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Abstract: Therapeutically controlling chronic progression in multiple sclerosis (MS) remains a major
challenge. MS progression is defined as a steady loss of parenchymal and functional integrity of
the central nervous system (CNS), occurring independent of relapses or focal, magnetic resonance
imaging (MRI)-detectable inflammatory lesions. While it clinically surfaces in primary or secondary
progressive MS, it is assumed to be an integral component of MS from the very beginning. The
exact mechanisms causing progression are still unknown, although evolving evidence suggests that
they may substantially differ from those driving relapse biology. To date, progression is assumed
to be caused by an interplay of CNS-resident cells and CNS-trapped hematopoietic cells. On the
CNS-resident cell side, microglia that are phenotypically and functionally related to cells of the
monocyte/macrophage lineage may play a key role. Microglia function is highly transformable.
Depending on their molecular signature, microglia can trigger neurotoxic pathways leading to neurodegeneration, or alternatively exert important roles in promoting neuroprotection, downregulation
of inflammation, and stimulation of repair. Accordingly, to understand and to possibly alter the
role of microglial activation during MS disease progression may provide a unique opportunity
for the development of suitable, more effective therapeutics. This review focuses on the current
understanding of the role of microglia during disease progression of MS and discusses possible
targets for therapeutic intervention.
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Multiple sclerosis (MS) is the most common chronic inflammatory demyelinating
disease of the central nervous system (CNS). There are four clinical MS subtypes defined: relapsing-remitting (RR), secondary-progressive (SP), primary-progressive (PP), and
progressive-relapsing (PR) [1]. Relapses are associated with acute and/or ongoing focal
inflammation, while progression is considered to reflect diffuse inflammation and neurodegenerative mechanisms. According to the new classification by Lublin et al., disease
activity is defined by clinical relapses or the occurrence of gadolinium-enhancing lesions as
well as new or unequivocally enlarging T2 lesions, while progression is defined as clinical
deterioration in the absence of activity.
During progressive stages of MS, new lesions become less frequent, and progression
is characterized by a steady increase in neurological disability, occurring independently of
magnetic resonance imaging (MRI)-detectable focal inflammatory lesions [1].
For RRMS, huge progress has been made in the development of various diseasemodifying therapies, which effectively reduce the number and the severity of new relapses
as well as MRI activity [2]. However, most of the drugs are not designed and/or trailed
to prevent disease progression. Until now, two drugs, ocrelizumab (Ocrevus) and siponimod (Mayzent), have shown therapeutic effects and have been approved for treatment
of progressive MS forms. Although the approval was based on beneficial therapeutic
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results [3–5], only modest effects could be observed in the absence of Lublin-defined activity. One explanation might be that mechanisms that drive MS progression are distinct
from the acute CNS infiltration of immune cells responsible for relapses in RRMS. While
ocrelizumab as well as siponimod act mainly on this focal inflammatory component of
the disease, which is not absent in PPMS or SPMS, their potential in limiting progression
by itself remains insufficient. There are obvious differences between the relapsing and
progressive stages of MS. Within the progressive forms, SPMS is distinguished from PPMS
by its distinct disease course, which follows an initial course of RRMS. However, analyses of the pathology indicate that PPMS does not present different pathophysiological
features from SPMS [6]. Importantly, several studies have shown that the early use of
immunomodulatory drugs such as fingolimod, alemtuzumab, and natalizumab in RRMS
patients have reduced the proportion of patients transitioning to SPMS, but had no direct
influence on PPMS [7,8]. The conversion of RRMS to SPMS is thought to occur when the
CNS exhausts its capacity to compensate for further axonal loss and recovery mechanisms
are less effective [9]. Therefore, starting an early immunosuppression showed to be efficient
in controlling disease activity and preventing irreversible damage. However, mechanism
underlying progression are multifactorial and mainly characterized by neurodegeneration.
Therefore, therapeutic approaches that effectively target disease progression may have
to focus on a different pathophysiological aspect of MS. Several mechanisms have been
proposed to drive disease progression, including sustained compartmentalized inflammation behind a relatively closed blood–brain barrier (BBB) with continued involvement
of hematopoietic cells and activation of CNS-resident cells such as microglia and astrocytes [10–12]. Microglia activation and microglia-driven neuroinflammation are considered
as key events in the onset, progression, and resolution of MS. In the last years, the understanding of microglia function has grown and has generated major implications for
therapeutic modulation of MS.
In this review, we summarize the current understanding of the mechanisms during
disease progression with a particular focus on the role of microglia. Throughout the
manuscript, we highlight promising treatment strategies by discussing possible therapeutic
targets for halting or slowing MS progression.
2. Mechanism of Disease Progression in MS
The current knowledge regarding the mechanisms leading to disease progression
includes chronic demyelination, gliosis, axonal loss, and an unbalance between damage
and repair. As already mentioned, one major mechanism may be the interaction of CNSestablished and CNS-resident cells. A number of observations make a contribution of
T cells and B cells plausible. T cells were found in the cortical plaques of MS patients
associated with disease progression, meningeal inflammation, and neurodegeneration [13].
Many of these T cell infiltrates are composed of CD8+ T cells with a phenotype of tissue
resident memory cells, which show focally restricted activation [14]. One interaction
partner of these CD8+ T cells was found to be mononuclear phagocytes composed of
macrophages, microglia, and monocytes [15]. Furthermore, the presence of lymphoid
follicle-like structures, memory B cells, and plasma cells in lesions and cerebrospinal fluid
(CSF) of MS patients indicates that B cells can mature and perpetuate a compartmentalized,
humoral immune response [16]. Interestingly, active demyelination and neurodegeneration
can occur at a greater distance from T and B cell infiltrates [17]. Neuropathological studies
have shown the presence of demyelination and axonal damage in the cortical and deep gray
matter of MS patients, which are associated with microglial activation while lymphocytes
are located in the meninges [18]. Therefore, it is likely that the activation of microglia is
driven by soluble factors produced by T cells and/or B cells. Along the same lines, activated
microglia and astrocytes can contribute to the persistence of B cells within the CNS by
the secretion of specific molecules, such as BAFF and interleukin (IL)-6, which are known
to support B cell survival [19]. Furthermore, disease progression is related to reduced
repair and impaired axonal regeneration, in part due to age and a lifelong oxidative stress
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environment. Oligodendrocytes have especially been shown to be sensitive to oxidative
stress, leading to an exhaustion in myelination capacity [20]. One result of demyelination
and oligodendrocyte loss may be the activation of microglia and their production of reactive
oxygen species (ROS) and nitric oxide (NO), which in turn provide a toxic environment and
lead to axonal damage [10,11]. Of note, activated microglia interact also with astrocytes and
therefore may limit the return to a homeostatic milieu. These mechanisms might explain
the failure of peripherally acting MS drugs in preventing progression of MS.
2.1. Microglia—Heterogeneity and Plasticity
Microglia are the resident immune cells of the CNS [21,22]. They develop from
immature yolk sac progenitor cells during early embryogenesis and persist throughout
life [23]. Several studies highlight the plasticity and heterogeneity of microglia, which
can switch between different phenotypes after CNS injury, including trauma, ischemia,
and infection, and can participate in the maintenance of CNS homeostasis. Depending
on the inflammatory milieu in various disease stages, microglia can differentiate into
diverse phenotypes by changing their morphology, gene expression, and function [24].
Moreover, depending on their molecular signature, microglia can either trigger neurotoxic
pathways leading to progressive neurodegeneration or exert important roles in promoting
neuroprotection, downregulation of inflammation, and stimulation of repair [24]. The
diverse microglia phenotypes were characterized by the presence of particular cell surface
molecules and the expression of specific cytokines as well as chemokines, and have been
classified into M1, M2a, M2b, or M2c subsets [25]. The classically activated M1 microglia
phenotype is cytotoxic and exhibits pro-inflammatory markers, whereas the alternative
M2 phenotype is divided into three different subtypes: M2a and M2b/c. M2a microglia
are involved in repair and regeneration, M2b is associated with an immunoregulatory
phenotype, and M2c with an acquired deactivating phenotype with repair and wound
healing functions [26]. The homeostatic phenotype of microglia expresses several immune
receptors, such as TREM2, SIRP1A, CXC3CR1, CSF-1R, and CD200R [23,27]. Furthermore, microglia express receptors that recognize damage-associated molecular pattern
(DAMP) or neurodegeneration-associated molecular pattern (NAMP) molecules, which
are released by injured and dying cells and can cause specific inflammatory responses.
Upon stimulation, microglia downregulate some of these homeostatic genes while genes
linked to phagocytosis, antigen presentation, and oxidative injury are upregulated [27]. In
detail, potentially neurotoxic microglia, which promote inflammation and oligodendrocyte damage, present cell surface-expressed molecules such as MHCII and CD86, which
allow T cells to recognize and bind small fragments of pathogens [28]. Furthermore, they
produce pro-inflammatory mediators, such as NO, ROS, IL-1β, and tumor necrosis factor
(TNF)-α [29,30]. In contrast, the neuroprotective M2 phenotype, which regulates immune
functions and promotes repair, is characterized by increased phagocytosis and the production of diverse factors including arginase 1 (Arg1), CD206, insulin-like growth factor
(IGF-2), and anti-inflammatory cytokines such as IL-10 [25]. However, the classification of
these phenotypes likely to be over-simplified but at the same time a useful tool to study
and understand the role of microglia in health and disease.
2.2. The Role of Microglia in MS Progression
Neuropathological studies from MS patients revealed an important role of chronically
activated microglia during disease progression. Patients with a progressive disease course
showed either chronic active (smoldering or expanding) lesions with microglial activation
at the edge of a burned out plaque or inactive lesions with no microglial activity [31].
On the basis of the criteria first described by Luccinetti et al., one can subdivide active
demyelination lesions into four different patterns (patterns I, II, III, and IV) [32]. Pattern
I lesions show demyelination associated with activated macrophages/microglia, while
in pattern II lesions complement activation is prominent, suggesting the involvement of
antibodies. Pattern III lesions are characterized by the presence of oligodendrocytes with
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nuclear condensation and fragmentation, resembling apoptotic cell death. This is associated
with a selective loss of myelin-associated glycoprotein, a myelin antigen located in the
most distal (periaxonal) oligodendrocyte processes. Pattern IV lesions are exceptionally
rare and show extensive non-apoptotic oligodendrocyte degeneration in the periplaque
white matter adjacent to the active lesion, with limited repair and no evidence for either
complement deposition or myelin-associated glycoprotein (MAG) loss [32,33]. Additional
studies revealed increased numbers of microglia in active demyelinating lesions, which
express markers associated with phagocytosis, oxidative injury, and antigen presentation
or T cell co-stimulation, whereas no difference was found in microglia density between
disease patterns [34]. In chronic demyelinating lesions, microglia change to a phenotype
with both pro- and anti-inflammatory properties [34]. Furthermore, microglial activation
was observed in areas surrounding the focal lesion, the so-called normal-appearing white
matter (NAWM) [35,36].
Using positron emission tomography (PET) microglial activation was assessed in
relapsing and progressive MS patients by measuring the mitochondrial translocator protein
TSPO, which is upregulated in activated microglia [37]. It was observed that microglial activity correlates with disease disability and prognosis in progressive, but not with disability
in relapsing MS patients, which could be associated with compartmentalized inflammation
and neurodegeneration.
Using single-cell mass cytometry analysis, the phenotype of activated microglia in
patients with progressive MS was determined. The study revealed that highly phagocytic
and activated microglia downregulated the expression of homeostatic markers such as
P2Y12 and GPR56 and upregulated the expression of proteins involved in phagocytic activity and microglial activation including CD68, CCR2, CD64, CD32, CD95, and CCL4 [38].
Besides the physical presence of microglia at sites of demyelination and an upregulation
of various markers, the pathophysiological function of microglia in progression is largely
unclear. During CNS inflammation, there is a marked increase in the expression of various pro-inflammatory cytokines (IL-6, IL-1β, C1q, and TNF-α) and chemokines (CCL2,
CCL3, CCL4, and CCL5), both in MS and its animal model the experimental autoimmune encephalomyelitis (EAE) [39]. Microglia can produce numerous pro-inflammatory
molecules, which may induce bystander effects to neighboring glial cells and neurons.
For example, microglial TNF-α and C1q are involved in the induction of a neurotoxic
A1 astrocyte phenotype, which can cause the rapid killing of both oligodendrocytes and
neurons [40,41]. Due to their high metabolic activity, oligodendrocytes are especially
susceptible to microglia-derived factors.
Furthermore, axonal damage is associated with mitochondrial injury, both in glial cells
and neurons [11]. Mitochondrial injury in MS lesions can be enhanced by microglia and
macrophages upon production of ROS and reactive nitrogen species (RNS) [42]. Notably,
in patients with progressive MS, an increased number of neurons in the cerebral cortex are
present with respiratory deficits [43]. NO can directly inhibit the mitochondrial respiratory
chain complex IV as well as the cytochrome c oxidase (COX) and can thereby lead to axonal
injury [44]. In addition, iron release from damaged oligodendrocytes can also contribute to
oxidative stress. Although damaged oligodendrocytes are the major source of iron, it is
assumed that microglia and macrophages take up this iron and undergo fragmentation
and degeneration, thereby leading to a second release of iron, which induces axonal and
neuronal destructions [45].
Microglia can also have neuroprotective function. Key functions, how microglia contribute to neuronal repair and therefore induce remyelination, are myelin debris clearance
by phagocytosis and the production of anti-inflammatory cytokines such as IL-4, IL-10, and
IL-13 [46,47]. Microglia have been shown to promote repair processes of damaged axons by
phagocytosing of myelin debris in white matter (WM) lesions involving several receptors
such as toll-like receptor (TLR), TREM2, CRs, FC, and PSR. These receptors are already
known to be important in microglia phagocytosis [48]. For example, TREM2-deficient
microglia fail to upregulate genes associated with phagocytosis and lipid metabolism [49].
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Moreover, CX3CR1 knockout mice show reduced myelin debris clearance and impaired
remyelination due to the ineffective function of microglia [47]. However, slowly expanding
demyelination and the failure of remyelination may be one main mechanism of disease
progression. Although the cause remains largely unknown, the lack of neuroprotective M2
microglia may be one explanation. Indeed, histopathological studies revealed a decreased
number of oligodendrocyte precursor cells (OPCs) in lesions from patients with a progressive disease course, probably due to failure of OPC recruitment to the lesion site [50,51].
The recruitment of OPCs to the lesion site is benefitted by neuroprotective microglia as they
clear debris and produce cytokines. Besides the induction of OPC migration, microglia
polarization has been shown to play a role in oligodendroglial proliferation and differentiation. For example, a switch from a M1- to a M2-polarized phenotype was observed
in a lysophosphatidylcholine (LPC)-mediated demyelination model during OPC proliferation at the initiation of remyelination [52]. In vitro experiments showed the ability of
M2-conditioned media to promote OPC differentiation, whereas the depletion of M2 cells in
focal demyelinating lesions prevented OPC differentiation. Finally, the blockade of activinA secreted by M2 cells fully prevented OPC differentiation in demyelinated cerebellar slice
cultures [52]. Other factors derived by astrocytes such as galectin-1 showed an induction
of the M2 phenotype [53]. In detail, galectin-1 binds to M1 microglia, thereby modulating
M1 key features, such as CCL2 and iNOS expression [53]. In addition, it was shown that
the transcription factor homeobox protein MSX3 is associated with a microglia phenotype,
which favors remyelination [54]. Importantly, the exact mechanism underlying a transition
from pro-inflammatory to pro-regenerative microglia remains unknown. However, one
possible mechanism is microglia death. A recent study showed that necroptosis of microglia
is important in the phenotype transition during remyelination. The authors suggest that
microglia may not switch between phenotypes, but pro-inflammatory microglia are dying
in order to be replaced by alternative phenotypes [55]. In line with these findings, another
study demonstrated the activation of RIPK1, RIPK3, and MLKL molecules, which are characteristic for necroptosis in MS lesions, in the cuprizone-induced demyelination model and
in EAE [56]. RIPK1 is more highly expressed in activated microglia and to a lower extent
in oligodendrocytes, and its inhibition prevents oligodendrocyte death [56]. Collectively,
these observations suggest that microglia cell death might be essential for regeneration.
Given the different roles of microglia in regulating the pathology of MS, a balance
between limiting demyelination and boosting remyelination may be a possible intervention
as a long-term treatment strategy for patients with a progressive disease course (Figure 1).
Another therapeutic approach could be the limitation of the neuroinflammatory properties
of microglia. Indeed, microglia-based therapies have been mostly focused on the suppression of microglia-mediated inflammatory response and oxidative damage. Current
research is focusing on anti-inflammatory molecules to reduce microglial activation in
MS [57].
2.3. Biomarkers
To better understand the mechanisms underlying MS progression and to identify
suitable therapies, researchers are investigating various biomarkers for the identification
of MS progression. TSPO/PET is currently under investigation as a promising method
to specifically use microglia activation as a biomarker for MS progression. Therefore,
radioligands binding to the TSPO molecule are mostly used [58]. Studies of progressive
MS have demonstrated an increase in TSPO uptake in the NAWM and NAGM, which
appear to be related to disease severity and patient age [59]. In addition, PET imaging
can also be used to differentiate between chronic active (smoldering) and chronic inactive
lesions. In particular, the slowly expanding/smoldering lesions are thought to contribute
to MS progression. Indeed, it was shown that in the brain of advanced SPMS patients,
57% of the plaques were of the chronic active type, with increased TSPO binding [60].
Moreover, an in vivo TSPO/PET study demonstrated that increased TSPO radioligand
uptake in NAWM predicts later disability progression independent of relapse activity [61].
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Extracellular vesicles (EVs) may be used as another source of potential biomarkers of
MS disease stages and progression. EVs are lipid bilayer particles naturally released from
cells, playing important roles in intracellular communications [64]. Compared to healthy
controls, it has been shown that EVs are increased in the CSF of MS patients [65]. However,
the amount of EVs was higher in active patients, suggesting that EVs display a marker for
neuroinflammation rather than for disease progression. Overall inclusion of biomarkers
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associated with microglial activity and MS progression into the clinical diagnosis would
enable a more individualized treatment possibility aiming to slow down MS progression.
3. Therapeutic Strategies to Stop MS Progression
Targeting microglial activity in MS progression by favoring the polarization of neuroprotective microglial phenotypes and simultaneously limiting neuroinflammation represents a promising therapeutic strategy (Figure 1). However, this remains challenging
for multiple reasons. First, there is probably not one specific target that inhibits the proinflammatory microglial phenotype that at the same time induces a neuroprotective subset.
Second, microglia cannot be easily accessed by therapeutics in the CNS. Although, in
this review we mainly focus on microglia, the close interaction between microglia and
other CNS resident cells such as astrocytes makes it difficult to specifically target microglia
without inducing severe side effects by targeting surrounding cells.
3.1. Ocrelizumab—Targeting CNS-Established B Cells?
As mentioned above, one factor contributing to disease progression is the formation
of B cell follicle-like structures in the meninges, which correlates with the development of
cortical degeneration. The first approved drug to target PPMS is ocrelizumab. Ocrelizumab
is an infusible humanized monoclonal antibody that selectively depletes CD20+ B cells.
CD20 is expressed on B cells across different stages of maturation, ranging from pre-B
cells in the bone marrow to short-lived plasmablasts, while long-lived antibody producing plasma cells completely downregulate CD20 expression. In a PPMS phase III study
(ORATORIO), ocrelizumab significantly reduced the risk of disability progression and
the rate of brain atrophy as compared to the placebo group. Furthermore, in a subgroup
analysis, the effect of ocrelizumab was greater in younger patients but also in patients with
increased disease activity, as identified by gadolinium-enhancing lesions [66]. Notably,
the chimeric monoclonal antibody rituximab, which has a similar mechanism of action
as ocrelizumab, did not reach the primary endpoint measure, the time to confirm disease
progression in the OLYMPUS trial [67]. These differences probably result from trial design
and patient population. However, a secondary analysis from the OLYMPUS trial showed
that younger patients with evidence of focal inflammatory lesions have benefitted from the
medication [67]. The results of both the ORATORIO and the OLYMPUS trials highlight the
efficiency of B cell-depleting therapies in patients with an active disease course, suggesting
that a peripheral B cell-targeting therapy is most efficient in disease stages characterized by
acute inflammation.
3.2. The Sphingosine-1-Phosphate Receptor System
The modulation of sphingosine-1-phosphate receptor (S1PR) is an approved treatment
for RRMS because of its anti-inflammatory effect of retaining lymphocytes in the lymph
nodes, thus decreasing their entry into the CNS [68]. S1PRs belong to the G proteincoupled receptor family differentially expressed by various neuronal and peripheral cell
populations, such as lymphocytes, dendritic cells, astrocytes, microglia, oligodendrocytes,
and neurons. S1PRs are targeted by fingolimod and siponimod; however, only siponimod is
approved for the treatment of SPMS, while fingolimod failed to reduce disability worsening
in the INFORMS trial for PPMS [69,70]. Failure of fingolimod in the INFORMS trial may be
linked to patient population and trial design. However, there are also several differences
between fingolimod and siponimod. Fingolimod is a pro-drug that needs to be activated,
whereas siponimod requires no activation. Furthermore, fingolimod binds to four of the
five S1P receptors, while siponimod predominantly interferes with two receptor isoforms
S1PR1 and S1PR5 [71].
The mechanism of action in the periphery of both drugs involves internalization of
S1PRs in T cells, the subsequent attenuation of S1P-dependent transmigration of T cells
out of lymph nodes, and a resulting reduction in aberrant autoimmune responses [68]. It
was shown that both drugs can cross the BBB and, as already mentioned, S1PRs are also ex-
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pressed by cells of the CNS [72]. It is therefore questionable as to whether the drug can have
beneficial effects on MS progression by targeting CNS-resident cells directly or indirectly
through the influence on peripheral T cells. In the EAE model, therapeutic siponimod treatment reduced EAE severity and diminished microglial MHC class II expression, but had no
effect on the co-stimulatory molecule CD86 [73]. To investigate if the effect is mediated peripherally through T cells or centrally through CNS-resident cells, researchers administered
siponimod directly into the brain using an intracerebroventricular infusion [74]. While this
route of siponimod delivery also improved the severity of EAE, the number of peripheral
CD3+ cells was not affected. In fact, microgliosis as well as astrogliosis were reduced after
siponimod treatment. Still, it remains unclear as to whether the mode of action is mediated
through CNS-established T cells or CNS-resident cells. A study focused on this issue using
an organotypic slice culture model and found a reduced lysophosphatidylcholine (LPC)mediated demyelination upon siponimod treatment [74]. Since peripheral immune cells are
absent in the organotypic slice culture, this experimental setup has shown that siponimod
can directly interact with CNS-resident cells. Moreover, a few in vitro studies investigated
the direct interaction of siponimod with CNS-resident cells. For example, BV2 microglia
showed a decreased release of IL-6 and CCL5 after siponimod treatment [75]. Furthermore,
activated induced pluripotent astrocytes derived from stem cells, expressing S1PR, showed
an ameliorated NFκB translocation, while at the same time Nrf2 nuclear translocation was
enhanced after siponimod administration [76]. Astrocytic NFκB is primarily involved in
pro-inflammatory reactions, scar formations, and neurodegeneration, while Nrf2 induces
anti-oxidant, anti-inflammatory, and neuroprotective responses in vivo [77]. Whether there
is a direct effect of siponimod on oligodendrocytes and neurons still remains unknown.
However, a study using a Xenopus tadpole model showed an induced remyelination after
siponimod treatment. The authors considered oligodendrocyte as the mediator because
S1PR5 knockout in their model revealed no promotion of remyelination [78]. Importantly,
S1PR5 is considered to be expressed only on oligodendrocytes within the brain.
Given the expression of various S1PRs on CNS-resident cells, targeting S1PR within the
CNS by siponimod is an attractive approach to treat MS. However, the mechanism of action
is probably an interaction of different effects on microglia, astrocytes, oligodendrocytes,
and neurons. Moreover, it has to be kept in mind that siponimod especially attenuates the
risk of disability progression in patients with ongoing inflammatory activity. Therefore, it
remains unclear as to what extent progression itself is targeted in addition.
3.3. Modulating an Activating Enzyme: Bruton’s Tyrosine Kinase
Bruton’s tyrosine kinase (BTK), a member of the Tec family of kinases, is a cytoplasmic non-receptor tyrosine kinase expressed in cells of hematopoietic origin, including B
cells, myeloid cells, and platelets, but not T or NK cells [79]. Besides its well-established
mediation of BCR signaling, BTK is assumed to be involved in various signaling downstream to Fc, integrin, chemokine, and toll-like receptors [79,80]. Targeting B cells in MS
is a well-approved treatment strategy; however, as already mentioned in Section 3.1, B
cell-depleting antibodies show limitations of penetrating the BBB and modest results in
slowing disease progression. To overcome these limitations, research has focused on BTK
inhibition to target B cell activation. Moreover, due to the expression of BTK within the
CNS, inhibition of BTK is a promising target strategy for the treatment of MS, including
disease progression.
Evobrutinib, a selective BTK inhibitor, has already met its primary endpoint in the
treatment of RRMS, defined as total number of T1 gadolinium-enhancing lesions in a
phase II clinical trial. However, evobrutinib showed no effect on progression of disability [81]. Various other BTK inhibitors are being developed for the treatment of MS. The
uniquely selective, noncovalent BTK inhibitor fenebrutinib is currently in a phase III trial
in PPMS [82]. The ideal BTK inhibitor would be rapidly reversible, BBB-penetrant, and
highly selective, and therefore could potentially reduce disease activity and slow disease
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progression. Notably, a reversible inhibitor, such as fenebrutinib, will probably need a
relatively high CNS exposure to maintain therapeutic efficiency.
In general, BTK is activated by Lyn or Syk, leading to the activation of phospholipase
Cγ (PLCγ) and to the promotion of Ca2+ influx [83]. Dysfunctional mutations of BTK cause
the failure of B cell development, resulting in X-linked agammaglobulinemia in humans, a
prototypic primary humoral immunodeficiency [84]. Moreover, deficiency in BTK or BTK
inhibition alleviates Th17-cell-related inflammatory responses in various inflammatory
mouse models. [85,86]. Within the CNS BTK is mainly expressed in microglia and to a
lower extend in astrocytes [87]. The role of BTK in the CNS has been investigated in
neuropathological studies, which showed an increased expression of BTK within lesions
in progressive MS patients [88] and in demyelinating mouse models, independent of the
adaptive immunity [86,88]. To reveal the direct mechanism of action, primary microglia
were activated with complexed IgG, resulting in an induced BTK enzyme activity [88].
Moreover, inhibition of BTK with BTKi-1, a highly specific BTK inhibitor, has promoted
remyelination in murine cerebellar slices ex vivo and in transgenic Xenopus leavis in vivo.
The authors could not conclude whether the action of BTK inhibition on remyelination
was mediated by microglia or astrocytes or both [86]. Studies using the less specific BTK
inhibitor ibrutinib, which is approved for the treatment of certain cancers such as mantle
cell or chronic lymphocytic leukemia, may help to understand the role of BTK in microglia
and/or astrocytes [87,89]. Primary murine TLR4-induced microglia showed a reduction
in TNF-α production after treatment with ibrutinib, whereas no effect was observed in
IL-6 release [87]. In another study, inhibition of microglia or astrocytes with ibrutinib
decreased the LPS-induced cytokine release of IL1-β, IL-6, and COX-2 in microglia but
did not change the cytokine production in astrocytes [89]. Although the above-mentioned
studies showed differences in their findings, which could result from the distinct cell
culture model they used, they could highlight the potential of BTK inhibition in reducing
the pro-inflammatory TLR-induced activation of microglia. One mode of action of BTK
in the TLR signaling could be the activation of PLCy2 followed by calcium mobilization
and activation of protein kinase C (PKC), NFκB, or NFAT [90]. A similar involvement of
BTK is suggested in human microglia for the CCL5 signaling, in which BTK inhibition
with the compound LFM-A13 resulted in a complete blockade of the CCL5-induced Ca2+
mobilization [91]. Thus far, it is not clearly understood as to which role BTK is playing in
the various microglial signaling pathways. Moreover, it remains to be clarified whether
BTK is mediating the neuro-inflammatory and/or neuro-protective properties.
3.4. Controlling Microglia Development and Maintenance: The CSF-1R System
The colony-stimulating factor 1 receptor (CSF-1R) is a cell surface receptor tyrosine
kinase that binds to the ligands CSF-1 and IL-34 [92,93]. It is expressed on microglia, monocytes, and monocyte-derived cells [94]. The CSF-1R signaling directly controls microglial
development as well as maintenance and autonomously regulates neuronal differentiation and survival [94]. In particular, CSF-1R signaling modulates proliferation, migration,
differentiation, and survival of microglia and macrophages [95–97]. Loss-of function of
CSF-1R causes hereditary diffuse leukoencephalopathy in humans [98]. Mice lacking
CSF-1R exhibit reduced survival rates, and the number of microglia in Csf1r-null brains
are reduced by more than 94% [99]. These results demonstrate the importance of CSF-1R
in the development of microglia. Moreover, during inflammation the CSF-1R receptor is
upregulated in several preclinical murine models of neuroinflammation and neurodegeneration as well as in the CNS tissue derived from progressive MS patients [100]. Treatment
with a small-molecule ATP binding site inhibitor of the CSF-1R causes a rapid depletion
of brain microglia in vivo, leading to a quick regeneration from brain-resident progenitor cells [95]. Additionally, a potent and selective CSF-1R inhibitor, which showed CNS
penetrance, was able to inhibit CSF-1R dependent kinase phosphorylation, proliferation,
and pro-inflammatory cytokine production in BV2 and primary murine microglia in vitro.
Furthermore, therapeutic treatment with an inhibitor ameliorated the disease course of
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chronic-progressive, MOG peptide-induced, non-obese, diabetic (NOD) EAE [100]. Many
other studies have shown the role of microglia in inflammation using a depleting dose of
CSF-1R inhibitors [101–104]. For example, the inhibitor PLX5622 has shown an improvement in EAE severity by the depletion of microglia and macrophages [101]. These data
suggest that inhibition of CSF-1R has an effect on the neuroinflammatory properties of
microglia. Notably, these inhibitors also affect macrophages by reducing their number and
by modulating their phenotype [102]. On the other hand, investigation of the involvement
of microglia in de- and remyelination using the cuprizone model revealed that the blockade
of CSF-1 by the inhibitors PLX3397 or BLZ945 resulted in decreased demyelination [103]
and enhanced remyelination [104]. Importantly, it has been shown that under physiological
conditions, a small number of neurons also express CSF-1R and excitotoxic injury results
in increased CSF-1R expression [105]. However, whether neurons express CSF-1R in MS
or EAE remains unknown. To our knowledge there are thus far no CSF-1R-modulating
therapies in clinical trials for MS. Modeling CSF-1R may be beneficial in halting disease
progression in MS by reducing inflammatory properties on microglia and by inducing
neuroprotective effects. However, depletion of microglia using CSF-1R inhibition should
be well timed and may only be efficient as a short-term treatment in combination with
other medications.
3.5. TREM2: A Critical Modulator of Microglia Function
One critical modulator of microglial function is the triggering receptor expressed
on myeloid cells 2 (TREM2), an innate immune receptor expressed on myeloid cells and
exclusively on microglia in the brain. TREM2 associates with the adapter protein DNAXactivation protein 12 (DAP12) and DAP10, required for TREM2 surface expression and
intracellular signaling [106]. Loss of function due to the mutation in TREM2 or DAP12
genes causes Nasu–Hakola disease, a rare genetic disorder, which is characterized by
demyelination and microglial activation [107]. Other genetic variants in the receptor
are associated with an increased risk for Alzheimer’s disease (AD), frontotemporal lobar degeneration (FTLD), or Parkinson’s disease (PD) [108,109]. The expression level
of TREM2 varies depending on the CNS region, with a higher expression in the hippocampus, the spinal cord, and the white matter [110,111]. However, in vitro and in vivo
data show contrary expression of TREM2 under inflammatory conditions. While antiinflammatory molecules enhance TREM2 expression in vivo, pro-inflammatory molecules
decrease TREM2 expression in vitro. Furthermore, it has been shown that its extracellular
domain can be proteolyzed and is able to release the soluble form of TREM2 (sTREM2),
which can function independently of TREM2 by regulating interactions between neurons
and the surrounding microenvironment [112]. In the CSF of RRMS, SPMS, and PPMS
patients, the level of sTREM2 was increased in comparison to healthy controls, and it is
assumed that they indirectly reflect the expression or activity of the TREM2 receptor [63].
Various functions of TREM2 are known, e.g., primary murine microglia and macrophages
deficient for TREM2 results in decreased phagocytosis of apoptotic neurons, cellular debris,
and bacteria or bacteria products, while an increase in TREM2 expression enhances phagocytic activity [113]. Furthermore, knockout of TREM2 mice showed a defect in microglia
myelin clearance in the cuprizone model [114]. In the same model, the treatment with a
TREM2-agonistic antibody enhanced myelin debris clearance by microglia in vivo and by
bone marrow-derived macrophages (BMDM) in vitro [115]. The enhanced phagocytosis
recruited oligodendrocyte progenitor cells (OPC) and increased their differentiation into
mature oligodendrocytes [115]. Therefore, targeting TREM2 in microglia could promote
remyelination through the induction of microglial phagocytosis. In addition, TREM2 also
modulates inflammatory signaling. TREM2 knockdown in microglia revealed an increased
gene expression of TNF-α and NO synthase-2 transcription (NOS2), while overexpression
of TREM2 decreased TNF-α, IL1-β, and NOS2 gene products [113]. However, some studies
also have provided controversial results, e.g., TREM2 has been shown to be involved in
promoting pro-inflammatory signaling both in mouse and human [116,117]. Both anti-
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and pro-inflammatory genes were found to be associated with TREM2 in the brain [111].
These findings highlight the complexity of TREM2 signaling in the brain. The challenge
remains to find a compound that on one hand is able to increase microglial phagocytosis by
targeting TREM2 and on the other hand may reduce inflammatory responses by sparing
homeostatic or anti-inflammatory microglia.
3.6. CX3CR1 Expression on Microglia: A Switch towards an Inhibitory Phenotype?
CX3CR1 is a G-protein-coupled seven-transmembrane domain receptor in the CNS
predominantly expressed on microglia [118]. It binds with high affinity to its ligand CX3CL1
(fractalkine), which is a chemokine existing in two forms. One form is membrane-bound
and mainly expressed on neurons and endothelial cells, while the other form is a soluble
form [119]. The functional outcome within the CNS of the CX3CR1/CX3CL1 axis seems to
be restricted to microglia, where the signaling mediates a variety of microglial functions.
Under homeostatic conditions, it is suggested that microglial activity is suppressed by
CX3CR1/CX3CL1, as demonstrated in CX3CR1-deficient mice [120]. A higher level of
microglial activity was accompanied by an increased neuronal death. Furthermore, it was
shown that CX3CR1/CX3CL1 signaling participates in the control of production and release
of several pro-inflammatory cytokines such as IL-1β, TNF-α, IL-6, and NO in LPS- and
IFNγ-stimulated human and rodent microglia in vitro [121–123]. Other studies also showed
the involvement of CX3CR1/CX3CL1 in the phagocytosis capacity of microglia [124,125].
In the EAE model, the expression of CX3CR1 was upregulated in lesions and sites
of inflammation. The CX3CL1 ligand showed no changes in neurons but seemed to
increase in astrocytes in the proximity of inflammation sites, which suggests that reactive
or activated astrocytes may attract microglia to the sites of inflammation [126]. In fact, it
has been demonstrated that CX3CR1/CX3CL1 also has an indirect effect on astrocytes by
inducing the functional upregulation and increased expression of the excitatory amino
acid transporter GLT-1 [127–129]. These data suggest a role for astrocytes in mediating
neuroprotection induced by CX3CR1/CX3CL1. Moreover, mice lacking CX3CR1 showed
a more severe EAE course and displayed overexpression of pro-inflammatory cytokines,
i.e., TNF-α and higher levels of the anti-inflammatory cytokine IL-10 [130]. These results
demonstrate the role of the CX3CR1/CX3CL1 axis in autoimmune regulation. As already
described, microglia function has controversial roles—there is a large amount of evidence
showing that microglia contribute to neuronal damage, but they also have important
regenerative functions in MS. One hypothesis is that microglia themselves could upregulate
CX3CL1-CX3CR1 expression and that this may be a mechanism by which microglia attempt
to autoregulate their overactivation and return neighboring microglia to a quiescent state.
This extent of autoregulation could push microglia toward neuronal destruction or to
a more protective phenotype [131]. However, expression of CX3CR1 is not restricted
to microglia, but it is also expressed in a subpopulation of monocytes, T cells, and NK
cells [132]. It has been shown that CX3CR1 expression is upregulated in leukocytes of MS
patients compared to healthy individuals [133]. A hallmark of RRMS is the infiltration of
leukocytes into the CNS and CX3CR1, which has been shown to play a major role during
this process. Therefore, functional inhibition of CX3CR1 is under investigation to prevent
leukocyte infiltration into the brain [134]. Treating progression would require a different
therapeutic strategy. A drug that favors expression of CX3CR1 in microglia may induce the
anti-inflammatory microglial phenotype.
3.7. The Purinergic Receptor P2X4: Regulator towards Remyelination?
Cell damage causes high-grade ATP release. One receptor family that is rapidly
activated by ATP is the P2X receptor family. In the CNS, the purinergic receptor P2X4
(P2X4R) is highly expressed in microglia and to a lower extent in neurons, oligodendrocytes, and astrocytes [135,136]. The receptor is associated with the homeostasis of major
neurotransmission pathways. P2X4 knockout mice exhibit deficits in sensorimotor gating,
social interactions, and ethanol drinking behavior [137,138].
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The P2X4R plays a pivotal role on microglia chemotaxis and motility. For instance,
it regulates the activation and migration of microglial cells at site of injury [135]. In MS
patients and in EAE, P2X4R has been found to be upregulated [139]. A shift toward a P2X4Rexpressing microglia phenotype is assumed to be regulated by the IRF8–IRF5 axis [140].
Previous studies have shown that the IRF8–IRF5 axis is involved in the polarization of
pro-inflammatory microglia [141]. These results demonstrate that the expression of P2X4
in microglia may be associated with neuroinflammation.
In addition, P2X4 activation induces BDNF production and secretion, which modulates
synaptic efficacy and accelerates OPC differentiation to mature oligodendrocytes and thus
also favors remyelination [142,143]. These observations were confirmed by blocking P2X4R
in microglia, which results in reduced oligodendrocyte differentiation and remyelination
after exposure of a cerebellar slice culture to lysolecithin in vitro [144]. Due to the role
of P2X4R in neuropathic pain after peripheral nerve injury, P2X4R blockers have already
been proposed as potential therapeutic drugs for the treatment of neuropathic pain [145].
Conversely, an activation of P2X4R with the allosteric modulator ivermectin, which delays
receptor deactivation, results in increased M2 microglia differentiation, phagocytosis of
myelin debris, remyelination, and finally to an amelioration of EAE [144]. Although the
main cell target for P2X4R modulators are microglia cells, expression in other CNS-resident
cells, such as endothelial cells, Schwann cells, and in rare populations of neurons has been
described [146]. Another study showed an increased activation and migration of CD4+
T cells after stimulation of P2X4R [147]. These facts have to be considered when testing
P2X4R modulators for the treatment of MS. Nevertheless, modulation of the purinergic
receptor is a potential candidate to promote the repair of myelin damage in MS.
4. Targeting Microglia Remains Challenging
Targeting microglia remains challenging for various reasons; evidence indicates that
disease progression results from CNS-based inflammation behind an intact BBB. Therefore,
drugs that target microglia have to first pass the BBB. The BBB is a complex barrier
composed of a continuous layer of specialized endothelial cells linked together by tight
junctions, surrounded by basal lamina, pericytes, and astrocytic endfeet [148]. This complex
barrier regulates and limits the passage of molecules into and out of the CNS. During drug
discovery, many tested compounds had failed due to lack of the ability to penetrate the BBB.
Besides the size of the molecule, several strategies have been developed to overcome the
BBB. For example, disruption of the barrier itself by osmotic or chemical agents. Another
strategy is enhancing the transcellular transport of therapeutic agents. For this purpose,
pro-drugs are tested, which only become pharmacologically activated either upon passing
the BBB or upon microglia-specific interaction [149]. This may also limit the problem of
off-target effects outside the CNS. In addition, the therapeutic agents would have to target
microglia without inducing severe side effects by other CNS-resident cells. One promising
option to deliver drugs specifically to microglia may be to pack drugs into nanoparticles,
which are phagocytosed by microglia but not by any other cells in the CNS [150].
5. Conclusions
Microglia can have multiple roles in MS. In the context of progression, microglia
are thought to be centrally involved in perpetuation of CNS-intrinsic inflammation. In
our current understanding, microglia can produce pro-inflammatory cytokines and ROS,
thereby causing axonal damage and neurodegeneration. The switch from a homeostatic- to
a M1 phenotype is linked to changes in morphology and gene expression. On the basis
of the molecular signature of microglia, researchers should develop therapeutics that can
specifically and selectively suppress these neuroinflammatory properties while inducing
neuroprotective functions. Here, we describe possible targets for such future interventions.
We acknowledge that to date the generation of suitable drugs that can easily cross the BBB
and furthermore accomplish this delicate task without inducing unwanted effects on other
cells remains challenging. Nevertheless, in our mind, this general approach constitutes
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an extremely desirable goal to achieve, which in its accomplishment may initiate a new
therapeutic era in MS, combining drugs halting progression with the established drugs
preventing development of acute relapses.
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