflammation,
which preferentially affects the spinal cord and
can, in some animal strains, lead to a chronic
disease with focal lesions of demyelination and
axonal degeneration. In contrast to the pathol-
ogy of MS, which is largely defined by confluent
plaques of primary demyelination and axonal
preservation, the lesions of acute or chronic T-
cell-mediated EAE in most instances show ex-
tensive axonal injury and destruction with sec-
ondary demyelination.

MS-like primary demyelination has so far
only been reproduced in experimental models,
which are either mediated by oligodendrocyte-
specific MHC class I-restricted cytotoxic T cells
(Saxena et al. 2008) or which mount an addi-
tional demyelinating autoantibody response di-
rected against an antigen expressed on the ex-
tracellular surface of myelin or oligodendrocytes
(Storch et al. 1998). However, the phenotype of

Microglia in Multiple Sclerosis

EAE models is highly variable among different
animal species. As an example, EAE induced in
nonobese diabetic (NOD) mice occurs on the
background of a general innate immunity acti-
vation (Mayo et al. 2016) and results in a chronic
progressive neurological phenotype with larger
and more destructive lesions in the CNS in com-
parison to that in other more frequently used
mouse strains, such as the C57B6 mice. For
practical reasons, such as reproducibility, han-
dling of the animals and availability of a large
spectrum of gene-modified animals, the vast
majority of EAE experiments are performed in
mice and induced by autoimmunity against the
peptidess ss of myelin oligodendrocyte glyco-
protein, despite the fact that other EAE models
reflect the specific MS lesions more precisely.

In addition, demyelination induced by cu-
prizone, a toxin that induces oxidative damage
and mitochondrial dysfunction with selective
damage to oligodendrocytes in the corpus callo-
sum and hippocampus (Praet et al. 2014), and
other models of toxic demyelination are partic-
ularly useful to study mechanisms of demyelina-
tion in the absence of an adaptive immunity-
driven inflammatory response or the response
of oligodendrocyte progenitor cells (OPCs) in
the presence of chronically activated microglia
(Skripuletz et al. 2011). Within the focus of this
review, in such models, the role of microglia and
macrophages, which are activated in the context
of demyelination, can be analyzed.

Finally, models of viral-induced demyelina-
tion are used to study the spontaneous develop-
ment of inflammatory demyelination in the
CNS in the absence of the active (and artificial)
induction of an antigen-specific autoimmune
response (Gerhauser et al. 2012). The pathogen-
esis of these models, however, is highly complex,
involving direct viral-induced damage of brain
cells or oligodendrocytes, a complex immune
response involving MHC class I and II-restrict-
ed T cells, and potentially pathogenic antibodies
against viral proteins or even autoantigens. A
comparison of results obtained in the various
experimental models of inflammation and
demyelination provides important insight into
the microglia phenotype and function for MS
pathology.
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Microglia Phenotype in Models
of Inflammation and Demyelination

There is a large spectrum of models used today
to study microglia phenotype and function in
vivo (Ransohoff 2012). EAE studies suggest
that the brain and spinal cord function as exclu-
sive microenvironments that act differently in
response to infiltrating immune cells, with the
spinal cord being the most affected with regard
to infiltration, tissue damage, and reactive glio-
sis. Recruited immune cells infiltrate the lesions,
and monocyte infiltrates have been shown to
play a critical role in the establishment of EAE
that is distinct from microglia (Mildner et al.
2009; Ajami et al. 2011). In EAE, blocking the
activity or skewing microglia and recruited mac-
rophages toward anti-inflammatory phenotypes
has been shown to ameliorate the disease (Hem-
mer et al. 2015), thus emphasizing a pivotal role
for microglia in EAE pathology.

Experiments using bone marrow chimeric
mice showed that microglial activation occurs
before the onset of EAE, although this is seen
only in animals that have mounted a CNS-spe-
cific T-cell autoimmune response and not in
animals with massive peripheral immune stim-
ulation by complete Freund’s adjuvant alone.
Thus, it is likely that this microglia activation
occurs as a response to initial T-cell infiltration
into the meninges. Microglia depletion or
down-regulation of microglial genes results in
attenuation of disease severity and demyelina-
tion in EAE (Heppner et al. 2005; Ponomarev
et al. 2005; Goldmann et al. 2013), suggesting
that microglia can promote disease progression
in EAE. As the first line of defense in the brain,
microglia express a number of different TLRs at
their cell surface, which helps them recognize
molecular patterns associated with injured cells
(Miranda-Hernandez and Baxter 2013). Mi-
croglia-expressing TLRs are crucial for defense
against invading pathogens or autoimmune cells
because of their involvement in phagocytosis
and the production of inflammatory mediators
(Trudler et al. 2010).

Microglia present different activation states
with the stage of the disease, which have origi-
nally been divided into pro- and anti-inflamma-

tory states. A classically activated, M1-like state
(associated with host defense, cytotoxicity, se-
cretion of proinflammatory cytokines, proteas-
es, and ROS and reactive nitrogen [RNI] species)
defines proinflammatory, activated microglia
that are involved in the development and expan-
sion of lesions (Gao and Tsirka 2011). Activated
microglia present cell-surface-expressed mole-
cules such as CD14 and MHC, which allow T
cells to recognize and bind to small fragments of
pathogens (Block and Hong 2007). Activated
amoeboid microglia can induce detrimental cel-
lular damage to the host by releasing a number of
inflammatory mediators, including proinflam-
matory cytokines, ROS, RNI, and various com-
plement proteins (Mayo et al. 2012; Gonzalez
et al. 2014; Heneka et al. 2014). In addition,
they are characterized by the secretion of proin-
flammatory cytokines (e.g., tumor necrosis fac-
tor oo [TNF-a] and interferon y [IFN-y]) and
toxic molecules, which further amplify the initial
activation, proliferation, and differentiation of T
cells (Greter et al. 2005; Heppner et al. 2005;
McMabhon etal. 2005), and they lead to neuronal
dysfunction and chronic brain inflammation.
Furthermore, activated microglia secrete che-
mokines of the CXC family (interleukin [IL]-8,
CXC-ligand-10) and of the CC family (macro-
phages inflammatory protein-1a/1b, monocyte
chemoattractant protein-1, CC-ligand-5), which
contribute to the intracerebral recruitment of T
cells, additional macrophages, and DCs, which
present antigens.

To dampen neuroinflammation, microglia
can also adopt an anti-inflammatory phenotype
named “M2-like,” characterized by thin cell
bodies and branched processes (Gonzalez et al.
2014), and this is associated with increased an-
giogenic capacity. M2-like activation of microg-
lia leads to the secretion of neurotrophic factors
and anti-inflammatory mediators such as nerve
growth factor (NGF), brain-derived neurotro-
phic factor (BDNF), insulin-like growth factor
1 (IGF-1), as well as a variety of anti-inflamma-
tory cytokines (e.g., IL-10 and transforming
growth factor B [TGF-B]), which help diminish
neuronal damage and limit the extent of inflam-
mation, promoting the removal of cellular de-
bris in the brain (Mayo et al. 2012). Altogether,
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these changes in functional polarization may
play an important role in the induction of re-
myelination and repair (Miron and Franklin
2014).

Another important mechanism of neuroin-
flammation is mediated by microglia—mast cell
communication, as evidenced by the presence of
numerous contact points between these cell
types (Skaper and Facci 2012). Engagement of
TLR2 and TLR4 on mast cells help recruit im-
mune cells to the sites of injury by releasing
various cytokines (Skaper et al. 2014). In addi-
tion, IL-33 secreted from microglia binds to
mast cells and induces the secretion of immune
modulators, including IL-6, IL-13, and mono-
cyte chemoattractant protein, which in turn help
regulate the innate immune response (Skaper
and Facci 2012). Although the concept of pro-
versus anti-inflammatory microglia activation
in relation to damage and repair in the CNS is
simple, attractive, and has merits, recent data
show that it is an oversimplification. The respec-
tive markers and functional states have been de-
fined originally in in vitro systems, using isolat-
ed microglia and stimulating them with defined
mixtures of cytokines. This is not fully applica-
ble to a complex in vivo situation, in which the
cells are stimulated in the context of other cells
and by a broad mixture of different cytokines. It
is thus not surprising that, in vivo, the majority
of microglia show a multifaceted marker expres-
sion and that lesion-activated patterns are less
obvious.

It is possible to suggest that microglia phe-
notype and function are a reflection of the en-
vironmental cues with the lesions. The first step
appears to be a functional change from a ho-
meostatic to an alerted phenotype, which occurs
as a reaction to any type of cell degeneration
within the CNS. In a second step, environmental
cues drive microglia into specific functional
states, responding to inflammation, exposure
to exogenous agents (viral, bacterial, or fungal
infection), to specific types of tissue injury, as
well as to vascular damage or to iron liberation
within the tissue. As an example, it has been
observed in the model of scrapie that neurode-
generation results in microglia activation in-
volved in phagocytosis and in neuroprotection.

Microglia in Multiple Sclerosis

However, when this occurred under systemic or
local inflammatory conditions, microglia be-
came further activated into a proinflammatory
phenotype, which amplified neurodegeneration,
postulating the idea of microglial priming (Perry
and Holmes 2014). As the first line of defense in
the CNS, microglia during MS express numer-
ous TLRs, which enable them to recognize mo-
lecular patterns associated with injured cells
(Miranda-Hernandez and Baxter 2013). Mi-
croglia-expressing TLRs are crucial against in-
vading pathogens or autoimmune cells because
of their involvement in phagocytosis and the
production of inflammatory mediators (Trudler
et al. 2010).

MICROGLIA IMAGING AS A BIOMARKER

The use of noninvasive molecular imaging tech-
niques helps in the diagnosis and a better un-
derstanding of molecular mechanisms in MS.
Magnetic resonance imaging (MRI) has been
used for decades in MS research and diagnosis.
It has more recently been complemented by the
use of ultrasmall iron particles (USPIOs), which
are taken up by macrophages in the circulation
or by microglia in conditions of blood-brain
barrier (BBB) damage and allow tracing of these
cells in vivo using iron-sensitive MRI sequences.
A recent study by Kirschbaum et al. (2016), us-
ing MRI and nanoparticles to determine pathol-
ogy in EAE, showed that the majority of myeloid
effector cells have the ability to phagocytose
nanoparticles, including microglia, macrophag-
es, and neutrophils, which is a unique approach
to imaging the inflammatory responses in EAE.
In addition, they used ferumoxytol (Food and
Drug Administration [FDA] approved) iron ox-
ide nanoparticles to show that labeled activated
microglia, infiltrating macrophages, and neutro-
phils can be imaged across disease progression
in EAE. Moreover, several studies have indicated
that myeloperoxidase (MPO) is a potential bio-
marker for MS disease progression. MPO is one
of the most abundant enzymes secreted by acti-
vated inflammatory cells. In EAE, MPO knock-
out mice display increased disease severity in
comparison to wild-type (WT) controls (Bren-
nan et al. 2001). Studies have shown that MPO is
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also found in active human MS plaques (Nagra
et al. 1997; Gray et al. 2008a,b). The MPO-sens-
ing MR imaging agent MPO-Gd can be readily
synthesized, showing MPO activity as a poten-
tial biomarker for activate inflammation and
demyelination (Chen et al. 2006, 2008). MPO
could be considered a useful biomarker in MS
to evaluate the degree of inflammation and to
monitor disease progression and thus may act
as therapeutic guide. When USPIOs were ap-
plied to MS patients, these studies underlined
the importance of macrophages and microglia
in MS lesions and showed that new macrophage
infiltration into the MS brain even occurs at sites
that do not show gadolinium enhancement as a
sign for local BBB opening. Furthermore, these
studies established in vivo the very low turnover
of macrophages in established plaques. Howev-
er, a pitfall of this imaging is that it does not
determine what cell types phagocytose these
nanoparticles in the human brain. In addition,
considering the role of iron within the lesions as
an amplification factor for oxidative damage,
there are a number of safety concerns related
to the use of USPIOs in patients (Gkagkanasiou
et al. 2016).

Another potential biomarker for the analysis
of microglia and macrophages in MS lesions is
their spontaneous uptake of iron when liberated
in the lesions. As mentioned above, iron accu-
mulates in the aging human brain in oligoden-
drocytes. It is liberated during the stage of lesion
activity and taken up by microglia at the lesion
edge. In addition, increased vascular permeabil-
ity within the lesions, possibly associated with
small microhemorrhages, increases iron load in
the lesions and its uptake in macrophages and
less prominently in astrocytes (Hametner et al.
2013). In particular, microglial uptake at the le-
sion perimeter can be visualized in the form of
iron rings. Such iron ring lesions label a subset of
slowly expanding lesions in the brain of patients
with progressive MS (Pitt et al. 2010) and may
turn out in the future to be a paraclinical marker
for low-gradelesion activity in patients (Pitt et al.
2010; Dal-Bianco et al. 2017). The caveat with
this approach, however, is that such iron accu-
mulation at the lesion edge only occurs in brain
regions that show increased iron accumulation

in the normal brain, such as the forebrain or
brain stem. Its absence does not exclude the pres-
ence of active lesions in other brain areas.

Now, positron emission tomography (PET)
imaging provides new functional information
and molecular details before anatomic changes
thus leading to a better understanding and fol-
low-up of the disease progression and potential
treatment. Neuroinflammation, occuring in MS,
provides changes in proteins that can be targeted
and detected for imaging purposes. PET imag-
ing of neuroinflammation in MS was focused on
monitoring changes in glucose metabolism in
addition of the presence of activated microglia
in the lesions (Kiferle et al. 2011). Nowadays,
most of the PET tracers to detect microglia ac-
tivation use the expression of the translocator
protein TSPO (Ching et al. 2012; Takano et al.
2013). TSPO is a biomarker for the imaging of
microglia activation (Ching et al. 2012). TSPO is
expressed in the outer membrane of mitochon-
dria and contributes to cholesterol transport
into the organelle. TSPO, by gene expression,
is almost totally absent from resident microglia
in a healthy CNS but will rapidly increase during
neuroinflammation (Ching et al. 2012; Banati
etal. 2014). Using the isoquinoline carboxamide
derivate PK11195, a nonbenzodiazepine ligand
specifically binding to TSPO, microglia activa-
tion could be observed, however, in a subset of
MS patients (Vas et al. 2008). [''C]PK11195
binding was increased in areas of acute and re-
lapse-associated inflammation (Rissanen et al.
2014). It was also increased in activated microg-
lia, not in the lesion, in central gray matter,
which is not considered a site of MS pathology,
and also in normal-appearing white matter (Ba-
nati et al. 2000; Debruyne et al. 2003). Imaging
of microglial activation in MS patients could
serve as a biomarker for disease progression
(Abourbeh et al. 2012; Airas et al. 2015). How-
ever, TSPO just identifies activated microglia,
but does not allow conclusions regarding their
specific pro- or anti-inflammatory activation
state. Its visualization by PET imaging is thus
considered a nondiagnostic biomarker for brain
injury and of limited value as a specific disease
marker or an indicator for a specific disease
mechanism (Liu et al. 2014).
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Several advances are currently underway
that are using other molecular targets to image
activated microglia for PET imaging as a bio-
marker in MS. For example, in vivo applications
have investigated microglia receptors ( puriner-
gic receptors P2X7, cannabinoid receptors, o7
and 04P2 nicotinic acetylcholine receptors,
adenosine 2A receptor, folate receptor ) and
enzymes (cyclooxygenase, nitric oxide synthase,
matrix metalloproteinase, B-glucuronidase, and
enzymes of the kynurenine pathway) that are
found to be specific to microglia. This approach
may lead to more specific targeting and imaging
of microglia in MS (Yiangou et al. 2006, Rissa-
nen et al. 2013).

MICROGLIAL FUNCTIONS

Reaction to Cell or Tissue Damage
and Phagocytosis

MS could be seen as a neurodegenerative disease
in which inflammation occurs as a secondary
response, augmenting and modifying progres-
sive stages in MS, and demyelinating lesions cor-
relate with the axonal and oligodendrocyte pa-
thology (Trapp et al. 1998; Henderson et al.
2009). It has been observed in MS and in EAE
mouse models (Williams et al. 1994; Ransohoff
2012) that macrophages predominate in demye-
linated areas and their numbers correlate to EAE
severity and disease progression (Huitinga et al.
1990, 1993; Ferguson et al. 1997; Trapp et al.
1998; Ajami et al. 2011). In vivo, Yamasaki et
al. (2014) were the first to provide some poten-
tial mechanisms regarding the role of microglia
versus recruited monocytes in MS. Indeed, they
show that recruited monocytes turning into
macrophages within the CNS would be the pri-
mary effectors and initiate the demyelination,
which happens often at the nodes of Ranvier.
Meanwhile, microglia appear less effective at
disease onset. The two myeloid cell populations
show a distinct expression profile at different
stages of the disease. Microglia would likely
playa role in phagocytosis at early, and recruited
macrophages at late, recovery stages (Yamasaki
et al. 2014). Targeting the recruited immune
cells that are responsible for myelin degradation

Microglia in Multiple Sclerosis

would be the ideal candidate in terms of the
demyelination process.

TREM2 expression by microglia is known
to modulate the inflammatory response by sup-
pression of microglia-mediated cytokine pro-
duction and secretion, and by regulation of
phagocytic pathways that clear neuronal debris
(Hsieh et al. 2009; Krasemann et al. 2017). A
recent study by Bogie et al. identified a scavenger
receptor, collectin placenta 1 (CL-P1), as a novel
receptor in the uptake of myelin by microglia
(phagocytes). Myelin uptake increases the ex-
pression of CL-P1 on the surface of human
and mouse macrophages. In addition, they
showed that knockdown of CL-P1 inhibits my-
elin uptake (Bogie et al. 2017b). In addition, the
expression of CD169 seems to be a selective
marker for early-activated microglia in EAE le-
sions. Depletion of CD169" cells using diphthe-
ria toxin receptor (DTR) showed a significant
reduction in neuroinflammation and amelio-
rated disease symptoms in EAE-induced mice
(Bogie et al. 2017a).

Antigen Presentation in EAE and MS

Genetic susceptibility to MS has been linked
with changes in the antigen presentation, more
specifically with specific MHC class II gene phe-
notypes (Oksenberg et al. 2001). Antigen pre-
sentation in the CNS can be considered at the
level of the BBB and within the CNS parenchy-
ma. Competent antigen presentation is depen-
dent on cells expressing both the requisite MHC
and costimulatory molecules. Perivascular mac-
rophages were considered the main APC at the
level of the BBB because in both humans and
rodents they constitutively express MHC class
II (Lassmann et al. 1991; Graeber et al. 1992)
and their expression is up-regulated in MS le-
sions (Bo et al. 1994).

Antigen Presentation In Vivo

APCs are essential for the pathogenesis of EAE
(McMahon et al. 2005). In the various in vivo
models as discussed above, the APC ultimately
has similar overall roles such as antigen process-
ing, presentation, production of costimulatory
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molecules, and cytokine secretion, all needed to
drive stimulation, proliferation, and differentia-
tion of autoreactive T-cell subsets (Bailey et al.
2007). Microglial cells are considered to be the
main APC population in the CNS. As previously
discussed, microglia are responsible for myelin
debris removal, which can be correlated to anti-
gen presentation and processing to T cells in
EAE (Tompkins et al. 2002). Once activated
APCs are recruited, they present myelin anti-
gens associated with MHC class II and express
costimulatory molecules (e.g., CD40 and B7 gly-
coproteins) capable of further activating infil-
trating T cells (Sanders and De Keyser 2007).
Microglia also regulate T-cell differentiation to-
ward T helper (Th)1 and Th17 pathogenic sub-
types through TNF-o (Gao and Tsirka 2011).

Immune cells, such as T cells, receiving a
primary stimulus, typically need costimulatory
molecules to become activated, for example, B7-
CD28 and/or CD40-CD40 ligand (van Kooten
and Banchereau 2000). In the context of CD40-
CD40L, studies have linked this interaction with
T-cell microglia cell APC function in EAE.
CDA40L is a costimulatory molecule expressed
on immune cells, primarily by activated T-cell
subsets. The CD40 receptor is expressed by pro-
fessional and nonprofessional APCs, including
microglia. In vivo studies showed that CD40 ex-
pression by microglia was responsible for re-
cruitment of encephalitogenic T cells in EAE.
However, these parenchymal microglia were
characterized as “DC-like” microglia in their
surface marker expression, CD1lc (Becher
et al. 2001; Fischer and Reichmann 2001). A
study by Wasser et al. (2016) also showed that
activated microglia-expressing CD11c showed
RNA-seq profile of activated macrophages and
contributed to antigen presentation to cytotoxic
T cells in EAE.

In addition, in EAE, cytokines such as IL-17
and IL-22 are up-regulated on the surface of
BBB endothelial cells. Stimulation of these cells
induces disturbance of the tight junctions,
breakdown of the BBB, and thus infiltration of
immune cells, particularly T cells. This mecha-
nism mediates T-cell infiltration to the CNS.
Once activated, T cells traffic/move into the
CNS and become restimulated by APCs (microg-

lia) thus leading to further inflammatory cas-
cade and disease progression (Wlodarczyk et al.
2014). Microglia produce an array of inflamma-
tory molecules under certain stimuli, up-regu-
late CD45, MHC, and costimulatory molecules,
as well as type 1 IFN and IL-18 production,
which in turn can stimulate the proliferation of
Thl and Th17 subsets (Khorooshi and Owens
2010). Moreover, in vitro and ex vivo studies
have shown that IFN-y-activated, TMEV -infect-
ed microglia have the capacity to present myelin
and viral peptides to CD4" T cells, further sug-
gesting microglia capabilities to present antigen
to T-cell subsets (Aloisi et al. 1998; Mack et al.
2003). However, several studies support the idea
that the inflamed CNS contains APC subpopu-
lations with distinct and possibly complemen-
tary capability. The majority of studies indicate
microglia being “weak” APCs within this cas-
cade (Mack et al. 2003; Shaked et al. 2004; Al-
molda et al. 2011). Although it is suggested that
microglia are “weak” APCs, it is evident that
their activation enhances stimulation of infil-
trating immune cells, especially T cells, thus fur-
ther exacerbating the disease progression (Go-
verman 2009).

However, using bone marrow chimeric ani-
mals, no differences in EAE incidence and se-
verity was seen after passive transfer of enceph-
alitogenic T cells irrespective of whether antigen
recognition took place only on recruited myeloid
cells or on these cells together with microglia
(Hickey and Kimura 1988; Lassmann et al.
1993). These data show that antigen presentation
by microglia is not essential for the induction of
T-cell-mediated brain inflammation, but that it
may play an augmentative or modulating role.

Antigen Presentation in MS

Although considered weak APCs, microglia in
the white matter have been shown to express
MHC class II molecules in human and without
apparent CNS pathology (Gehrmann et al. 1993;
Ulvestad et al. 1994). The low level of expression
of microglia MHC class II has been found to be
up-regulated after damage or during immune
reactions (Chastain et al. 2011). Activation sig-
nals for microglia may come from the periphery
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or may be received from the local environment.
Initial and subsequent exacerbations of MS have
been linked with systemic viral infections (Tal-
bot et al. 2001). A link with bacterial infections,
especially urinary tract infections, a source of
endotoxins, has also been suggested (Wolfson
and Talbot 2002). MS has also been linked
with a number of putative viral (human herpes
virus [HHV6]) and bacterial (Chlamydia) CNS
infections (Moore and Wolfson 2002; Swanborg
etal. 2003). The favored hypothesis in MS is that
one or more common (e.g., Epstein-Barr virus
[EBV] or HHV®), rather than a unique, infec-
tion are likely to contribute to disease develop-
ment. Low levels of endotoxins or pathogenic
ligands presented systemically could play the
role of an activating signal, accounting for the
increased expression of MHCII on the perivas-
cular macrophages, and then transfer the signal
to activate microglia in the parenchyma.

Local environment and recruited cells are
likely to activate microglia. These cues belong
to either the classical nonself pathogen-associat-
ed “stranger” signal proposed by Janeway or to
the damage-associated “danger” signal proposed
by Matzinger that may include self, or endoge-
nous, ligands. Most of the time, these signals
bind to common cell-surface receptors (Seong
and Matzinger 2004). Indeed, adjuvant-contain-
ing killed bacteria or bacterial products are often
necessary for successful vaccination in rodent
models of MS (Seong and Matzinger 2004). An-
imal models of MS commonly require injection
of mycobacterium along with the myelin-asso-
ciated peptide (Miller and Karpus 2007; McCar-
thy et al. 2012). Successful adoptive transfer
models conducted in the absence of adjuvant
likely reflect the high number and activation sta-
tus of the transferred antigen-specific T cells.
This results in the up-regulation of molecules
that are necessary for antigen presentation and
costimulation needing the recruitment of the
adaptive immune system. B7-2 or CD86, costi-
mulatory proteins of MHC class II, are also
expressed at a low level on human microglia
(Becher and Antel 1996; Bechmann et al. 2001).
Another costimulatory protein B7-1 or CD80
has been shown to be up-regulated in early MS
plaques (Windhagen et al. 1995).

Microglia in Multiple Sclerosis

The apparent up-regulation of APC-related
molecules on human microglia under nonin-
flammatory conditions contrasts to most obser-
vations made in rodents (Ford et al. 1995), and
raises the issue as to whether this reflects intrin-
sic properties of the human microglia or differ-
ences in environmental signals compared with
experimental animals raised in “clean” condi-
tions. In this regard, Goverman et al. (1993)
found that mice transgenic for a T-cell receptor
(TCR) recognizing an encephalitogenic peptide
(myelin basic protein) developed spontaneous
encephalomyelitis only when kept in a nonster-
ile environment. We speculate that basal activa-
tion of microglia and up-regulation of MHC
expression within the CNS may predispose hu-
mans to diseases such as MS.

Microglia—Effects on Oligodendrocytes

Microglia can produce numerous noxious proin-
flammatory molecules may induce bystander ef-
fects to neighboring glial cells and neurons. In
such inflammatory environments, such as MS
and EAE, oligodendrocytes are particularly sus-
ceptible to microglia-derived factors because of
their high metabolic activity and energy de-
mands. For example, in vitro, microglia treated
with the bacterial mimetic lipopolysaccharide
(LPS), inhibits OPC proliferation and induces
OPC cell death. Studies have revealed that
stressed oligodendrocytes activate microglia
(Peferoen et al. 2014). Moreover, mice lacking
proapoptotic genes, or overexpression of antia-
poptotic molecules selectively in oligodendro-
cytes, are resistant to EAE and do not show
inflammation-associated demyelination (Hisa-
hara et al. 2000). In scenarios of stress or
damage, oligodendrocytes are known to produce
mediators that may modulate microglial activa-
tion. Oligodendrocyte expression of chemokines
CXCL10, CCL2, and CCL3 may suggest that ol-
igodendrocytes actively secrete these molecules
to recruit microglial cells to the site of injury/
damage (Balabanov et al. 2007). Once microglia
areactivated in EAE, they can damage other CNS
cells, in particular, oligodendrocytes and neu-
rons (Butovsky et al. 2006; Peferoen et al. 2014).
They contain myelin and axonal debris, present
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with higher expression of MHC class I and ITand
costimulatory molecules, and secrete different
inflammatory and neurotoxic mediators in le-
sions (Boven et al. 2006; Butovsky et al. 2006;
Huizinga et al. 2012; Vogel et al. 2013).

Microglia Immunomodulatory Role

Several in vivo models mimicking neuroinflam-
mation and neurodegeneration attempt to di-
minish the CNS damage by modulating mi-
croglia inflammatory responses. In the CNS,
microglia phenotype and “activation state” can
have direct or indirect effects on other cells of the
CNS such as neurons, oligodendrocytes, and as-
trocytes. The importance of microglia in im-
mune modulation was shown by microglial ex-
pression of the fractalkine receptor (Cardona
et al. 2006). In the CNS, microglia are the
only cells to express the fractalkine receptor
(CX3CR1), and deficiency of this receptor was
shown to induce in vivo neurotoxicity. For ex-
ample, CX3CR1 knockout mice treated with the
bacterial mimetic, LPS, displayed cell-autono-
mous microglial neurotoxicity. Moreover, in
models for Parkinson’s and amyotrophic lateral
sclerosis (ALS), mice lacking the fractalkine re-
ceptor showed significant neuronal loss, show-
ing the potential for microglial neuroprotection
via the CX3CRI receptor (Cardona et al. 2006).
More recently, in relation to astrocyte toxicity,
the Barres group showed that activated microglia
induce reactive astrocytes in states of CNS dis-
ease and injury, thus worsening the inflamma-
tory cascade in the CNS (Liddelow et al. 2017).

Cytotoxicity—Oxidative Activation

Oxidative burst activation of microglia is a char-
acteristic pattern in human inflammatory and
neurodegenerative diseases of the CNS. This is
reflected by the expression of NADPH oxidase
(Haider et al. 2011), MPO (Gray et al. 2008a),
and, to a lesser degree, of inducible nitric oxide
synthase (iNOS). Oxidative activation in mi-
croglia is associated with oxidative injury in le-
sions with active demyelination or neurodegen-
eration. Because mitochondria are particularly
vulnerable to acute or chronic oxidative injury, it

is not surprising to see prominent mitochondri-
al damage and dysfunction in the multiple scle-
rosis brain and lesions, which may result in
functional disturbances caused by energy defi-
ciency, functional disturbance of the proteins of
the respiratory chain (Mahad et al. 2008), and
gene deletions of mitochondrially encoded
DNA (Campbell et al. 2011). Microglia activa-
tion with subsequent oxidative damage is also
seen in experimental rodent models (Nikic et al.
2011), but extensive chronic oxidative damage
with massive mitochondrial injury and gene de-
letion, as seen typically in MS lesions, is lacking
in rodent models of inflammation and/or de-
myelination so far (Schuh et al. 2014). Thus,
oxidative injury in MS appears to be driven in
a self-amplifying vicious cycle of microglia acti-
vation-induced oxidative stress and mitochon-
drial injury and further amplified by age-related
iron accumulation in the human brain and its
release in the lesions (Mahad et al. 2015).

Reaction to Infectious Agents (Virus,
Bacteria, Fungi)

As mentioned above, microglia express pattern
recognition receptors (PRRs), which allow them
to sense the presence of infectious bacteria or
fungi that have entered the brain compartment.
Thus, bacterial CNS invasion, for instance, in
the course of a bacterial meningitis, not only
activates resident and recruited meningeal mac-
rophages but also the microglia population in
the adjacent grey and white matter (Barichello
et al. 2016). Activation of microglia in this con-
dition is associated with profound neurodegen-
eration, in particular in the cortex and hippo-
campus (Nau and Bruck, 2002). Because similar
microglia activation is achieved by the interac-
tion with danger-associated molecular patterns
(DAMPS), these processes are amplified by the
tissue damage itself (Barichello et al. 2016).

A different pattern of activation has been
described in the course of viral infections. In
this case, intracellular and extacellular liberation
of DNA and RNA may induce macrophage and
possibly microglia activation, either through ve-
sicular TLRs (TLR7 and 9) or intracellular path-
ways of RNA recognition involving mitochon-
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dria (Goldmann et al. 2015). Although they sig-
nal through different pathways, they both in-
duce a pronounced type 1 IFN response, which
primarily functions to suppress virus infection,
but when overexaggerated may by itself induce
cell damage in the brain (Rice et al. 2012; Baruch
et al. 2014). Interestingly, this pathway can also
be activated by liberation of RNA or DNA into
the cytoplasm of damaged cells and in particular
by intra- and extracellular release of mitochon-
drial DNA (West and Shadel 2017).

Iron-Related Microglia Pathology—Microglia
Senescence

Microglia density in the CNS tissue increases
with age (Poliani etal. 2015), but a subset of these
cells in humans, highly expressing ferritin, shows
signs of dystrophy or senescence, characterized
by a reduction and beading of cell processes
(Lopes et al. 2008). Microglia senescence is par-
ticularly prominent in the brain of aging patients
with progressive MS and is associated with a
prominent loss of microglia and macrophages
in inactive lesions in comparison to the nor-
mal-appearing white matter (Hametner et al.
2013; Zrzavy et al. 2017). Thus, it has been sug-
gested that microglia senescence is related to the
uptake of iron, liberated in active lesions as a
consequence of the destruction of iron-contain-
ing oligodendrocytes. A similar mechanism may
operate to the normal aging brain, which occurs
on the background of massive iron accumulation
in oligodendrocytes (Hallgren and Sourander
1958) and their partial destruction in the aging
process.

Differences in Microglia Activation between
the Rodent and Human Brain

A major difference between human and rodent
microglia is seen in the normal brain in partic-
ular in relation to aging. Although in the normal
rodent brain microglia display a homeostatic
phenotype, and this is even the case in the aging
brain, in humans, microglia are already partially
activated and the degree of activation increases
with aging. This is reflected by a reduced expres-
sion of the homeostatic marker P2RY12 and the

Microglia in Multiple Sclerosis

expression of markers associated with phagocy-
tic (CD68) and oxidative activation (NADPH
oxidase) (Zrzavy et al. 2017). Whether this is
because of species differences or a result of en-
vironmental factors is currently unclear. In this
context, it has to be considered that in contrast
to a perfusion fixed animal brain, human autop-
sy cases are confronted with confounding brain
injury at the time of death, including for in-
stance preterminal hypoxia or systemic inflam-
matory diseases, which is further amplified by
age- and disease-related comorbidities and life
in a less-controlled environment in comparison
to animals housed under specific pathogen-free
conditions and standardized diets.

In addition, pronounced differences are seen
regarding lesion-associated microglia and mac-
rophage activation between multiple sclerosis
and the commonly used EAE models. Studies
in bone marrow chimeric animals show that
the vast majority of effector cells with EAE le-
sions come from the pool of recruited macro-
phages and this is reflected by prominent expres-
sion of markers associated with phagocytosis
and the production of ROS, which are domi-
nantly seen in macrophages and not in microglia
(Schuh et al. 2014). iNOS is highly expressed in
recruited macrophages in EAE models, whereas
its expression in human MS lesions is more
prominently seen in astrocytes compared with
macrophages and microglia (Marik et al. 2007;
Zrzavy et al. 2017). Although more prominent
expression of these molecules is seen in microglia
in the model of EAE in NOD mice, these basic
differences are even seen in this model (Mayo
etal. 2012).

Finally, the human brain accumulates iron
with aging (Hametner et al. 2013), which is lib-
erated in actively demyelinating MS lesions and
taken up by microglia and macrophages. Iron
uptake in microglia and macrophages is associ-
ated with proinflammatory activation (Pitt et al.
2010).

TARGETING MICROGLIA AS AN
MS TREATMENT

A proof-of-principle, that inhibition of microg-
lia activation has a beneficial effect on MS, has
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recently been obtained in a trial using minocy-
cline. This drug, which has been shown to target
microglia activation and has beneficial effects in
several different experimental models of inflam-
mation and neurodegeneration, reduced the
conversion of clinically isolated syndrome
(CIS) into definite MS in MS patients and re-
duced clinically or radiologically identified ac-
tivity of the disease (Metz et al. 2017).

Fingolimod

Fingolimod (FY'T720) is the first orally available
treatment to be approved for relapsing forms of
MS. FTY720 is a potent agonist of S1P receptor
that regulates immune cell trafficking to the
CNS by reducing infiltration. Clinical trials
showed that FTY720 reduces brain atrophy
and reduces relapse rates (Kappos et al. 2006).
Because of its lipophilic nature, FTY720 can
cross the BBB and interact with all CNS cell
types. However, the effects of FTY720 on
microglia in MS largely remain unclear. Studies
have shown that TY720 can suppress microglial
production of classical proinflammatory cyto-
kines such as IL-1B, TNF-o, and IL-6. Moreover,
FTY720 has been shown to promote microglial
production of BDNF and also glial cell line-de-
rived neurotrophic factor (GDNF), which may
suggest a potential neuroprotective role in mi-
croglial functions (Noda et al. 2013). A recent
study by Das et al. (2017) showed, via high-res-
olution RNA-seq, that FTY720 regulates key in-
flammatory responses in microglial cells, further
emphasizing its role in inflammation but not in
MS specifically. In vitro and in vivo studies of
FTY720 in EAE showed that modulation of the
S1P receptors can ameliorate pathology associ-
ated with microglial activation. In addition, this
leads to the subsequent increase in protein and
morphological markers of remyelination (e.g.,
myelin basic protein) (Miron et al. 2010).
FTY720 has beneficial effects in reducing in-
flammation and inducing remyelination in a
concomitant fashion as seen in vitro using organ
cerebellar slices (Miron et al. 2008, 2010). More-
over, treatment with FTY720 in EAE dramati-
cally reduces EAE severity and disease progres-
sion (Webb et al. 2004). FTY720 can alter

myelin gene expression, reduce pathological
changes, and, thus, have consequences for MS.
In 2007, Foster et al. showed that FTY720 has
numerous beneficial effects in EAE, while re-
ducing disease severity, histopathological score,
and immune cell infiltration; however, the cel-
lular targets and mechanism of action remains
to be debated. We conclude that the preclinical
results of FT'Y720 on microglial cells can be ex-
trapolated to the clinical setting, but more inves-
tigations are needed on the specificity of FT'Y720
microglial effects (Foster et al. 2007).

IFN-B

IFN-B represents the standard treatment for re-
lapsing forms of MS. In EAE studies, exogenous
administration of IFN-B shows protective ef-
fects. IFN-B knockout leads to augmented and
chronic demylination in EAE, associated with
microglia activation and sustained inflamma-
tion with concomitant cytokine production, tis-
sue damage, and chronic neurological deficits
(Teige et al. 2003). Moreover, this effect was
attributed to myeloid cells as shown by specific
deletion of type 1 IFN receptor in myeloid cells.
The same deletion in B or T cells had no effect
on disease severity (Prinz et al. 2008). Further
depicting the role of IFN-f in microglia, Kocur
etal. (2015) used IFN-f-florescent reporter mice
to show that microglia are the major producers
of IFN-B at the peak stage of EAE and accom-
plish IFN-B-induced clearance of myelin debris.

microRNAs (miRNA)-Based miR124

miRNAs are small noncoding nucleotide RNAs
that play key roles in posttranscriptional regula-
tion of gene expression. MiR-124 is one of the
most abundant miRNAs in the brain, account-
ing for more than a quarter of all miRNAs (Kri-
chevsky et al. 2003). An interesting study by
Ponomarev et al. (2011) showed that miR-124
was affected in EAE disease progression. In
the EAE model, they showed that microglial ex-
pression of miR-124 decreased by ~70% over
the course of EAE progression. Overexpression
of miR-124 promotes microglial quiescence and
suppresses EAE. In addition, administration of
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miR-124 results in diminished macrophage re-
sponse, reduced activation of autoreactive T
cells, and significant suppression of EAE disease
score (Ponomarev etal. 2011). Although all CNS
cells, particularly neurons, express miR-124, the
question still remains whether specific microg-
lial targeting of miR-124 is clinically relevant as
an MS treatment.

Antibodies against Granulocyte Macrophage
Colony-Stimulating Factor (GM-CSF)

GM-CSF is a growth factor first identified as an
inducer of granulocyte and macrophage differ-
entiation and proliferation from hematopoietic
progenitor cells. Studies suggest that GM-CSF
has several proinflammatory functions and
also plays critical roles in autoimmune and in-
flammatory diseases. In vivo, GM-CSF was
shown to be essential in the induction of en-
cephalitogenic CD4" T cells in EAE (El-Behi
et al. 2011). In addition, administration of re-
combinant GM-CSF significantly exacerbated
EAE disease, thus making this factor an attrac-
tive target in MS (McQualter et al. 2001). How-
ever, it is currently unresolved which cells in the
inflammatory environment of EAE and MS pro-
duce GM-CSF and contribute to the autoimmu-
nity cascade. Croxford et al. (2015) showed that
GM-CSF drives the inflammation of Ly6C'&"
monocytes, showing that neutrophils, conven-
tional DCs (cDCs), and microglia do not require
GM-CSF for EAE disease development. As with
many other therapeutic molecules, the full
mechanism of action is yet to be resolved. There
are several ongoing and completed clinical trials
targeting GM-CSF or its receptor for the treat-
ment of autoimmune diseases. For example,
MORI103, a GM-CSF antibody, has shown to
be beneficial in patients with RRMS and second-
ary-progressive MS (SPMS) (Constantinescu
et al. 2015).

Laquinimod

Laquinimod is an orally available compound to
treat RRMS that has shown to be successful in
phase II/III clinical trials. However, as with
many compounds, the exact mode of action re-

Microglia in Multiple Sclerosis

mains unclear. In vivo studies have shown that
laquinimod reduces leukocyte infiltration to the
CNS, induces a shift from cytotoxic Th1 to Th2/
3, and dampens the Th17 responses in the EAE
model (Yang et al. 2004; Wegner et al. 2010). In
the context of microglia, laquinimod is a novel
inhibitor of microglial activation that decreases
microglial-induced neuronal cell death in vitro
and axonal degeneration/loss in vivo (Mishra
et al. 2014). In EAE, axonal injury is often cor-
related with the accumulation of microglia/mac-
rophages in the spinal cord. Mice treated with
laquinimod before onset of clinical signs had
marked reduction in microglia/macrophage
density and axonal injury/loss. In addition,
treatment with laquinimod halted disease pro-
gression and production of inducible nitric ox-
ide, thus attenuating the neurodegeneration as-
sociated with EAE (Mishra et al. 2014).

CONCLUDING REMARKS

This review aimed to discuss the diversity of
microglial functions and phenotypes in preclin-
ical models and recent findings relevant to MS.
Our knowledge of microglia is slowly unraveling
with the aid of new technologies and develop-
ment of specific antibodies and markers to dis-
tinguish them from their peripheral and central
immune counterparts. Thus, these advances
open avenues for potential microglial-related
targets in MS aimed to manipulate and restore
microglial functions. In addition, imaging tools
may be developed to use microglia as a bio-
marker to monitor disease progression in MS.
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