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Abstract

There are over 15 disease-modifying drugs that have been approved over the last 20 years for the treatment of relaps-
ing-remitting multiple sclerosis (MS), but there are limited treatment options available for progressive MS. The devel-
opment of new drugs for the treatment of progressive MS remains challenging as the pathophysiology of progressive
MS is poorly understood.

The progressive phase of MS is dominated by neurodegeneration and a heightened innate immune response with
trapped immune cells behind a closed blood-brain barrier in the central nervous system. Here we review microglia
and border-associated macrophages, which include perivascular, meningeal, and choroid plexus macrophages, dur-
ing the progressive phase of MS. These cells are vital and are largely the basis to define lesion types in MS. We will
review the evidence that reactive microglia and macrophages upregulate pro-inflammatory genes and downregulate
homeostatic genes, that may promote neurodegeneration in progressive MS. We will also review the factors that
regulate microglia and macrophage function during progressive MS, as well as potential toxic functions of these cells.
Disease-modifying drugs that solely target microglia and macrophage in progressive MS are lacking. The recent treat-
ment successes for progressive MS include include B-cell depletion therapies and sphingosine-1-phosphate receptor
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modulators. We will describe several therapies being evaluated as a potential treatment option for progressive MS,
such as immunomodulatory therapies that can target myeloid cells or as a potential neuroprotective agent.
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Background

Multiple sclerosis (MS) is a chronic immune-mediated
disease characterized by inflammation, demyelination,
gliosis, and neurodegeneration in the central nervous sys-
tem (CNS) [1]. It is estimated that over 2.8 million people
are living with MS worldwide [2] and the prevalence of
MS is projected to increase over time [3]. There are over
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15 disease-modifying drugs (DMDs) approved over the
last 20 years for the treatment of relapsing—remitting MS
(RRMS), which is how about 85% of the MS population
initially presents [4, 5]. However, there is only limited
treatment choices available for the remaining 10-15%
of people with primary progressive MS (PPMS) [4, 5].
Of those who present with RRMS at diagnosis, approxi-
mately 50-80% will continue to develop secondary pro-
gressive MS (SPMS) within one to two decades [4-6].
Unlike RRMS, the treatment options for SPMS are lim-
ited and are mainly restricted to those with active phase
of SPMS characterized by new magnetic resonance imag-
ing (MRI) activity and relapses; clinical trials of DMDs
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failed to show beneficial effects in non-active progressive
disease [5].

The development and discovery of new drugs for the
treatment of progressive MS (PPMS and SPMS) remains
challenging due to several reasons. The pathophysiology
of progressive MS remains poorly understood [7]. While
the experimental autoimmune encephalomyelitis (EAE)
model is widely used to study the immunopathogenesis
of MS, this model has limited predictive potential for
identifying therapies for progressive MS [8-10]. Micro-
glia and macrophages are found to be present in all MS
lesions regardless of the phenotypes [8], and many mech-
anisms may define their contribution to neurodegenera-
tion [11]. The neurodegenerative roles of microglia and
macrophages during the pathogenesis of MS is compli-
cated. For example, these cells are also required for the
regeneration of lost myelin, a process known as remyeli-
nation [12-14]. Several DMDs have been shown to exert
some modest effects either indirectly or directly on mac-
rophages or microglia, but no drugs for MS yet targets
solely these innate immune cells [11, 15, 16].

In this review, we described the clinical aspects of
progressive MS and the roles of microglia and mac-
rophages in progressive MS and neurodegeneration. We
also described the types of DMDs approved for progres-
sive MS and the potential treatments in which there is
involvement of microglia and macrophages.

Clinical aspects of progressive MS

Clinical course of MS

MS results in motor, sensory and cognitive deficits and
is one of the leading causes of neurological disability in
young adults [1, 17]. The MS disease course is heterog-
enous, with each person with MS experiencing different
symptoms of various severities. MS is diagnosed with
the criteria of clinical attacks, dissemination of lesions
in space and time and the presence of cerebrospinal fluid
(CSF)-specific oligoclonal bands. The clinical course
of MS falls into four main categories: clinically isolated
syndrome (CIS), RRMS, SPMS and PPMS [18, 19]. The
RRMS, SPMS and PPMS phenotypes can be further clas-
sified based on two disease modifiers that assess disease
activity and progression [20].

MS often presents with a monophasic clinical episode
known as CIS, as many as 60-80% of those with MRI
detected lesions go on to be clinically diagnosed with MS
[21]. Roughly 85% of people with MS (PwMS) present
with RRMS, characterized by disease activity of clinical
relapses and MRI activity of gadolinium (Gd)-enhanc-
ing lesions or new or enlarging T2 lesions, followed by
total recovery or partial recovery with periods of stabil-
ity in between relapses [20, 22, 23]. People with RRMS
who have disease activity consisting of relapses or MRI
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activity are considered ‘RRMS-active, while those with-
out disease activity are considered ‘RRMS-not active’
[20]. In 50—-80% of people diagnosed with RRMS, there
is a transition into SPMS within 10-20 years from initial
diagnosis [4—6]. The average age of onset for RRMS is
30 while it is between 40 and 50 for progressive MS [24,
25]. SPMS is typically diagnosed retrospectively as there
is no clear criteria to determine when RRMS transitions
to SPMS [20, 26]. People with SPMS can be considered
SPMS-active or SPMS-not active based on the presence
of clinical attacks and MRI activity. In addition to disease
activity, people with SPMS can be considered ‘SPMS-pro-
gressing’ or ‘SPMS-not progressing’ based on clinical evi-
dence of disease progression or confirmed accumulation
of disability independent of relapses [20]. While women
are typically affected with RRMS and SPMS more than
men, with an approximate ratio of 3:1, PPMS affects both
sexes equally [27, 28]. About 15% of PwMS are diagnosed
with PPMS, presenting with progressive disability from
the onset with no clear relapses and minimal to no recov-
ery [22, 23, 29]. Similar to SPMS, people with PPMS can
be considered ‘PPMS-active, ‘PPMS-not active, ‘PPMS-
progressing’ or ‘PPMS-not progressing’ based on assess-
ment of disease activity and progression [20]. Taken all
together, people with progressive MS can be classified as
‘active with progression, ‘active without progression; ‘not
active but with progression, and finally, ‘not active and
without progression’ [20]. Due to recent irregularities on
how these terms are used by regulatory authorities, it is
recommended that while ‘progressing’ is used to describe
accumulated disability independent of relapses, ‘worsen-
ing’ should be used to describe any resulting increase in
disability or impairment from relapses or increase in dis-
ability in the progressive phase [19].

The classification of the MS disease course is dynamic
and is constantly revised, particularly to address the
confusion that arises with the approval of new DMDs
and updated regulations [19]. There are certain issues
yet to be addressed with the current classification of
MS disease courses. For example, RRMS and SPMS are
widely used in clinical practice and research, yet there is
no clear distinction between them as the conversion to
SPMS is a process that occurs over several years and is
only realized retrospectively [23, 26]. Some studies have
shown that there is roughly a 3-year period of diagnostic
uncertainty during the conversional phase from RRMS
to SPMS [30, 31]. In addition, some people with RRMS
exhibit progressive features of the disease and some peo-
ple with progressive forms exhibit relapses and new MRI
activity. While relapses predominate in RRMS, clinically
silent lesions occur during progressive MS, suggesting
that lesion formation is not restricted to RRMS [32, 33].
Therefore, it is unclear if RRMS, SPMS and PPMS are
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distinct types of MS, or if MS is a disease with a spec-
trum [23, 24, 34].

The current subtypes of MS are useful for clinical prac-
tice and research, but emerging models to classify MS
subtypes are being developed to predict disability and
relapse rate. These models, which include a topographical
model and an MRI abnormality model, could be particu-
larly useful for grouping PwMS during clinical trials. The
topographical model uses a real-time simulation software
environment to define the dynamic changes of five differ-
ent factors during the course of MS: lesion localization,
relapse frequency, relapse severity, relapse recovery, and
baseline brain volume and progression rate [34, 35]. In
this model, the CNS contains finite functional reserve,
which is lowered during the course of MS. As func-
tional reserve declines, lesions present in clinically silent
regions become uncovered. More work is required to
identify the neurological substrate of functional reserve
and how it is lost in progressive MS.

Eshaghi et al. proposed three new subtypes of MS
based on MRI abnormalities including changes in grey
matter, normal appearing white matter (NAWM), and
lesion load. These subtypes are termed cortex-led,
NAWM-led and lesion-led [36]. Compared to cortex or
NAWM-led, those categorized as lesion-led were shown
to have higher disease activity, greater risk of confirmed
disability progression, and improved response to treat-
ment in people with progressive MS. These considera-
tions may be beneficial during clinical trials to stratify
participants or to predict disease activity, disability pro-
gression, and treatment response. They are also foun-
dations for developing validated models to be used as
prognostic and therapeutic guides for individual patients.

Inflammation and demyelination in MS

MS is a disease largely dominated by inflammation and
demyelination that causes tissue damage in the CNS.
Although these processes are present in the early and
progressive phases of MS, they can vary in severity [25].
The earlier phase of MS is dominated by a peripheral
immune response characterized by the infiltration of
lymphocytes into the parenchyma—the CNS tissue—
through a disrupted blood—brain barrier (BBB) leading to
the formation of new active lesions [24, 25]. In contrast,
the progressive phase of MS is characterized by the slow
expansion of pre-existing lesions, and by a heightened
innate CNS immune response with trapped immune cells
behind a closed BBB or CSF brain barrier [7, 37, 38]. The
integrity of the BBB can be assessed using MRI to detect
uptake of Gd-based contrast agents that are administered
into the blood prior to imaging [39]. These Gd-enhanc-
ing lesions decline until they can no longer be detected
as people enter the progressive stages of MS [40]. At this
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point inflammation is compartmentalized in the CNS
and it is thought that expanding lesions add new corti-
cal demyelination and damage to NAWM and normal
appearing grey matter (NAGM) [24, 38], with new demy-
elination potentially occurring around CNS barriers such
as the meninges. In addition to inflammation being more
focal in the earlier phase of MS and diffuse in the pro-
gressive phases, inflammatory activity is more prominent
in SPMS than PPMS as there is higher lesion cellularity
and more perivascular cuffs in SPMS [23, 41].

In progressive MS, lymphocytic infiltrates consist-
ing of T and B lymphocytes, plasma cells, and mac-
rophages form lymphoid follicles in the CNS [32, 37,
39, 42]. Lymphoid follicles, which are associated with
more severe microglia activation and cortical demyelina-
tion, are found in large aggregates in the meninges and
the perivascular Virchow—Robin spaces [24, 38]. They
are typically found in 40-70% of people with SPMS, but
not in people with PPMS; however, increased meningeal
inflammation associated with more extensive cortical
demyelination and neurite loss is present in PPMS, but
without lymphoid follicles [43]. Meningeal-associated
cortical lesions, or subpial lesions, are prominent in pro-
gressive MS [32, 38]. The formation of subpial lesions,
often within layers I-IV [41, 44], are thought to be linked
to meningeal inflammation based on their close prox-
imity [42, 44]. This pattern is also reproduced by in vivo
MRI data and correlates with present and future dis-
ability [45]. PWMS with more cortical demyelination and
lymphoid follicles have a more rapid MS onset, progres-
sion, and death [44, 46, 47].

While demyelination increases with disease duration,
remyelination in PwMS is highly variable and declines
with increase in age and disease duration [48]. For
PwMS, a higher rate of remyelination is associated with
lower disability progression [23, 49-51]. Remyelinated
lesions in MS typically have thin myelin sheaths and
short internodes, making them paler than normal, which
is why they are referred to as shadow plaques [23, 52, 53].
In RRMS, shadow plaques are elevated in people younger
than 55 or within the first 10 years of diagnosis [48, 51]
compared to progressive MS where they are relatively
sparse [23, 52, 54, 55].

CNS macrophages and progressive MS

Microglia and macrophages serve central roles in all
stages of MS, and they are required for the initiation of
experimental autoimmunity in animal models [56, 57].
These cells are so fundamental to MS disease, that they
are largely the basis to define lesion types in MS patho-
logical specimens [58]. While microglia and macrophages
generally have a more pathogenic phenotype in the MS
CNS, the loss of critical homeostatic functions also
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potentially contribute to increased damage and reduced
repair in progressive MS. In the healthy CNS, homeo-
static functions in microglia include secreting growth
factors that promote neuronal survival, surveilling the
CNS to detect pathogens or tissue injury, and remodeling
synaptic connections during development or following
injury [59-65]. After demyelination, microglia and mac-
rophages also regulate remyelination [12, 13, 66, 67]. The
role of remyelination has been reviewed elsewhere [51,
68, 69]. In this section we described these cells and their
involvement thus far in progressive MS.

Types of CNS macrophages

The normal adult brain contains four types of resident
mononuclear phagocytes collectively called CNS mac-
rophages. CNS macrophages include microglia that are
located throughout the brain parenchyma and three
types of CNS border-associated macrophages (BAM:s)
that are located at the interface between the CNS and
BBB [70]. BAMs consist of perivascular macrophages
in the perivascular space between the endothelial and
parenchymal basement membranes, meningeal mac-
rophages that line the meninges and its vasculature, and
choroid plexus macrophages within the choroid plexus
[70-72]. It should be noted that some research groups
refer to BAMs as CNS-associated macrophages (CAMs)
[73]. Despite their anatomical differences, there are simi-
larities in the development of microglia and BAMs [74].
Fate-mapping studies in mice have found microglia and
BAMs largely originate from embryonic progenitors in
the prenatal yolk sac that migrate to the brain for matura-
tion [70, 75-77]. Postnatal microglia and BAMs in mice
are long-lived and self-renewing cells. Microglia, menin-
geal macrophages, and perivascular macrophages do not
rely on circulating bone marrow-derived hematopoietic
progenitors to replenish their population [70, 75, 78].
Only choroid plexus macrophages are partially replen-
ished by monocytes [70, 77].

Classification and activation of CNS macrophages

Among the CNS macrophages, the roles of microglia
are the most well-characterized. In a surveilling state in
the healthy CNS, microglia have small cell bodies with
a complex highly branched ramified morphology. In a
neuroinflammatory environment such as MS, micro-
glia become reactive, a process that includes transcrip-
tional, biochemical, and metabolic remodeling to take
on new inflammatory functions [79-81]. Reactive micro-
glia swell and develop rounder cell bodies, taking on a
simpler branching pattern with shorter and thicker cell
processes [82, 83]. Microglia reactivity includes down-
regulation of many homeostatic genes, suggesting that
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there is an impairment and loss of critical homeostatic
functions during MS that may worsen neurodegeneration
during the pathophysiology of progressive MS [79, 84—
86]. There are several key genes that regulate microglial
function. For example, Trem2 is a regulator of phago-
cytosis and chemotaxis, which are important defensive
responses to inflammation and injury in MS [86, 87].
TREM2 is highly expressed by myelin-rich phagocytes in
lesions of people with MS, and TREM2 agonists promote
myelin debris clearance and enhance remyelination in an
animal model of demyelination, suggesting TREM2 acti-
vation may be a promising therapeutic avenue in progres-
sive MS [88]. Related to Trem?2 is Apoe, a gene critical for
lipid metabolism following microglial uptake of myelin
lipid debris. Apoe expression is upregulated in microglia
isolated from mice with EAE and is correlated with dis-
ease progression [79]. Activation of the TREM2-APOE
pathway prevents the ability of microglia to regulate CNS
homeostasis in EAE [79]. Expression of Cx3crl, a homeo-
static gene that encodes fractalkine receptor on microglia
involved in synaptic pruning and modeling, is also lost in
EAE [79]. Blocking the CX3CR1—fractalkine interaction
induces microglial production of tumor necrosis factor
(TNF)-a, a pro-inflammatory cytokine, and 8-isoprotane,
a marker of oxidative stress [89]. Overall, while it is likely
true that reactive microglia and macrophages with more
pro-inflammatory phenotypes have large contributions
to neurodegenerative processes during MS, the failure of
microglia and macrophages to maintain reparative and
homeostatic functions is also likely important to per-
petuate neurodegeneration during progressive disease.
Reactive microglia and macrophages express very similar
molecular markers, and in many experimental conditions
they are indistinguishable [90]. For this reason, the blan-
ket term microglia and macrophage is used, which could
also include BAMs.

Because microglia are highly dynamic, they transi-
tion through many intermediate morphological forms
as they carry out reparative or pathogenic functions
[82]. The response of microglia and macrophages to
CNS disruption is diverse, but present during virtu-
ally all neurological conditions [91]. Upon sensing CNS
disruptions such as tissue damage or pathogenic infil-
trations, microglia become rapidly reactive. When the
disruption is localized, they extend processes to sites
of damage [61, 92]. The extension of microglia towards
a focal injury can occur in a P2Y12 receptor-depend-
ent manner, and it is in part regulated by extracellular
adenosine triphosphate that is enriched after tissue
injury [93, 94]. In this neuroprotective response, cell
processes rapidly branch out to create a shield sur-
rounding the injury site where they phagocytose patho-
gens and apoptotic or damaged cell debris [95, 96].
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Microglia express over a thousand receptors, and likely
respond to hundreds if not thousands of molecules that
may drive their reactivity [97]. For example, microglia
can also become reactive after toll-like receptor (TLR) or
nucleotide-binding oligomerization domain-like recep-
tor-mediated recognition of damage-associated molecu-
lar patterns that are released following cellular injury and
death in the CNS [98, 99]. This reactivity helps induce
the inflammatory cascades that may perpetuate progres-
sive neurodegenerative mechanisms in MS [100]. Under
certain circumstances, microglia and macrophages may
also contribute to progressive neurodegeneration in MS
by producing glutamate, proteases, and reactive oxygen
and reactive nitrogen species (ROS/RNS) that may lead
to demyelination, neuronal loss, and axonal and mito-
chondrial damage in lesions (discussed below) [101—
105]. Reactive microglia and macrophages also produce
inflammatory cytokines such as TNF-q, interleukin (IL)-
6, IL-1p, and IL-23 that leads to further immune activa-
tion [104, 106—109]. People with progressive MS have
elevated levels of these cytokines within blood serum,
CSF, and CNS lesions compared to people with RRMS or
healthy controls [110-112].

Microglia and macrophages are also necessary for
remyelination and may have several other neuroprotec-
tive roles [12, 14, 68]. Microglia and macrophages help
recruit and maintain oligodendrocyte progenitor cells
(OPCs) and their ability to myelinate neurons [66, 67,
113]. They secrete neurotrophic factors including insulin-
like growth factor-1 that are required for OPC survival
and differentiation into oligodendrocytes [114—117]. In
mice with EAE, microglia can also phagocytose and kill
CNS-infiltrating Th17 cells [118].

The dichotomous functions of microglia and mac-
rophages have complicated the literature for decades.
Protective and toxic functions were initially ascribed
to different polarization states of microglia and mac-
rophages, the pro-inflammatory M1 and immunoregu-
latory M2 states [119]. Indeed, using transgenic mice
with Nos2 based pro-inflammatory states and Argl
immunoregulatory states, Locatelli et al. examined these
states during EAE. They found that cells could preferen-
tially express either Nos2 or Argl, with the most Nos2-
enriched cells found prior to and at onset of disease
inflammation [120]. Given that studies found microglia
and macrophages can be polarized in culture with spe-
cific cytokines, this suggested these states may be impor-
tant to disease [12, 119-121]. However, both Argl and
Nos2 are rarely expressed by microglia in MS models and
do little to predict the microglia phenotype [80, 90, 120].
Monocyte-derived macrophages can express these mark-
ers differentially, but also take on several other cellular
phenotypes suggesting greater diversity [122]. How the
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function of microglia and macrophages relate to their cel-
lular phenotypes during MS remains an open question.

The identity of BAM-specific markers can be used to
distinguish BAMs from microglia. Like microglia, BAMs
are highly plastic and change their expression patterns
during disease, so they may be confused with reactive
microglia [123, 124]. Only recently are new markers
becoming available, so the exact roles of BAMs are not
as well characterized [71, 72, 125]. Studies demonstrated
that BAMs are involved in recruiting immune cells to
sites of inflammation and scavenging debris [126, 127].
BAMs are located at the CNS border and help regulate
immune cell entry and neuroinflammatory responses
within the leptomeningeal space [128]. BAMs during
neuroinflammation upregulate expression of molecules
such as MHC class II and CD40 that are involved in anti-
gen presentation or co-stimulation, suggesting that they
may regulate the activity of lymphocytes in the leptome-
ningeal space, perivascular space, or choroid plexus [84,
129, 130]. However, experiments that eliminated the
MHC class II antigen presenting capabilities of micro-
glia and BAMs found that these cells are not required
for T cell-mediated EAE pathogenesis [124, 131-133].
Instead, it may be the antigen presenting capabilities of
CNS-infiltrating myeloid cells, namely dendritic cells,
that are involved in reactivating myelin-reactive encepha-
litogenic T cells towards a pro-inflammatory phenotype,
thus inducing pathology in EAE. Overall, because most
neuroimmunology studies have not made a distinction
between BAMs, microglia, and infiltrating peripheral
monocyte-derived macrophages, the exact contribution
of BAMs to immune homeostasis of the normal CNS or
MS pathophysiology is unclear.

CNS macrophages in MS pathophysiology

Microglia and macrophages are the major cell types in
MS lesions [58, 134]. While they predominantly have a
pro-inflammatory phenotype in active lesions indicated
by expression of inflammatory markers such as CD40,
approximately 70% also express more homeostatic
markers [135]. In both human MS and mouse models,
microglia and macrophages in early CNS lesions pro-
duce increased amounts of inflammatory factors such
as nitric oxide (NO), TNF-a, and IL-1P. As they con-
tinue to phagocytose, process, and clear cholesterol-
rich myelin debris, they acquire a lipid-laden foamy
phenotype that generally have more reparative anti-
inflammatory characteristics [120, 121, 136]. Myelin
breakdown in phagocytes is thought to generate lipid
and cholesterol metabolites that bind and activate liver
X receptors (LXR), which modulates inflammation and
helps facilitate the reverse cholesterol transport sys-
tem in microglia and macrophages [137-139]. Effective



Kamma et al. Journal of Neuroinflammation (2022) 19:45

LXR-mediated cholesterol efflux also increases produc-
tion of immunomodulatory factors such as IL-10 [136].
The ability of microglia and macrophages to efflux
cholesterol-containing myelin debris decreases with
age in mice [140]. The resulting cholesterol build-up
forms crystals, leading to rupture of the lysosomes and
activation of the inflammasome. Consequently, height-
ened microglia and macrophage inflammasome activity
impairs remyelination in the CNS. Given that heighted
inflammasome activity promotes neurodegeneration
in other neurodegenerative conditions, the impaired
efflux of cholesterol and subsequent inflammasome
activation in microglia and macrophages may contrib-
ute to disability progression in PwMS [136, 140—142].

CNS macrophages in the MS brain

Study of CNS tissues from PwMS has enabled detailed
pathological characterization of CNS macrophages
in the MS brain. MS lesions have historically been
characterized as active, chronic, or inactive based on
the extent of demyelination. However, a more recent
classification has proposed guidelines to distinguish
lesions as active, mixed active—inactive, or inactive
not only based on the presence or absence of ongoing
demyelination, but also based on the characteristics of
microglia and macrophages within the lesion [58]. The
characteristics of microglia and macrophages in dif-
ferent MS lesion types are summarized in Fig. 1A, B.
Most studies of MS lesions have used markers com-
mon to monocyte-derived macrophages, BAMs, and
microglia such as IBA-1 and CD68. Markers such as
TMEM119 provide better differentiation between
microglia and recruited macrophages in MS lesions,
although research groups have demonstrated Tmem119
expression in microglia is reduced as they become reac-
tive [84, 90, 143]. Recent advancements in single-cell
RNA sequencing have provided a better framework for
differentiating BAMs and microglia using their gene
expression patterns [70, 124]. However, the exact pro-
portions of microglia versus macrophages in MS lesions
is largely undefined, because these cells are highly plas-
tic and there are no pathological studies that use new
markers to distinguish BAMs from microglia.
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Lesion composition

Active lesions Active lesions are mostly found in peo-
ple with RRMS and shorter disease durations, and they
can also be found in people with SPMS and PPMS with
attacks and shorter disease durations [48, 58]. Active
lesions are characterized by extensive demyelination and
immune cell infiltration [58, 144]. Infiltrates contain T
cells and B cells, but lipid-containing foamy microglia and
macrophages are the major cell types in active lesions [37,
48, 58, 134]. These activated microglia and macrophages
can be closely associated with or engulfing damaged tran-
sected axons [145]. Active lesions are present in the white
matter, but they are also prominent in the grey matter
[58]. In the cerebral cortex, active lesions are frequently
associated with meningeal inflammation, and lesion rims
often have high densities of activated microglia and mac-
rophages containing myelin degradation products [37,
146, 147]. Haider et al. observed most neurons in these
active cortical lesions had signs of oxidative damage
[146]. In the deep grey matter, active lesions contain more
inflammatory inducible nitric oxide synthase (iNOS)-
positive microglia and macrophages, which are potential
sources of oxidative damage. Microglia and macrophages
form borders around deep grey matter lesions, although
to a lesser extent than white matter lesions [148].

Active lesions can be subdivided based on the stage
of demyelination [58]. Early active lesions are partially
demyelinated, they have ongoing demyelination, and they
contain microglia and macrophages with major (larger)
and minor (smaller) myelin proteins [48, 58, 149]. The
number of early active lesions declines quickly with dis-
ease duration [48]. Microglia and macrophages in these
lesions have a less homeostatic phenotype. For example,
early active lesions contain microglia with no expression
of P2RY12, a marker that is only expressed by homeo-
static microglia in rodents [79, 84]. Microglia and mac-
rophages closely associated with damaged axons produce
high levels of glutamate, indicated by high expression of
the glutamate synthesizing enzyme, glutaminase, which
is not expressed by microglia in normal control white
matter [144].

Late active lesions are more demyelinated than early
active lesions, they still have ongoing demyelination, and
they contain microglia and macrophages with only major

(See figure on next page.)

Fig. 1 Summary of microglia and macrophages in different types of MS lesions. A Lesions are colored where a lighter grey indicates decreased
myelin density. Reactive microglia and macrophages are depicted with large cell bodies and are categorized where red indicates decreased,

and orange indicates increased expression of what are typically considered homeostatic markers such as P2RY12 or CD163. Reactive microglia
and macrophages are also categorized based on whether they contain lipid-rich myelin degradation products. Non-reactivated microglia and
macrophages are depicted with small cell bodies and a ramified morphology. B Patterns of microglia and macrophage characteristics (density,
ramification, and homeostatic marker expression) over time in different MS lesion types. EA (D) early active (demyelinating), LA (D) late active
(demyelinating), MAI (D) mixed active-inactive (demyelinating), MAI (PD) mixed active—-inactive (post-demyelinating), /inactive. For A and B, active
(post-demyelinating) lesions are not depicted due to limited histopathological assessments of microglia and macrophage characteristics
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myelin proteins, which take longer to clear than minor
myelin proteins [48, 58, 149]. Compared to early active
lesions, microglia and macrophages in late active lesions
transition to a more intermediate phenotype with both
pro- and anti-inflammatory characteristics [84, 135, 150].
Kuhlmann et al. also classified a subset of active lesions
that no longer have ongoing demyelination as active
and post-demyelinating [58]. These lesions are heavily
infiltrated by microglia and macrophages that lack both
major and minor myelin proteins [58, 134].

Mixed active—inactive lesions Mixed active—inactive
lesions are most common in people with progressive MS
with attacks or a disease duration longer than 10 years [48,
58]. These lesions, also commonly referred to as “chronic
active’, have an inactive demyelinated center defined by
fewer reactive microglia and macrophages and a higher
density of microglia and macrophages at the lesion rim
[48, 58, 84, 145]. Mixed active—inactive lesions can also
be classified as demyelinating or post-demyelinating [58].
Mixed active—inactive demyelinating lesions, also called
“smoldering” or “slowly expanding’, have ongoing myelin
loss at the lesion rim with microglia and macrophages
that contain myelin degradation products [48, 58]. The
rims of mixed active—inactive post-demyelinating lesions
have microglia and macrophages that lack myelin degra-
dation products [58]. Microglia and macrophages in the
center of mixed active—inactive lesions generally have a
pro-inflammatory phenotype as they have high expres-
sion of glutaminase and low expression of immunomodu-
latory markers such as P2RY12 and CD163—a scavenger
receptor that enhances phagocytosis and repair [84, 135,
144, 150]. Some research groups have found microglia
and macrophages in the lesion border express lower lev-
els of glutaminase and are more likely to express markers
that indicate an immunomodulatory phenotype such as
CD163 compared to those in the lesion center [144, 150].
However, other studies of mixed active—inactive lesions
indicate borders tend to have increased expression of
markers more characteristic of pro-inflammatory micro-
glia and macrophages such as CD40, CD64, CD32, and
iNOS and have reduced expression of more homeostatic
markers such as CD163 [84, 134, 135].

Inactive lesions Inactive lesions are most common in
people with SPMS without attacks or a disease duration
longer than 15 years [48, 58]. Inactive lesions are exten-
sively demyelinated, have clear borders, and no ongoing
myelin loss based on the absence of myelin debris within
microglia or macrophages [58, 151]. The microglia and
macrophage density is lower or similar compared to nor-
mal white, grey, and deep grey matter controls [48, 58, 84,
148, 152]. These microglia and macrophages have a pre-

Page 8 of 27

dominantly surveillant ramified morphology, they contain
much less degraded myelin products, and some express
homeostatic microglia markers such as P2RY12. Glu-
taminase expression is absent from microglia and mac-
rophages in inactive lesions [37, 84, 144, 151].

CNS macrophages in normal appearing CNS

Even though lesions are the major pathological hallmark
of MS, PwMS also have alterations in the NAWM and
NAGM compared to controls. The NAWM and NAGM
is not associated with a greater density of microglia and
macrophages in people with progressive MS compared
to normal age-matched controls [37, 84]. However, the
brains of people with progressive MS have significantly
increased microglia reactivity in the NAWM and NAGM
based on reduced expression of homeostatic microglia
markers including P2RY12 compared to normal con-
trols; microglia reactivity increases with disease dura-
tion. Increased microglia reactivity in MS is associated
with more diffuse NAWM injury including myelin loss
and axonal damage [41, 43, 58, 84]. Clusters of reactive
microglia termed microglia nodules may be present in
over half of PWMS, and they are found in areas around
plaques and in NAWM in progressive MS, but not nor-
mal controls [41, 151, 153]. These nodules have been
associated with Wallerian degeneration of axons in early
MS lesions, and may even occur prior to demyelination
[153, 154].

Identifying increased CNS macrophage reactivity

in the progressive MS brain

Recent advancements in positron emission tomogra-
phy (PET) imaging allow the visualization of radioligand
binding to 18 kDa translocator protein (TSPO), which
is a protein that is thought to be upregulated in reactive
microglia and macrophages [155, 156]. PET studies have
found increased binding of the first generation radio-
ligand ''C-PK11195 to TSPO in the NAWM, thalamus,
and cortical grey matter of PwWMS, particularly SPMS,
compared to healthy controls [156—159]. The increase in
total "'C-PK11195 binding in the cortex correlated with
increased expanded disability status scale (EDSS) disabil-
ity scores and progression in SPMS but not RRMS [156,
157]. Second generation radioligands such as ''C-PBR28
with higher binding specificity and affinity for TSPO
showed similar increases in signal, particularly in SPMS,
that was associated with increased neurological disability
and progression [160, 161]. People with SPMS also have
greater overall TSPO expression throughout the grey
matter compared to those with RRMS [161]. One limi-
tation of TSPO-PET imaging is that TSPO may not be
specific only to reactive microglia as it is also expressed
in some reactive astrocytes and vascular endothelial cells
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[155, 162]. TSPO expression also does not differenti-
ate between human microglia stimulated in vitro under
pro-inflammatory or anti-inflammatory conditions [163].
As a result, there is a need for more microglia-specific
TSPO-PET radioligands that can distinguish between
inflammatory and homeostatic microglia phenotypes
[39].

Based on TSPO-PET findings, microglia and mac-
rophage reactivity occurs early in the disease course of
MS and escalates during progressive MS. TSPO-PET
based microglia and macrophage reactivity predicts dis-
ease progression suggesting that these cells have impor-
tant roles in neurodegenerative processes, particularly
during progressive disease.

Microglia and macrophage role

in neurodegeneration

The etiology and mechanisms of neurodegeneration in
MS remains an area of intense investigation. Over the
years two paradigms have emerged to explain the etiol-
ogy of MS, the outside-in and the inside-out paradigms
[164, 165]. The outside-in theory suggests that MS begins
with CNS-targeted autoimmunity resulting in secondary
neurodegeneration. On the other hand, the inside-out
theory proposes that neurodegeneration is the primary
event resulting in a secondary autoimmune response.
Despite a century of studying MS, the true nature of the
disease remains unknown. Much of what we know about
neurodegeneration comes from cross sectional analysis
of MS tissue and imperfect animal models of progressive
MS creating a significant challenge in understanding the
underlying mechanisms. For example, the EAE model
is biased towards an autoreactive CD4 T-cell response
while cytotoxic CD8 T cells are known to contribute to
MS pathology. Given that many extracellular factors reg-
ulate microglia and macrophage enrichment and reac-
tivity during all disease stages, many mechanisms may
define their contribution to neurodegeneration in pro-
gressive MS including the release of neurotoxic factors
that may result in accumulation of mitochondrial injury
and sustained pro-inflammatory cytokine production.

Extracellular factors regulating microglia

and macrophages

Characteristic features of progressive MS pathophysiol-
ogy, including iron deposition, involvement of fibrinogen,
and meningeal inflammation are likely important con-
tributors to the reactivity of microglia and macrophages,
potentially contributing to neurodegeneration (Fig. 2).

Iron
Iron is essential in the normal functioning of the CNS and
is highly enriched within myelinating oligodendrocytes
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[166—168]. Iron concentrations increase within the brain
parenchyma during normal aging, but this is acceler-
ated in PwMS and is more pronounced in those with
progressive disease courses [169, 170]. Iron levels within
the brain are normally buffered by proteins such as fer-
ritin, which holds the non-toxic ferric form (Fe*) of iron
and is found within oligodendrocytes and microglia [32].
The release of excess iron during CNS demyelination is
potentially directly neurotoxic due to increased extra-
cellular concentrations of unbuffered ferrous iron in the
form of divalent cations (Fe?"), which amplifies oxidative
injury via the Fenton reaction [171]. Unbuffered iron can
also induce toxicity indirectly in culture as demonstrated
by FeSO, (a Fe** donor) stimulated microglia producing
ROS at levels comparable to lipopolysaccharide (LPS—a
TLR2/4 agonist from gram negative bacteria) stimulated
microglia [169]. The presence of FeSO, also exacerbated
LPS-induced microglia-dependent neuronal loss [169].
The neuronal toxicity induced by iron and LPS-stimu-
lated microglia is prevented by inhibiting the ROS pro-
ducing enzyme, NADPH oxidase 2 [169], suggesting a
potential role of iron in microglia mediated neurodegen-
eration. Iron is also immunomodulatory. Iron-deficient
mice failed to develop EAE, while iron overloaded mice
developed typical disease [172], suggesting that iron is an
important regulator of immune-mediated neurotoxicity.

Analysis of MS tissue by MRI demonstrates that there
is increased iron concentrations at the macroscopic level,
specifically in the deep grey matter structures [167, 171,
173]; these are the same structures that display atrophy
even early in PwMS [32]. Following demyelination there
is a shift in the distribution of iron; iron is increased in
microglia and macrophages in areas surrounding plaques
[174], but reduced within lesions [148, 175, 176] and the
NAWM of PwMS [177-179]. The source of increased
iron in microglia and macrophages is multifactorial and
includes the death and damage to iron-rich oligoden-
drocytes, vascular damage, and infiltration of periph-
eral immune cells involved in systemic iron homeostasis
[180]. Iron analysis by MRI has increased our knowl-
edge of the pathophysiology of MS, but tools such as
magnetic resonance microscopy (MRM) are addressing
the disconnect between small scale pathology of indi-
vidual cells and how this correlates with MRI data [181].
Using MRM, Nair et al. visualized iron containing cells
from post-mortem MS tissue and found that changes in
iron accumulation within cells—mainly decreased iron
within oligodendrocytes—give rise to the differential iron
expression seen between cortical lesions and normal cor-
tex [181]. Taken together, this increased iron storage in
microglia and macrophages or heightened free ferrous
iron may contribute to ongoing neurodegeneration in MS
by amplifying oxidative stress.
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Leakage of the BBB occurs during inflammation to per-
mit leukocyte entry into the CNS, but lower levels of BBB
leakage happen as a natural consequence of aging [182].
Disruption of the BBB allows elements from the blood—
not normally in the CNS—to enter such as fibrinogen.
Fibrinogen entering into the CNS parenchyma is con-
verted into insoluble fibrin, which is a potent stimulus

for microglia and macrophage reactivity [183-185]. In
response to fibrin, microglia surround leaky blood ves-
sels and increase production of ROS [186]. A study by
Yates et al. demonstrated increased extracellular fibrin/
fibrinogen deposition in the cortex of people with pro-
gressive MS compared to healthy controls. Interest-
ingly, heightened levels of extracellular fibrin/fibrinogen
was associated with reduced neuronal density, but not



Kamma et al. Journal of Neuroinflammation (2022) 19:45

demyelination [187]. Reactive microglia surrounding
fibrin deposits are observed in early MS and EAE dis-
ease, associated with axonal damage, and found prior to
the formation of demyelinated lesions and T-cell infil-
tration [188]. Depletion of fibrin in animal models of
MS resulted in reduced inflammation, reactive micro-
glia, demyelination, and axonal damage, suggesting the
importance of protecting against fibrin-induced toxicity
in PwMS [186, 189].

Meningeal inflammation

Widespread inflammation within the meningeal layers
of the brain and spinal cord is found in all MS disease
courses [190]. The formation of ectopic follicle-like struc-
tures in the meninges was found in 40% of SPMS cases
[44]. The inflamed meninges contain macrophages and T
cells, and the density of these cells was strongly associ-
ated with the microglia and macrophage density in the
underlying subpial parenchyma [42, 191]. Indeed, the
amount of meningeal inflammation correlates positively
with cortical demyelination and neurodegeneration. The
pattern of demyelination, neuronal injury, and axonal
loss is greatest in the outer cortical layers and less pro-
nounced in inner layers, suggesting that meningeal asso-
ciated pro-inflammatory cytokine or neurotoxic factor
radiate into the superficial grey matter to drive neuro-
degeneration [41-44, 46, 192]. These factors may induce
direct toxicity or stimulate an indirect response in the
CNS parenchyma that is degenerative.

Meningeal inflammation can induce neurotoxicity in
the cortex and the underlying white and grey matter [44,
192, 193]. Meningeal transduction of lentiviruses pro-
ducing IFN-y and TNF-a cytokines induces demyelina-
tion, reactive microglia, neuronal loss, and upregulates
genes related to necroptosis in the underlying grey mat-
ter [194]. Therefore, meningeal inflammation is sufficient
to induce demyelination and neurodegeneration. Menin-
geal inflammation induces a phenotypic changes in cor-
tical microglia, and one phenotype characterized by
low levels of homeostatic microglia markers P2Y12 and
TMEM119 was associated with substantial neuronal loss
[195]. How meningeal inflammation drives neurodegen-
eration and whether it is via microglia and macrophage
mediated mechanisms during progressive MS is still an
open question.

Release of neurotoxic factors by microglia

and macrophages

Reactive oxygen and reactive nitrogen species

The direct release of neurotoxic factors including ROS or
RNS, which are more pronounced in progressive MS, are
one potential mechanism of microglia and macrophage
mediated neurodegeneration in progressive MS [196].
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In culture, when microglia are stimulated with LPS, they
respond by increasing the production of ROS and RNS
[197-199]. The main enzyme responsible for this ROS
production for microglia is NADPH oxidase [197, 198].
Indeed, when microglia are cultured with immature oli-
godendrocytes and treated with LPS, there is a dramatic
loss of immature oligodendrocyte that is prevented by
inhibiting NADPH oxidase, suggesting that microglia
ROS can be toxic in culture [197]. When treated with
LPS, microglia also upregulate iNOS and produce RNS in
culture [200, 201], but recent studies in vivo found that
macrophage iNOS expression predominates, with limited
microglial iNOS expression during EAE [90, 120, 202].
During EAE a greater proportion of macrophages than
microglia also generate ROS, but both ROS-associated
microglia and macrophages share a core oxidative stress
signature [202]. The production of ROS by phagocytes
during EAE results in injury to myelin and axons and is
diminished with ROS and RNS scavengers [102, 203].

ROS and RNS can also contribute to neurodegenera-
tion by inducing mitochondrial dysfunction in neurons
that persists and accumulates over time [204]. In progres-
sive MS, deep cortical neurons contain mutations within
mitochondrial DNA [205]. MS lesions have significant
mitochondria disturbances including decreased expres-
sion of electron transport chain complex I, III and IV
[206-208], which correlates with axonal damage [209].
The corresponding energy deficiencies due to mitochon-
drial dysfunction amplify oxidative stress via the release
of more oxygen radicals into the CNS [204]. Considering
the high energy consumption the brain utilizes, impaired
energy production due to mitochondrial dysfunction
likely contributes to neurodegeneration. As a strategy to
protect mitochondria from ROS—especially given the
oxidative damage within MS lesions and within NAWM
[210]—strategies that mitigate oxidative stress or reduce
ROS production by microglia and macrophages are likely
an important neuroprotective strategy for MS (Fig. 3).

Glutamate release

Glutamate is an excitatory neurotransmitter playing
an important role in neuronal signaling, however when
produced in large quantities it becomes toxic, result-
ing in damage to both neurons and oligodendrocytes
[211-215]. Increased CNS glutamate was found prior to
demyelination in PwMS [216], suggesting that it may be a
precursor to the formation of MS lesions. A study look-
ing at cortex specimens from predominantly progressive
MS cases found loss of glutamate reuptake mechanisms
in astrocytes in the presence of reactive microglia [217].
Reactive microglia release cytokines such as TNEF-q,
which reduces astrocytic glutamate uptake through a
pathway involving the release of NO, thus increasing
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extracellular glutamate concentrations [218]. This
increased extracellular glutamate is associated with
demyelination and neuronal damage [217]. Increased
extracellular glutamate in the CNS can also be a result
of reactive microglia and macrophages, energy deficien-
cies, increased oxidative stress, and mitochondrial dys-
function [219]. Microglia can release glutamate via the
cystine-glutamate antiporter system X_.~ [220, 221]. For
this antiporter system, cystine is imported and serves as
a co-factor for the antioxidant glutathione—potentially to
serve as an antioxidant for the microglial oxidative burst-
ing [222]—resulting in the release of glutamate [223]. In
culture, microglia release glutamate if supplemented with
cystine or stimulated with LPS or the pro-inflammatory
cytokines IFN-y and TNF-a [220, 221, 224]. Microglial
glutamate release is toxic to oligodendrocytes, which can
be prevented by either treatment with glutamate receptor
or system X~ transporter antagonists [220, 221].

Despite the release of toxic levels of glutamate by
microglia in culture, less is understood about glutamate
release from microglia and macrophages in vivo. Injec-
tions of LPS with cystine in vivo is more toxic to neurons

than LPS alone suggestive of system X_~ transporter tox-
icity [225] and system X_~ transporter antagonists are
protective against EAE [220]. The removal of one gluta-
mate receptor subunit (the GluA4 from AMPA recep-
tor) from oligodendrocytes protects them during EAE,
suggesting an ongoing glutamate toxicity during EAE
[226]. However, T cells can release glutamate during EAE
[227] and the system X_~ transporters are expressed by
astrocytes [228] and leukocytes [229]. The contribution
of microglial glutamate is, therefore, still unclear as is the
contribution of glutamate toxicity in later stages of pro-
gressive MS.

Sustained pro-inflammatory cytokine production

In progressive MS there is increased microglia and mac-
rophages reactivity into a pro-inflammatory phenotype,
which may contribute to neurodegeneration via a num-
ber of potential mechanisms. Pro-inflammatory micro-
glia activation results in a loss of immunosuppressive
factors including CX3CR1 and CD200 and increased
secretion of the pro-inflammatory cytokines IL-1{, IL-6,
and TNF-a among other neurotoxic factors [230]. Given
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that microglia and macrophages express and release
many cytokines in MS, individual or combinations of
cytokines may induce neuronal toxicity.

TNF-a

TNEF-«a is elevated in CSF of people with progressive MS
compared to both RRMS and healthy controls [111].
TNF-a is expressed by microglia and macrophages
during EAE and MS [90, 193, 202]. In culture, TNF-a
induces oligodendrocyte cell death by necroptosis, a form
of programmed necrosis that releases inflammatory mol-
ecules [231, 232]. Necroptosis is controlled by a protein
cascade consisting of receptor-interacting seine/threo-
nine-protein kinase 1 and 3 and phosphorylated mixed
lineage kinase domain-like pseudokinase; TNF-a stimu-
lated oligodendrocyte cell death was attenuated in the
presence of a RIPK1 inhibitor [231]. In both the EAE and
cuprizone models of MS, a RIPK1 inhibitor attenuated
oligodendrocyte death and improved disease outcomes
[231]. TNF-a can activate tumor necrosis factor recep-
tor 1 (TNFR1) resulting in a pro-inflammatory response
inducing necroptosis, or, alternatively, stimulate tumor
necrosis factor receptor 2 (TNFR2) promoting a protec-
tive response [233]. People with progressive MS have
elevated TNF-a expression in the cortex and meninges
which shifts the TNF receptor expression balance from
a TNFR2 cell survival to TNFR1 cell death [193, 231].
TNEFR1 signaling is enhanced within cortical and sub-
pial lesions associated with meningeal inflammation, and
this signaling is linked to an upregulation of key necrop-
totic pathway regulators within neurons, oligodendro-
cytes, and microglia [231, 233, 234]. Therefore, TNF-a
may be inducing necroptosis of neurons and oligoden-
drocytes within the CNS. Inhibition of soluble TNEF-q,
which has been found to signal via TNFR1 reduced the
clinical severity of EAE while preserving axonal integrity
and promoting remyelination [235]. Selective inhibition
of TNFR1 ameliorated EAE symptoms in both prophy-
lactic and therapeutic treatments. Unselective anti-TNF
therapy in PwMS resulted in a significantly increased risk
of disease exacerbation, future therapies directed towards
selective TNFR1 inhibition may prove to be beneficial in
progressive MS [236].

IL-18

People with progressive MS have increased CSF and
serum concentrations of IL-1p compared to both RRMS
and healthy controls [110, 237]. Similar to TNF-a, addi-
tion of IL-1f in culture caused oligodendrocyte cell
death [231, 232] and IL-1f is enriched in microglia, mac-
rophages, and neutrophils during EAE [90, 202, 238]. The
loss of IL-1P reduces EAE susceptibility threefold, which
is consistent with the pathogenic nature of this cytokine
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[238]. However, during EAE, IL-1P also interacts with
barrier cells such as endothelial cells to alter leukocyte
trafficking and damage may not be a result of direct IL-1
toxicity [238, 239]. Given that cytokines are instrumen-
tal in regulating trafficking into the CNS, it is challenging
to determine whether the release of cytokines by micro-
glia and macrophages induce direct toxicity in the CNS,
or indirectly provoke toxicity by recruiting pathogenic
leukocytes. For example, the overexpression of granulo-
cyte—macrophage colony-stimulating factor in peripheral
helper T cells, which is minimally expressed by microglia
or macrophages during EAE [240], recruits ROS-asso-
ciated macrophages into the CNS that induce toxicity
[241]. Combinations of cytokines can also induce toxic-
ity indirectly via astrocytes, for instance, IL-1p, TNF-a
and Clq induce a neurotoxic astrocyte phenotype [242].
Taken together, disturbances in cytokine signaling can
result in microglia reactivity and damage to neurons and
oligodendrocytes, serving as a potential point of thera-
peutic intervention.

Cytokine induced RNA binding protein dysfunction

The CSF of people with progressive MS contains high
levels of a number of pro-inflammatory cytokines
including TNF-a and IFN-y [110, 243, 244], which can
result in the mislocalization of RNA binding proteins
(RBP) within neurons and oligodendrocytes. Addition
of TNF-a and IFN-y in culture induce RBP mislocaliza-
tion and dysfunction [245, 246]. RBPs are responsible for
maintaining RNA metabolism, including RNA transport,
splicing, and stability. A single RBP is capable of modu-
lating the expression and function of multiple target
RNAs, thus the dysfunction of a single RBP disrupts the
regulation of many downstream RNAs. RBP dysfunction
is characterized by mislocalization of these proteins from
their homeostatic nuclear location to the cytoplasm; in
severe cases RBPs are completely absent from the nucleus
[246-249]. RBP cytoplasmic accumulation results in
the formation of toxic aggregates of RNAs and proteins
in addition to the loss of normal RBP functioning in the
nucleus, which causes impaired RNA metabolism.

RBP dysfunction contributes to neurodegeneration in
a number of diseases including MS [248-253]. The RBPs
heterogenous nuclear ribonucleoprotein A1 (hnRNP Al)
and transactive response DNA binding protein 43 (TDP-
43) are mislocalized within the ventral spinal cord neu-
rons during chronic EAE, which is correlated with axonal
damage and neuronal loss [246, 247, 254]. Indeed, RBP
cytoplasmic mislocalization and nuclear depletion are
also present in cortical neurons and oligodendrocytes
located in pathological specimens from PwMS [246,
254, 255]. Analysis of cortical neurons from 6 control
cases and 12 MS cases (6 progressive MS, 1 RRMS and 5
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unknown disease courses) demonstrated significant mis-
localization of the RBPs hnRNP Al and TDP-43, dem-
onstrating that dysfunctional RBPs may contribute to
neurodegeneration in progressive MS as in other neuro-
logical diseases [255]. Taken together, pro-inflammatory
cytokines can cause RBP dysfunction in neurons and oli-
godendrocytes, potentially contributing to ongoing neu-
rodegeneration. Given microglia and macrophages are an
important source of pro-inflammatory cytokines and oxi-
dative stressors, they may trigger RBP dysfunction in MS.

Progressive MS therapies

Disease-modifying drugs approved for progressive MS
While there are over 15 DMDs approved for the treat-
ment of RRMS over the last two decades, there are only
limited therapeutic options currently available to treat
progressive MS [4]. A range of beneficial and detrimental
effects of microglia and macrophages have been reported
in the models of MS [11, 15, 16], but drugs that solely
target these innate immune cells are lacking. The recent
treatment successes for progressive MS include sphingo-
sine-1-phosphate (S1P) receptor modulator (siponimod),
B-cell targeted therapy (ocrelizumab), and selective
immune reconstitution therapy (cladribine) [256], while
mitoxantrone and beta-interferon were the first few
drugs used for treatment of SPMS. In this section, we
described several approved DMDs for the treatment of
progressive MS (Fig. 4).

S1P receptor modulators

Siponimod is a S1P receptor modulator approved by
the United States Food and Drug Administration (FDA)
in 2019 and was the first oral DMD indicated to treat
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SPMS with active disease [257]. In the phase 3 EXPAND
study, siponimod reduced the risk of 3-month confirmed
disability progression by 21% compared with placebo
and slowed the rate of brain volume loss over 12 and
24 months in people with SPMS [258]. The main effects
of siponimod are attributed to the functional antagonism
of S1P1, which prevents the egress of peripheral lym-
phocytes from lymph nodes and diminishes their entry
into the CNS [258, 259]. Siponimod binds selectively to
the S1P1 and S1P5 receptors and these two subtypes of
S1P receptors are also expressed in CNS-resident cells
including microglia, astroglia, and oligodendrocytes
[259]. Siponimod attenuated microglial release of the
cytokines IL-6 and RANTES in cell culture and during
EAE [259, 260]. IL-6 and RANTES are found in brain
lesions and CSF of PwMS [261, 262]. Siponimod is cur-
rently only approved for active SPMS as the subgroup
analyses from EXPAND study failed to show a statisti-
cally significant improvement in 3-month confirmed dis-
ability progression among people with no relapses in the
previous 2 years [263].

Other S1P receptor modulators approved for the treat-
ment of MS to date include fingolimod and ozanimod.
Fingolimod (not selective for specific SIP receptors)
[264] is currently indicated only for RRMS as its phase 3
clinical trial in progressive MS failed to demonstrate ben-
eficial effects [265]. Ozanimod has similar target recep-
tors (selective for S1P1 and S1P5) as siponimod and was
recently approved by the FDA to treat relapsing forms of
MS including active secondary progressive disease [266]
based on results from phase 3 clinical trials (RADIANCE
and SUNBEAM) [267, 268]. Ozanimod reduces microglia
and macrophage pro-inflammatory cytokine expression,
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which may account its potential neuroprotective effects
[269].

B-cell depletion

Ocrelizumab is a B-cell depleting agent, and is the first
DMD indicated to treat both RRMS and PPMS [270].
The safety and efficacy of ocrelizumab in PPMS had been
shown in a phase 3 clinical trial (ORATORIO). The risk
of 12-week confirmed disability progression was reduced
by 24% in the ocrelizumab-treated arm compared to pla-
cebo [271]. Another B-cell depleting agent, ofatumumab,
was also recently approved to treat both RRMS and active
SPMS in the United States [272] based on the results
from phase 3 clinical trials (ASCLEPIOS I and II) show-
ing lower annualized relapse rates in the ofatumumab-
treated arm compared to the teriflunomide-treated arm
[273]. B-cells are associated with meningeal inflamma-
tion that overlie demyelinating cortical lesions, which
involve a rise in microglia reactivity [274]. Several open-
label trials are underway to assess the treatment effect of
ocrelizumab on CNS microglia reactivity as measured by
TSPO-PET [275-277].

Immunosuppressants

Cladribine is a selective immunosuppressant and is
approved to treat both RRMS and active SPMS in the
United States [278]; it is only indicated for the treat-
ment of highly active RRMS in Europe [279]. The safety
and efficacy of cladribine had been examined in a phase
3 clinical trial (CLARITY) in people with RRMS [280],
and a phase 2 clinical trial (ONWARD) in people with
RRMS or SPMS with relapses [281]. The benefits of
cladribine for the treatment of progressive MS remains
to be explored in further clinical trials (ClinicalTrials.
gov NCT04695080, NCT04550455). In addition to lym-
phocyte depletion, cladribine can cross the BBB and
exert effects directly on CNS cells. For example, primary
microglia cultures treated with cladribine reduced gran-
ularity, phagocytotic ability and altered gene expression
of microglia suggesting a less activated phenotype [282,
283]. Cladribine also induces apoptosis in microglia cul-
tures [282].

Mitoxantrone is an immunosuppressant and was the
first drug approved for SPMS and progressive-relapsing
MS based on the results shown in phase 3 trial (MIMS)
[284, 285]. The primary outcome comprised five clini-
cal measures including changes in the EDSS, ambula-
tion index, standardized neurological status, number of
treated relapses, and time to first treated relapse [284].
PwMS treated with high-dose mitoxantrone (12 mg/
m?) improved on these five clinical measures compared
to placebo over the short-term (2 years) clinical trial.
However, there were concerns about the risk of cardiac
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dysfunction and acute leukemias with mitoxantrone
treatment, as shown in studies with longer periods of
follow-up [286]. The risk of cardiotoxicity also limits the
long-term administration of mitoxantrone. Mitoxantrone
can cross the BBB and is toxic to LPC-activated microglia
in culture at high concentrations and at lower concen-
trations promotes the release of the immunoregulatory
cytokine IL-10 [287].

Beta-interferon

The treatment of SPMS and PPMS with beta-interferon
has mixed findings. Beta-interferon was used as the first-
line treatment for SPMS given the worse risk—benefit
profile with mitoxantrone [288]. The beneficial effects of
beta-interferon on relapse-related outcomes (i.e., relapse
rates) were shown in people with SPMS [289-292], while
one out of the five studies found beneficial effects on
short-term disability progression outcomes [288, 289].
La Mantia et al., following their systematic review of the
literature, concluded that the anti-inflammatory effect of
beta-interferon are not able to retard progression once
it was established [288]. Similarly, clinical trials of beta-
interferon in PPMS failed to demonstrate beneficial effect
on disability progression outcomes [293, 294].

Ongoing trials for progressive MS

There are several therapies being evaluated as a poten-
tial treatment option for progressive MS, such as immu-
nomodulatory therapies that can target myeloid cells
(e.g., dimethyl fumarate, ibudilast, lipoic acid) or as a
potential neuroprotective agent (e.g., simvastatin). Other
examples of drugs currently being assessed in phase 2/3
trials as potential treatments for progressive MS are
listed in Fig. 4.

Dimethyl fumarate

Dimethyl fumarate is a nuclear factor (erythroid-derived
2)-like 2 (Nrf2) activator and is currently approved for
the treatment of RRMS [295, 296]. A single-center obser-
vational pilot study showed that the EDSS score of over
75% of the 26 people with progressive MS treated with
dimethyl fumarate remained stable or improved [297].
The safety and efficacy of dimethyl fumarate for use in
PPMS is currently being assessed in a phase 2 trial (Clini-
calTrials.gov. NCT02959658), although another phase
2 trial of dimethyl fumarate in people with SPMS was
terminated early by the pharmaceutical company (Clini-
calTrials.gov NCT02430532). Activation of the Nrf2
antioxidant pathway by fumarates are neuroprotective
in a chronic EAE model [298]. Nrf2, a target of dimethyl
fumarate, is an important regulator of redox homeo-
stasis and responding to ROS [299]; ROS are important
contributors to axonal damage in both MS and animal
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models [300]. The synthesis of pro-inflammatory media-
tors such as iNOS, TNF-q«, IL-1B and IL-6 are reduced
in reactive microglia and astrocyte cultures pre-treated
with dimethyl fumarate, suggesting that the neuroprotec-
tive effects of dimethyl fumarate may be attributed to its
ability to inhibit expression of several neuroinflammatory
mediators [301].

Ibudilast

Ibudilast is a non-selective phosphodiesterase inhibi-
tor. Ibudilast reduced the progression of brain atrophy
(i.e., about 2.5 mL less brain-tissue loss) in a phase 2 trial
(NN102/SPRINT-MS) for the treatment of PPMS or
SPMS compared with placebo [302]. However, its use was
associated with gastrointestinal and other adverse effects.
A larger phase III trial is needed to further examine the
safety and efficacy of ibudilast for progressive MS. Ibudi-
last can cross the BBB, and inhibits macrophage migra-
tion inhibitory factor, a pro-inflammatory protein mainly
secreted from microglia and macrophages [90, 302—-304].
Ibudilast suppresses production of NO, ROS, IL-1p, IL-6,
and TNF-q, as well as enhances production of immu-
nomodulatory cytokines and neurotrophic factors in
neuron and microglia cultures [305].

Lipoic acid

Lipoic acid is an antioxidant. The effects of lipoic acid on
the annual percent change brain volume was assessed in a
randomized controlled pilot trial [306]. Whilst there was
a 68% reduction in annual percent change brain volume
reported among people with SPMS treated with lipoic
acid compared with those treated with placebo, the study
was limited by small sample size (n =27 in the lipoic acid
arm and #=26 in placebo) [306]. A phase II trial with
over 100 participants is currently underway to examine
the effects of lipoic acid on mobility and brain volume in
progressive MS, and the results are expected to be avail-
able in 2021 (ClinicalTrials.gov NCT03161028). Given
that microglia and macrophages predominate in pro-
ducing oxidative stress during EAE [202] and MS [101],
antioxidants may be one means to limit potential ROS-
mediated toxicity. Lipoic acid inhibited microglia and
macrophages reactivity and reduced the migration of T
cells and monocytes across the BBB in EAE [307-309].
Lipoic acid also works by stabilizing the integrity of the
BBB [309].

Masitinib

Masitinib is a selective tyrosine kinase inhibitor that
provided therapeutic benefit for people with PPMS and
relapse-free SPMS in a phase 2a clinical trial [310]. Pre-
liminary results of the phase 3 clinical trial of masitinib
were presented at the recent MSVirtual Conference 2020
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and showed that the primary endpoint (changes in dis-
ability measured using the EDSS) was met, with reduced
EDSS observed in the masitinib-treated arm compared
to the placebo-treated arm [311]. The treatment effect
was maintained for both the PPMS and non-active SPMS
subgroups of the study population. Masitinib is the first
tyrosine kinase inhibitor in this class of agents that tar-
gets the innate immune system by inhibiting mast cell
activity [310, 311], that may contribute to EAE and MS
[312]. Masitinib also inhibits CSF1R [313], a key receptor
to promote microglia proliferation [314], and may there-
fore modulate innate immunity for people with MS. Posi-
tive results have also been reported from clinical trials
of masitinib for the treatment of other neurological and
inflammatory diseases such as rheumatoid arthritis and
Alzheimer’s disease [315, 316].

Simvastatin

Simvastatin is an HMG-CoA reductase inhibitor, or sta-
tin, used for the management of hypercholesterolemia.
Simvastatin when given in high dose (80 mg) showed a
43% reduction in annualized brain atrophy among peo-
ple with SPMS compared with placebo in a phase 2
clinical trial (MS-STAT) [317]. Here, simvastatin treat-
ment had a positive effect on frontal lobe function and
physical health-related quality of life [318]. The effects
of high-dose simvastatin on disability progression is
currently being investigated in a phase 3 clinical trials
with over 1000 people with SPMS (ClinicalTrials.gov
NCT03387670; estimated study end date August 2023).
The effects of statins on microglia function have been
examined both in vitro (i.e., microglia cell lines) and
in vivo (i.e., rat models) [319]. There are growing evi-
dence suggesting that statins diminish pro-inflammatory
mediators that regulate the microglia reactivity [319].
Statins may provide protection in the CNS of progres-
sive MS by inhibiting microglia activation, restraining
pro-inflammatory mediators such as TNF-«, IL-1§3, IL-6,
ROS, IEN- y, COX-2, PGE2, and RNS, but also by pro-
moting release of immunoregulatory cytokines such as
IL-10 [319]. According to computational causal model-
ling, the beneficial effects of simvastatin in progressive
MS might be independent of the change in serum cho-
lesterol levels, suggesting that the upstream intermediate
breakdown products of the cholesterol synthesis pathway
may be involved [320].

Treatment trials with negative results

Several other drugs have also been investigated for the
treatment of progressive MS via neuroprotective and
experimental approaches (e.g., amiloride, fluoxetine, rilu-
zole) or remyelination promoting approaches (e.g., bio-
tin, opicinumab), but showed negative results (Table 1).
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Table 1 Studies with negative results based on most recent trial

Medication

Relevant studies

Amiloride

Biotin (MD1003, high dose)

Dronabinol
Fingolimod
Fluoxetine

Glatiramer acetate
|debenone
Lamotrigine
Laquinimod
Lenercept

Lithium

MBP8298 (dirucotide)

Positive results from open-label study (pilot study) [328]

Negative results from phase 2b clinical trial [317]

Positive results from three-centers study (pilot study) [321]

Positive results from phase 2 clinical trial [322]

Negative results from phase 3 clinical trial [323]

Negative results from randomized controlled trial [336]

Negative results from phase 3 clinical trial [265]

Negative results from single-center study (pilot study with inadequate power) [337]
Negative results from phase 2b clinical trial [317]

Negative results from randomized controlled trial [338]

Negative results from phase 1/2 clinical trial [339]

Negative results from phase 2 clinical trial [340]

Negative results from phase 2 clinical trial [341]

Negative results from phase 2 clinical trial [342]

Negative results from open-label pilot study [343]

Positive results in subgroup of participants from phase 2 clinical trial [344]
Negative results from phase 3 clinical trial [345]

MIS416 Negative results from phase 2 clinical trial from pharmaceutical company report [346]
Natalizumab Positive results from phase 2 clinical trial [347]
Negative results on sustained disability progression (positive results on upper-limb component of
disability) from phase 3 clinical trial [348]
Opicinumab Negative results from phase 2 clinical trial [349]
Development of opicinumab has been halted by the pharmaceutical company (October 2020) [350]
Riluzole Positive results from pilot study [332]
Negative results from phase 2b clinical trial [317]
Rituximab Negative results from phase 2/3 clinical trial [351]

For example, although the effects of high-dose biotin
(MD1003) for the treatment of progressive MS shown in
previous studies (pilot study and a phase 2 clinical trial)
were encouraging [321, 322], the most recent phase 3
clinical trial failed to demonstrate any significant differ-
ences in disease progression between biotin-treated and
placebo-treated arms [323]. High-dose biotin is a co-
factor for essential carboxylases, which may help support
myelin repair by enhancing the production of energy in
neuron and it is generally well tolerated [323, 324]. Some
studies suggested that the exposure to biotin was associ-
ated with new disease activity [325, 326]. Similarly, in an
adequately powered multi-centre, multi-arm, phase 2b
clinical trial (MS-SMART) based in the United Kingdom
published recently, no significant differences in annual
percent change brain volume were found among people
with SPMS treated with placebo compared with each of
the three active treatments (amiloride, fluoxetine and
riluzole) [327], despite the positive effects shown in ear-
lier work (i.e., in animals and pilot studies) [328-333].
Other recent examples of drugs that had been studied
but showed negative results are listed in Table 1.

Conclusion

Microglia and macrophages are both beacons for ongo-
ing damage in MS brains, but they are also key regu-
lators or contributors for ongoing neurotoxicity. New
tools are defining an unappreciated diversity of these
cells [80, 334, 335], but it is still unclear how this diver-
sity coincides lesion progression, grey matter damage
arising from meningeal inflammation, or ongoing tis-
sue atrophy. Given the presence of reactive microglia
in conjunction with these key pathological features
of progressive MS, it is assumed the role of microglia
and macrophages are significant. Yet it is still not pos-
sible to know whether these cells are merely respond-
ing to pathological stimulus or driving neurotoxicity.
Perhaps the loss of critical microglial functions con-
tributes to progressive MS. These fundamental ques-
tions need answers to move the field of progressive MS
forward. With much emphasis on the MS model EAE,
which poorly models progressive MS, an expansion of
MS models may help address these areas of research.
In the clinical setting, numerous exciting clinical trials
are ongoing, emphasizing the importance of treating
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progressive MS. With critical insight on the role of
microglia and macrophages as they relate directly to
MS pathogenesis new therapeutic targets are likely to
be identified, fueling the pipeline for the benefits of
people with progressive MS.

Abbreviations

BAMs: Border associated macrophages; BBB: Blood—-brain barrier; CAMs:
CNS-associated macrophages; CIS: Clinically isolated syndrome; CNS: Central
nervous system; CSF: Cerebrospinal fluid; DMDs: Disease-modifying drugs;
EAE: Experimental autoimmune encephalomyelitis; EDSS: Expanded disability
status scale; FDA: Food and Drug Administration; Gd: Gadolinium; HnRNP AT:
Heterogenous nuclear ribonucleoprotein Al; IL: Interleukin; iNOS: Inducible
nitric oxide synthase; LPS: Lipopolysaccharide; MRI: Magnetic resonance
imaging; MRM: Magnetic resonance microscopy; MS: Multiple sclerosis; NAGM:
Normal appearing grey matter; NAWM: Normal appearing white matter; NO:
Nitric oxide; Nrf2: Nuclear factor (erythroid-derived 2)-like 2; OPCs: Oligoden-
drocyte progenitor cells; PET: Positron emission tomography; PPMS: Primary-
progressive multiple sclerosis; PwMS: People with multiple sclerosis; RBPs:
RNA-binding proteins; ROS: Reactive oxygen species; RRMS: Relapsing-remit-
ting multiple sclerosis; SPMS: Secondary progressive multiple sclerosis; S1P:
Sphingosine-1-phosphate; TDP-43: Transactive response DNA binding protein
43, TLR: Toll-like receptor; TNR: Tumor necrosis factor; TNFR1: Tumor necrosis
factor receptor 1; TNFR2: Tumor necrosis factor receptor 2; TSPO: Translocator
protein.

Acknowledgements
Figures 1,2, and 3 were created using BioRender.

Authors’ contributions

All authors conceptualized and designed the review, drafted and revised the
manuscript critically for intellectual content, and agreed to be accountable for
all aspects of the work. All authors read and approved the final manuscript.

Funding

EK received funding from a Canadian Institutes of Health Research Frederick
Banting and Charles Best Canada Graduate Scholarships—Master’s and a
Multiple Sclerosis Society of Canada endMS Master’s Studentship Award. WL
received funding from the Rotary Global Grant Scholarship (GG1875784).

CL received funding from the Office of the Saskatchewan Multiple Sclerosis
Clinical Research Chair, a College of Medicine Graduate Scholarship (Office

of the Vice-Dean of Research, University of Saskatchewan) and a Canadian
Institutes of Health Research Doctoral Award: Frederick Banting and Charles
Best Canada Graduate Scholarship (Funding Reference Number 457172). HSN
receives funding from the MS Society of Canada’s endMS Postdoctoral Fellow-
ship, and the Michael Smith Foundation for Health Research Trainee Award.
During the past year, HSN has received funding from the Canadian Institutes
of Health Research Drug Safety and Effectiveness Cross-Disciplinary Training
Program. This study was supported by the MS Society of Canada endMS
Scholar Program for Researchers IN Training (SPRINT). The funding agency
had no role in the design and conduct of this study; collection, analysis or
interpretation of the data; preparation, review or approval of the manuscript;
or the decision to submit the manuscript for publication.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests with this work.

Page 18 of 27

Author details

'Department of Pathology and Laboratory Medicine, Faculty of Medicine,
University of British Columbia, Vancouver, BC, Canada. “Recovery and Perfor-
mance Laboratory, Faculty of Medicine, Memorial University of Newfoundland,
Saint John's, NL, Canada. >Department of Health Sciences and the Office

of the Saskatchewan Multiple Sclerosis Clinical Research Chair, College

of Medicine, University of Saskatchewan, Saskatoon, SK, Canada. “Division

of Neurology and the Djavad Mowafaghian Centre for Brain Health, Depart-
ment of Medicine, University of British Columbia, Vancouver, BC, Canada. °Divi-
sion of Neurology, Department of Medicine, University of Alberta, Edmonton,
AB, Canada. ®Neuroscience and Mental Health Institute, University of Alberta,
Edmonton, AB, Canada. ’Department of Medical Microbiology and Immunol-
ogy, University of Alberta, Edmonton, AB, Canada. 8University of Alberta, 5-64
Heritage Medical Research Centre, Edmonton, AB T6G2S2, Canada.

Received: 14 July 2021 Accepted: 31 January 2022
Published online: 10 February 2022

References

1. Hauser SL, Cree BAC. Treatment of multiple sclerosis: a review. Am J
Med. 2020;133:1380-90.

2. Walton C King R, Rechtman L, Kaye W, Leray E, Marrie RA, Robertson N,
La Rocca N, Uitdehaag B, van der Mei |, et al. Rising prevalence of mul-
tiple sclerosis worldwide: insights from the Atlas of MS, third edition.
Multiple Scler (Houndmills, Basingstoke, England). 2020;26:1816-21.

3. Amankwah N, Marrie RA, Bancej C, Garner R, Manuel DG, Wall R, Fines
P, Bernier J, Tu K, Reimer K. Multiple sclerosis in Canada 2011 to 2031:
results of a microsimulation modelling study of epidemiological and
economic impacts. Health Promot Chronic Dis Prev Can. 2017,37:37-48.

4. Reich DS, Lucchinetti CF, Calabresi PA. Multiple sclerosis. N Engl J Med.
2018;378:169-80.

5. Cunniffe N, Vuong KA, Ainslie D, Baker D, Beveridge J, Bickley S, Camilleri
P, Craner M, Fitzgerald D, de la Fuente AG, et al. Systematic approach to
selecting licensed drugs for repurposing in the treatment of progres-
sive multiple sclerosis. J Neurol Neurosurg Psychiatry. 2021,92:295-302.

6. McKay KA, KwanV, Duggan T, Tremlett H. Risk factors associated with
the onset of relapsing-remitting and primary progressive multiple scle-
rosis: a systematic review. Biomed Res Int. 2015;2015:817238-817238.

7. Faissner S, Plemel JR, Gold R, Yong VW. Progressive multiple sclerosis:
from pathophysiology to therapeutic strategies. Nat Rev Drug Discov.
2019;18:905-22.

8. Gold R, Linington C, Lassmann H. Understanding pathogenesis and
therapy of multiple sclerosis via animal models: 70 years of merits and
culprits in experimental autoimmune encephalomyelitis research. Brain.
2006;129:1953-71.

9. Baker D, Amor S. Experimental autoimmune encephalomyelitis is a
good model of multiple sclerosis if used wisely. Multiple Scler Relat
Disord. 2014;3:555-64.

10. Constantinescu CS, Faroogi N, O'Brien K, Gran B. Experimental autoim-
mune encephalomyelitis (EAE) as a model for multiple sclerosis (MS). Br
JPharmacol. 2011;164:1079-106.

11.  Guerrero BL, Sicotte NL. Microglia in multiple sclerosis: friend or foe?
Front Immunol. 2020;11:374-374.

12. Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, van
Wijngaarden P, Wagers AJ, Williams A, Franklin RJIM, Ffrench-Constant C.
M2 microglia and macrophages drive oligodendrocyte differentiation
during CNS remyelination. Nat Neurosci. 2013;16:1211-8.

13. Kotter MR, Zhao C, van Rooijen N, Franklin RJ. Macrophage-depletion
induced impairment of experimental CNS remyelination is associated
with a reduced oligodendrocyte progenitor cell response and altered
growth factor expression. Neurobiol Dis. 2005;18:166-75.

14. Kotter MR, Setzu A, Sim FJ, Van Rooijen N, Franklin RJ. Macrophage
depletion impairs oligodendrocyte remyelination following lysoleci-
thin-induced demyelination. Glia. 2001,35:204-12.

15. Rawji KS, Yong VW. The benefits and detriments of macrophages/
microglia in models of multiple sclerosis. Clin Dev Immunol.
2013;2013:948976.



Kamma et al. Journal of Neuroinflammation

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

(2022) 19:45

Wang J, Wang J, Wang J, Yang B, Weng Q, He Q. Targeting microglia and
macrophages: a potential treatment strategy for multiple sclerosis. Font
Pharmacol. 2019. https://doi.org/10.3389/fphar.2019.00286.

Karussis D. The diagnosis of multiple sclerosis and the various

related demyelinating syndromes: a critical review. J Autoimmun.
2014;48-49:134-42.

Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G,
Correale J, Fazekas F, Filippi M, Freedman MS, et al. Diagnosis of multiple
sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol.
2018;17:162-73.

Lublin FD, Coetzee T, Cohen JA, Marrie RA, Thompson AJ. The 2013 clini-
cal course descriptors for multiple sclerosis: a clarification. Neurology.
2020;94:1088-92.

Lublin FD, Reingold SC, Cohen JA, Cutter GR, Serensen PS, Thomp-

son AJ, Wolinsky JS, Balcer LJ, Banwell B, Barkhof F, et al. Defining the
clinical course of multiple sclerosis: the 2013 revisions. Neurology.
2014;83:278-86.

Miller DH, Chard DT, Ciccarelli O. Clinically isolated syndromes. Lancet
Neurol. 2012;11:157-69.

Lublin FD, Reingold SC. Defining the clinical course of multiple sclerosis:
results of an international survey. National Multiple Sclerosis Society
(USA) Advisory Committee on clinical trials of new agents in multiple
sclerosis. Neurology. 1996;46:907-11.

Antel J, Antel S, Caramanos Z, Arnold DL, Kuhlmann T. Primary progres-
sive multiple sclerosis: part of the MS disease spectrum or separate
disease entity? Acta Neuropathol. 2012;123:627-38.

Lassmann H. Pathogenic mechanisms associated with different clinical
courses of multiple sclerosis. Front Immunol. 2018;9:3116.

Ontaneda D, Thompson AJ, Fox RJ, Cohen JA. Progressive multiple scle-
rosis: prospects for disease therapy, repair, and restoration of function.
Lancet (London, England). 2017,389:1357-66.

Kleiter I, Ayzenberg |, Havla J, Lukas C, Penner I-K, Stadelmann C, Linker
RA. The transitional phase of multiple sclerosis: characterization and
conceptual framework. Multiple Scler Relat Disord. 2020;44:102242.
Cottrell DA, Kremenchutzky M, Rice GP, Koopman WJ, Hader W, Basker-
ville J, Ebers GC. The natural history of multiple sclerosis: a geographi-
cally based study. 5. The clinical features and natural history of primary
progressive multiple sclerosis. Brain. 1999;122(Pt 4):625-39.

Rice CM, Cottrell D, Wilkins A, Scolding NJ. Primary progressive multiple
sclerosis: progress and challenges. J Neurol Neurosurg Psychiatry.
2013;84:1100-6.

Miller DH, Leary SM. Primary-progressive multiple sclerosis. Lancet
Neurol. 2007;6:903-12.

Katz Sand |, Krieger S, Farrell C, Miller AE. Diagnostic uncertainty during
the transition to secondary progressive multiple sclerosis. Multiple Scler
(Houndmills, Basingstoke, England). 2014;20:1654-7.

Rojas JI, Patrucco L, Alonso R, Garcea O, Deri N, Carnero Contentti E,
Lopez PA, Pettinicchi JP, Caride A, Cristiano E. Diagnostic uncertainty
during the transition to secondary progressive multiple sclerosis:
multicenter study in Argentina. Multiple Scler (Houndmills, Basingstoke,
England). 2020. https://doi.org/10.1177/1352458520924586.

Mahad DH, Trapp BD, Lassmann H. Pathological mechanisms in pro-
gressive multiple sclerosis. Lancet Neurol. 2015;14:183-93.

Giovannoni G, Kieseier B, Hartung HP. Correlating immunological and
magnetic resonance imaging markers of disease activity in multiple
sclerosis. J Neurol Neurosurg Psychiatry. 1998;64(Suppl 1):531-36.
Krieger SC, Cook K, De Nino S, Fletcher M. The topographical model

of multiple sclerosis: a dynamic visualization of disease course. Neurol
Neuroimmunol Neuroinflamm. 2016;3:e279.

Krieger SC, Sumowski J. New insights into multiple sclerosis clinical
course from the topographical model and functional reserve. Neurol
Clin. 2018;36:13-25.

Eshaghi A, Young AL, Wijeratne PA, Prados F, Arnold DL, Narayanan S,
Guttmann CRG, Barkhof F, Alexander DC, Thompson AJ, et al. Identify-
ing multiple sclerosis subtypes using unsupervised machine learning
and MRI data. Nat Commun. 2021;12:2078.

Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H,
Schmidbauer M, Laursen H, Sorensen PS, Lassmann H. The relation
between inflammation and neurodegeneration in multiple sclerosis
brains. Brain. 2009;132:1175-89.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 19 of 27

Lassmann H, van Horssen J, Mahad D. Progressive multiple sclerosis:
pathology and pathogenesis. Nat Rev Neurol. 2012;8:647-56.
Matthews PM. Chronic inflammation in multiple sclerosis—seeing what
was always there. Nat Rev Neurol. 2019;15:582-93.

Lassmann H. The pathologic substrate of magnetic resonance altera-
tions in multiple sclerosis. Neuroimaging Clin N Am. 2008;18:563-576 ix.
Kutzelnigg A, Lucchinetti CF, Stadelmann C, Briick W, Rauschka H,
Bergmann M, Schmidbauer M, Parisi JE, Lassmann H. Cortical demy-
elination and diffuse white matter injury in multiple sclerosis. Brain.
2005;128:2705-12.

Lucchinetti CF, Popescu BFG, Bunyan RF, Moll NM, Roemer SF, Lassmann
H, Briick W, Parisi JE, Scheithauer BW, Giannini C, et al. Inflamma-

tory cortical demyelination in early multiple sclerosis. N Engl J Med.
2011;365:2188-97.

Choi SR, Howell OW, Carassiti D, Magliozzi R, Gveric D, Muraro PA,
Nicholas R, Roncaroli F, Reynolds R. Meningeal inflammation plays a
role in the pathology of primary progressive multiple sclerosis. Brain.
2012;135:2925-37.

Howell OW, Reeves CA, Nicholas R, Carassiti D, Radotra B, Gentleman
SM, Serafini B, Aloisi F, Roncaroli F, Magliozzi R, Reynolds R. Meningeal
inflammation is widespread and linked to cortical pathology in multiple
sclerosis. Brain. 2011;134:2755-71.

Pardini M, Brown JWL, Magliozzi R, Reynolds R, Chard DT. Surface-in
pathology in multiple sclerosis: a new view on pathogenesis? Brain.
2021;144:1646-54.

Magliozzi R, Howell O, Vora A, Serafini B, Nicholas R, Puopolo M,
Reynolds R, Aloisi F. Meningeal B-cell follicles in secondary progressive
multiple sclerosis associate with early onset of disease and severe corti-
cal pathology. Brain. 2007;130:1089-104.

Kooi E-J, Strijbis EMM, van der Valk P, Geurts JJG. Heterogeneity of corti-
cal lesions in multiple sclerosis: clinical and pathologic implications.
Neurology. 2012;79:1369-76.

Frischer JM, Weigand SD, Guo Y, Kale N, Parisi JE, Pirko |, Mandrekar J,
Bramow S, Metz I, Bruck W, et al. Clinical and pathological insights into
the dynamic nature of the white matter multiple sclerosis plaque. Ann
Neurol. 2015;78:710-21.

Bramow S, Frischer JM, Lassmann H, Koch-Henriksen N, Lucchinetti CF,
Sgrensen PS, Laursen H. Demyelination versus remyelination in progres-
sive multiple sclerosis. Brain. 2010;133:2983-98.

Patrikios P, Stadelmann C, Kutzelnigg A, Rauschka H, Schmidbauer M,
Laursen H, Sorensen PS, Briick W, Lucchinetti C, Lassmann H. Remy-
elination is extensive in a subset of multiple sclerosis patients. Brain.
2006;129:3165-72.

Plemel JR, Liu WQ, Yong VW. Remyelination therapies: a new direc-

tion and challenge in multiple sclerosis. Nat Rev Drug Discov.
2017;16:617-34.

Goldschmidt T, Antel J, Kénig FB, Briick W, Kuhlmann T. Remyelination
capacity of the MS brain decreases with disease chronicity. Neurology.
2009;72:1914-21.

Prineas JW, Connell F. Remyelination in multiple sclerosis. Ann Neurol.
1979,5:22-31.

Barkhof F, Bruck W, De Groot CJA, Bergers E, Hulshof S, Geurts J, Polman
CH, van der Valk P. Remyelinated lesions in multiple sclerosis: magnetic
resonance image appearance. Arch Neurol. 2003;60:1073-81.

Patani R, Balaratnam M, Vora A, Reynolds R. Remyelination can be
extensive in multiple sclerosis despite a long disease course. Neuro-
pathol Appl Neurobiol. 2007;33:277-87.

Gao Z, Tsirka SE. Animal models of MS reveal multiple roles of microglia
in disease pathogenesis. Neurol Res Int. 2011,2011:383087.

Ponomarev ED, Shriver LP, Maresz K, Pedras-Vasconcelos J, Verthelyi D,
Dittel BN. GM-CSF production by autoreactive T cells is required for the
activation of microglial cells and the onset of experimental autoim-
mune encephalomyelitis. J Immunol. 2007;178:39-48.

Kuhlmann T, Ludwin S, Prat A, Antel J, Bruck W, Lassmann H. An
updated histological classification system for multiple sclerosis lesions.
Acta Neuropathol. 2017;133:13-24.

Ueno M, Fujita Y, Tanaka T, Nakamura Y, Kikuta J, Ishii M, Yamashita T.
Layer V cortical neurons require microglial support for survival during
postnatal development. Nat Neurosci. 2013;16:543-51.

Madry C, Kyrargyri V, Arancibia-Carcamo IL, Jolivet R, Kohsaka S,

Bryan RM, Attwell D. Microglial ramification, surveillance, and


https://doi.org/10.3389/fphar.2019.00286
https://doi.org/10.1177/1352458520924586

Kamma et al. Journal of Neuroinflammation

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2022) 19:45

interleukin-1beta release are regulated by the two-pore domain K(+)
channel THIK-1. Neuron. 2018,97:299-312 e296.

Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are
highly dynamic surveillants of brain parenchyma in vivo. Science.
2005;308:1314-8.

Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J. Resting
microglia directly monitor the functional state of synapses in vivo and
determine the fate of ischemic terminals. J Neurosci. 2009;29:3974-80.
Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yama-
saki R, Ransohoff RM, Greenberg ME, Barres BA, Stevens B. Microglia
sculpt postnatal neural circuits in an activity and complement-depend-
ent manner. Neuron. 2012;74:691-705.

Parkhurst CN, Yang G, Ninan |, Savas JN, Yates JR 3rd, Lafaille JJ, Hemp-
stead BL, Littman DR, Gan WB. Microglia promote learning-dependent
synapse formation through brain-derived neurotrophic factor. Cell.
2013;155:1596-609.

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P,
Giustetto M, Ferreira TA, Guiducci E, Dumas L, et al. Synaptic pruning
by microglia is necessary for normal brain development. Science.
2011,333:1456-8.

Hagemeyer N, Hanft KM, Akriditou MA, Unger N, Park ES, Stanley

ER, Staszewski O, Dimou L, Prinz M. Microglia contribute to normal
myelinogenesis and to oligodendrocyte progenitor maintenance dur-
ing adulthood. Acta Neuropathol. 2017;134:441-58.

Wlodarczyk A, Holtman IR, Krueger M, Yogev N, Bruttger J, Khorooshi R,
Benmamar-Badel A, de Boer-Bergsma JJ, Martin NA, Karram K, et al. A
novel microglial subset plays a key role in myelinogenesis in develop-
ing brain. EMBO J. 2017,36:3292-308.

Lloyd AF, Miron VE. The pro-remyelination properties of microglia in the
central nervous system. Nat Rev Neurol. 2019;15:447-58.

Baaklini CS, Rawiji KS, Duncan GJ, Ho MFS, Plemel JR. Central nervous
system remyelination: roles of glia and innate immune cells. Front Mol
Neurosci. 2019;12:225.

Goldmann T, Wieghofer P, Jordao MJ, Prutek F, Hagemeyer N, Frenzel

K, Amann L, Staszewski O, Kierdorf K, Krueger M, et al. Origin, fate and
dynamics of macrophages at central nervous system interfaces. Nat
Immunol. 2016;17:797-805.

Prinz M, Priller J. Microglia and brain macrophages in the molecu-

lar age: from origin to neuropsychiatric disease. Nat Rev Neurosci.
2014;15:300-12.

Galea |, Palin K, Newman TA, Van Rooijen N, Perry VH, Boche D. Mannose
receptor expression specifically reveals perivascular macrophages in
normal, injured, and diseased mouse brain. Glia. 2005;49:375-84.
Kierdorf K, Masuda T, Jordao MJC, Prinz M. Macrophages at CNS inter-
faces: ontogeny and function in health and disease. Nat Rev Neurosci.
2019;20:547-62.

Friebel E, Kapolou K, Unger S, Nunez NG, Utz S, Rushing EJ, Regli L,
Weller M, Greter M, Tugues S, et al. Single-cell mapping of human brain
cancer reveals tumor-specific instruction of tissue-invading leukocytes.
Cell. 2020;181:1626-1642 e1620.

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF,
Conway SJ,Ng LG, Stanley ER, et al. Fate mapping analysis reveals

that adult microglia derive from primitive macrophages. Science.
2010;330:841-5.

Gomez Perdiguero E, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L,
Garner H, Trouillet C, de Bruijn MF, Geissmann F, Rodewald HR. Tissue-
resident macrophages originate from yolk-sac-derived erythro-myeloid
progenitors. Nature. 2015;518:547-51.

Utz SG, See P, Mildenberger W, Thion MS, Silvin A, Lutz M, Ingelfinger
F,Rayan NA, Lelios |, Buttgereit A, et al. Early fate defines microglia and
non-parenchymal brain macrophage development. Cell. 2020;181:557-
573 e518.

Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM. Local self-renewal
can sustain CNS microglia maintenance and function throughout adult
life. Nat Neurosci. 2007;10:1538-43.

Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R,
Beckers L, O'Loughlin E, Xu'Y, Fanek Z, et al. The TREM2-APOE pathway
drives the transcriptional phenotype of dysfunctional microglia in
neurodegenerative diseases. Immunity. 2017;47:566-581 e569.
Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker

A, Walker AJ, Gergits F, Segel M, Nemesh J, et al. Single-cell RNA

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Page 20 of 27

sequencing of microglia throughout the mouse lifespan and in

the injured brain reveals complex cell-state changes. Immunity.
2019;50:253-271 e256.

Lauro C, Limatola C. Metabolic reprograming of microglia in the regula-
tion of the innate inflammatory response. Front Immunol. 2020;11:493.
Karperien A, Ahammer H, Jelinek HF. Quantitating the subtleties

of microglial morphology with fractal analysis. Front Cell Neurosci.
2013;7:3.

Kloss CU, Bohatschek M, Kreutzberg GW, Raivich G. Effect of lipopoly-
saccharide on the morphology and integrin immunoreactivity of
ramified microglia in the mouse brain and in cell culture. Exp Neurol.
2001;168:32-46.

Zrzavy T, Hametner S, Wimmer |, Butovsky O, Weiner HL, Lassmann H.
Loss of "homeostatic” microglia and patterns of their activation in active
multiple sclerosis. Brain. 2017;140:1900-13.

Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely

G, Koeglsperger T, Dake B, Wu PM, Doykan CE, et al. Identification of

a unique TGF-beta-dependent molecular and functional signature in
microglia. Nat Neurosci. 2014;17:131-43.

Hickman S, Izzy S, Sen P, Morsett L, El Khoury J. Microglia in neurode-
generation. Nat Neurosci. 2018;21:1359-69.

Mazaheri F, Snaidero N, Kleinberger G, Madore C, Daria A, Werner G,
Krasemann S, Capell A, Trumbach D, Wurst W, et al. TREM2 deficiency
impairs chemotaxis and microglial responses to neuronal injury. EMBO
Rep. 2017;18:1186-98.

Cignarella F, Filipello F, Bollman B, Cantoni C, Locca A, Mikesell R, Manis
M, Ibrahim A, Deng L, Benitez BA, et al. TREM2 activation on microglia
promotes myelin debris clearance and remyelination in a model of
multiple sclerosis. Acta Neuropathol. 2020;140:513-34.

ZujovicV, Schussler N, Jourdain D, Duverger D, Taupin V. In vivo
neutralization of endogenous brain fractalkine increases hippocampal
TNFalpha and 8-isoprostane production induced by intracerebroven-
tricular injection of LPS. J Neuroimmunol. 2001;115:135-43.

Plemel JR, Stratton JA, Michaels NJ, Rawji KS, Zhang E, Sinha S, Baaklini
CS, Dong Y, Ho M, Thorburn K; et al. Microglia response following acute
demyelination is heterogeneous and limits infiltrating macrophage
dispersion. Sci Adv. 2020;,6:eaay6324.

Tang Y, Le W. Differential roles of M1 and M2 microglia in neurodegen-
erative diseases. Mol Neurobiol. 2016;53:1181-94.

Fu R, Shen Q, Xu P, Luo JJ, Tang Y. Phagocytosis of microglia in the
central nervous system diseases. Mol Neurobiol. 2014;49:1422-34.

Eyo UB, Mo M, Yi MH, Murugan M, Liu J, Yarlagadda R, Margolis DJ, Xu P,
Wu L. P2Y12R-dependent translocation mechanisms gate the chang-
ing microglial landscape. Cell Rep. 2018;23:959-66.

Haynes SE, Hollopeter G, Yang G, Kurpius D, Dailey ME, Gan WB, Julius
D.The P2Y12 receptor regulates microglial activation by extracellular
nucleotides. Nat Neurosci. 2006;9:1512-9.

Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR,
Dustin ML, Gan WB. ATP mediates rapid microglial response to local
brain injury in vivo. Nat Neurosci. 2005,8:752-8.

Hines DJ, Hines RM, Mulligan SJ, Macvicar BA. Microglia processes block
the spread of damage in the brain and require functional chloride
channels. Glia. 2009;57:1610-8.

Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang LC, Means TK,
El Khoury J. The microglial sensome revealed by direct RNA sequencing.
Nat Neurosci. 2013;16:1896-905.

Zhang Q, Raoof M, ChenY, Sumi, Sursal T, Junger W, Brohi K, Itagaki

K, Hauser CJ. Circulating mitochondrial DAMPs cause inflammatory
responses to injury. Nature. 2010;464:104-7.

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

Correale J. The role of microglial activation in disease progression.
Multiple Scler. 2014;20:1288-95.

Fischer MT, Sharma R, Lim JL, Haider L, Frischer JM, Drexhage J, Mahad
D, Bradl M, van Horssen J, Lassmann H. NADPH oxidase expression in
active multiple sclerosis lesions in relation to oxidative tissue damage
and mitochondrial injury. Brain. 2012;135:886-99.

Nikic I, Merkler D, Sorbara C, Brinkoetter M, Kreutzfeldt M, Bareyre FM,
Bruck W, Bishop D, Misgeld T, Kerschensteiner M. A reversible form of



Kamma et al. Journal of Neuroinflammation

103.

104.

105.

106.

107.

108.

109.

110.

113.

115.

117.

119.

120.

121.

122.

(2022) 19:45

axon damage in experimental autoimmune encephalomyelitis and
multiple sclerosis. Nat Med. 2011;17:495-9.

Ding AH, Nathan CF, Stuehr DJ. Release of reactive nitrogen inter-
mediates and reactive oxygen intermediates from mouse peritoneal
macrophages. Comparison of activating cytokines and evidence for
independent production. J Immunol. 1988;141:2407-12.

Takeuchi H, Jin S, Wang J, Zhang G, Kawanokuchi J, Kuno R, Sonobe Y,
Mizuno T, Suzumura A. Tumor necrosis factor-alpha induces neurotoxic-
ity via glutamate release from hemichannels of activated microglia in
an autocrine manner. J Biol Chem. 2006;281:21362-8.

Gan'L,Ye S, Chu A, Anton K, Yi S, Vincent VA, von Schack D, Chin D,
Murray J, Lohr S, et al. Identification of cathepsin B as a mediator of
neuronal death induced by Abeta-activated microglial cells using a
functional genomics approach. J Biol Chem. 2004,279:5565-72.
Sawada M, Kondo N, Suzumura A, MarunouchiT. Production of tumor
necrosis factor-alpha by microglia and astrocytes in culture. Brain Res.
1989;491:394-7.

Ye SM, Johnson RW. Increased interleukin-6 expression by microglia
from brain of aged mice. J Neuroimmunol. 1999;93:139-48.

Guadagno J, Swan P, Shaikh R, Cregan SP. Microglia-derived IL-1beta
triggers p53-mediated cell cycle arrest and apoptosis in neural precur-
sor cells. Cell Death Dis. 2015;6:e1779.

Becher B, Durell BG, Noelle RJ. IL-23 produced by CNS-resident

cells controls T cell encephalitogenicity during the effector phase

of experimental autoimmune encephalomyelitis. J Clin Invest.
2003;112:1186-91.

Kallaur AP, Oliveira SR, Simao ANC, Alfieri DF, Flauzino T, Lopes J, de
Carvalho Jennings Pereira WL, de Meleck Proenca C, Borelli SD, Kaimen-
Maciel DR, et al. Cytokine profile in patients with progressive multiple
sclerosis and its association with disease progression and disability. Mol
Neurobiol. 2017;54:2950-60.

Rossi S, Motta C, Studer V, Barbieri F, Buttari F, Bergami A, Sancesario

G, Bernardini S, De Angelis G, Martino G, et al. Tumor necrosis factor is
elevated in progressive multiple sclerosis and causes excitotoxic neuro-
degeneration. Multiple Scler. 2014,20:304-12.

LiY,Chu N, Hu A, Gran B, Rostami A, Zhang GX. Increased IL-23p19
expression in multiple sclerosis lesions and its induction in microglia.
Brain. 2007;130:490-501.

Nemes-Baran AD, White DR, DeSilva TM. Fractalkine-dependent
microglial pruning of viable oligodendrocyte progenitor cells regulates
myelination. Cell Rep. 2020;32:108047.

Barres BA, Schmid R, Sendnter M, Raff MC. Multiple extracellular signals
are required for long-term oligodendrocyte survival. Development.
1993;118:283-95.

Barres BA, Hart IK, Coles HS, Burne JF, Voyvodic JT, Richardson WD, Raff
MC. Cell death and control of cell survival in the oligodendrocyte line-
age. Cell. 1992;70:31-46.

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

Hsieh J, Aimone JB, Kaspar BK, Kuwabara T, Nakashima K, Gage FH.
IGF-I instructs multipotent adult neural progenitor cells to become
oligodendrocytes. J Cell Biol. 2004;164:111-22.

Wasser B, Luchtman D, Loffel J, Robohm K, Birkner K, Stroh A, Vogelaar
CF, Zipp F, Bittner S. CNS-localized myeloid cells capture living invading
T cells during neuroinflammation. J Exp Med. 2020,217:e20190812.
Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ, Popovich
PG. Identification of two distinct macrophage subsets with divergent
effects causing either neurotoxicity or regeneration in the injured
mouse spinal cord. J Neurosci. 2009;29:13435-44.

Locatelli G, Theodorou D, Kendirli A, Jordao MJC, Staszewski O, Phul-
phagar K, Cantuti-Castelvetri L, Dagkalis A, Bessis A, Simons M, et al.
Mononuclear phagocytes locally specify and adapt their phenotype in
a multiple sclerosis model. Nat Neurosci. 2018;21:1196-208.

Boven LA, Van Meurs M, Van Zwam M, Wierenga-Wolf A, Hintzen RQ,
Boot RG, Aerts JM, Amor S, Nieuwenhuis EE, Laman JD. Myelin-laden
macrophages are anti-inflammatory, consistent with foam cells in
multiple sclerosis. Brain. 2006;129:517-26.

Giladi A, Wagner LK, Li H, Dorr D, Medaglia C, Paul F, Shemer A, Jung S,
Yona S, Mack M, et al. Cxcl10(+) monocytes define a pathogenic subset

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Page 21 of 27

in the central nervous system during autoimmune neuroinflammation.
Nat Immunol. 2020;21:525-34.

Masuda T, Sankowski R, Staszewski O, Prinz M. Microglia heterogeneity
in the single-cell era. Cell Rep. 2020;30:1271-81.

Jordao MJC, Sankowski R, Brendecke SM, Sagar, Locatelli G, Tai YH, Tay
TL, Schramm E, Armbruster S, Hagemeyer N, et al. Single-cell profiling
identifies myeloid cell subsets with distinct fates during neuroinflam-
mation. Science. 2019. https://doi.org/10.1126/science.aat7554.
Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, Lelios
|, Heppner FL, Kipnis J, Merkler D, et al. High-dimensional single-cell
mapping of central nervous system immune cells reveals distinct
myeloid subsets in health, aging, and disease. Immunity. 2018;48:599.
Pedragosa J, Salas-Perdomo A, Gallizioli M, Cugota R, Miro-Mur F,
Brianso F, Justicia C, Perez-Asensio F, Marquez-Kisinousky L, Urra X,

et al. CNS-border associated macrophages respond to acute ischemic
stroke attracting granulocytes and promoting vascular leakage. Acta
Neuropathol Commun. 2018;6:76.

Mato M, Ookawara S, Sakamoto A, Aikawa E, Ogawa T, Mitsuhashi U,
Masuzawa T, Suzuki H, Honda M, Yazaki Y, et al. Involvement of specific
macrophage-lineage cells surrounding arterioles in barrier and scaven-
ger function in brain cortex. Proc Natl Acad Sci USA. 1996,93:3269-74.
Schlager C, Korner H, Krueger M, Vidoli S, Haberl M, Mielke D, Brylla

E, Issekutz T, Cabanas C, Nelson PJ, et al. Effector T-cell trafficking
between the leptomeninges and the cerebrospinal fluid. Nature.
2016;530:349-53.

Fabriek BO, Van Haastert ES, Galea |, Polfliet MM, Dopp ED, Van Den
Heuvel MM, Van Den Berg TK, De Groot CJ, Van Der Valk P, Dijkstra

CD. CD163-positive perivascular macrophages in the human CNS
express molecules for antigen recognition and presentation. Glia.
2005;51:297-305.

Aarts S, Seijkens TTP, van Dorst KJF, Dijkstra CD, Kooij G, Lutgens E. The
CD40-CDA40L Dyad in experimental autoimmune encephalomyelitis
and multiple sclerosis. Front Immunol. 2017;8:1791.

WolfY, Shemer A, Levy-Efrati L, Gross M, Kim JS, Engel A, David E,
Chappell-Maor L, Grozovski J, Rotkopf R, et al. Microglial MHC class Il

is dispensable for experimental autoimmune encephalomyelitis and
cuprizone-induced demyelination. Eur J Immunol. 2018;48:1308-18.
Giles DA, Duncker PC, Wilkinson NM, Washnock-Schmid JM, Segal

BM. CNS-resident classical DCs play a critical role in CNS autoimmune
disease. J Clin Invest. 2018;128:5322-34.

Mundt S, Mrdjen D, Utz SG, Greter M, Schreiner B, Becher B. Conven-
tional DCs sample and present myelin antigens in the healthy CNS
and allow parenchymal T cell entry to initiate neuroinflammation. Sci
Immunol. 2019. https://doi.org/10.1007/500401-020-02189-9.

Hess K, Starost L, Kieran NW, Thomas C, Vincenten MCJ, Antel J, Martino
G, Huitinga |, Healy L, KuhImann T. Lesion stage-dependent causes for
impaired remyelination in MS. Acta Neuropathol. 2020;140:359-75.
Vogel DY, Vereyken EJ, Glim JE, Heijnen PD, Moeton M, van der Valk

P, Amor S, Teunissen CE, van Horssen J, Dijkstra CD. Macrophages in
inflammatory multiple sclerosis lesions have an intermediate activation
status. J Neuroinflamm. 2013;10:35.

Grajchen E, Hendriks JJA, Bogie JFJ. The physiology of foamy phago-
cytes in multiple sclerosis. Acta Neuropathol Commun. 2018;6:124.
Hong C, Tontonoz P. Liver X receptors in lipid metabolism: opportuni-
ties for drug discovery. Nat Rev Drug Discov. 2014;13:433-44.

Bogie JF, Timmermans S, Huynh-Thu VA, Irrthum A, Smeets HJ, Gustafs-
son JA, Steffensen KR, Mulder M, Stinissen P, Hellings N, Hendriks JJ.
Myelin-derived lipids modulate macrophage activity by liver X receptor
activation. PLoS ONE. 2012;7:e44998.

Berghoff SA, Spieth L, SunT, Hosang L, Schlaphoff L, Depp C, Duking

T, Winchenbach J, Neuber J, Ewers D, et al. Microglia facilitate repair of
demyelinated lesions via post-squalene sterol synthesis. Nat Neurosci.
2021;24:47-60.

Cantuti-Castelvetri L, Fitzner D, Bosch-Queralt M, Weil MT, Su M, Sen P,
Ruhwedel T, Mitkovski M, Trendelenburg G, Lutjohann D, et al. Defective
cholesterol clearance limits remyelination in the aged central nervous
system. Science. 2018;359:684-8.

Ising C, Venegas C, Zhang S, Scheiblich H, Schmidt SV, Vieira-Saecker A,
Schwartz S, Albasset S, McManus RM, Tejera D, et al. NLRP3 inflamma-
some activation drives tau pathology. Nature. 2019,575:669-73.


https://doi.org/10.1126/science.aat7554
https://doi.org/10.1007/s00401-020-02189-9

Kamma et al. Journal of Neuroinflammation

142.

143.

144.

145.

146.

147.

148.

150.

151.

152.

153.

154.

155.

160.

(2022) 19:45

Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-Saecker
A, Griep A, Axt D, Remus A, Tzeng TC, et al. NLRP3 is activated in Alzhei-
mer’s disease and contributes to pathology in APP/PS1 mice. Nature.
2013;493:674-8.

Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-
Szternfeld R, Ulland TK, David E, Baruch K, Lara-Astaiso D, Toth B, et al.

A unique microglia type associated with restricting development of
Alzheimer’s disease. Cell. 2017;169:1276-1290 e1217.

Werner P, Pitt D, Raine CS. Multiple sclerosis: altered glutamate homeo-
stasis in lesions correlates with oligodendrocyte and axonal damage.
Ann Neurol. 2001;50:169-80.

Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mork S, Bo L. Axonal
transection in the lesions of multiple sclerosis. N Engl J Med.
1998;338:278-85.

Haider L, Zrzavy T, Hametner S, Hoftberger R, Bagnato F, Grabner G,
Trattnig S, Pfeifenbring S, Bruck W, Lassmann H. The topograpy of
demyelination and neurodegeneration in the multiple sclerosis brain.
Brain. 2016;139:807-15.

Fischer MT, Wimmer |, Hoftberger R, Gerlach S, Haider L, Zrzavy

T, Hametner S, Mahad D, Binder CJ, Krumbholz M, et al. Disease-
specific molecular events in cortical multiple sclerosis lesions. Brain.
2013;136:1799-815.

Haider L, Simeonidou C, Steinberger G, Hametner S, Grigoriadis N,
Deretzi G, Kovacs GG, Kutzelnigg A, Lassmann H, Frischer JM. Multiple
sclerosis deep grey matter: the relation between demyelination, neu-
rodegeneration, inflammation and iron. J Neurol Neurosurg Psychiatry.
2014;85:1386-95.

Kuhlmann T, Lingfeld G, Bitsch A, Schuchardt J, Bruck W. Acute axonal
damage in multiple sclerosis is most extensive in early disease stages
and decreases over time. Brain. 2002;125:2202-12.

Zhang Z, Zhang ZY, Schittenhelm J, Wu 'Y, Meyermann R, Schluesener
HJ. Parenchymal accumulation of CD163+ macrophages/microglia in
multiple sclerosis brains. J Neuroimmunol. 2011;237:73-9.

Prineas JW, Kwon EE, Cho ES, Sharer LR, Barnett MH, Oleszak EL,
Hoffman B, Morgan BP. Immunopathology of secondary-progressive
multiple sclerosis. Ann Neurol. 2001;50:646-57.

Peterson JW, Bo L, Mork S, Chang A, Trapp BD. Transected neurites,
apoptotic neurons, and reduced inflammation in cortical multiple
sclerosis lesions. Ann Neurol. 2001;50:389-400.

Singh' S, Metz I, Amor S, van der Valk P, Stadelmann C, Briick W. Micro-
glial nodules in early multiple sclerosis white matter are associated with
degenerating axons. Acta Neuropathol. 2013;125:595-608.

Lassmann H, Briick W, Lucchinetti CF. The immunopathology of multi-
ple sclerosis: an overview. Brain Pathol. 2007;17:210-8.

Cosenza-Nashat M, Zhao ML, Suh HS, Morgan J, Natividad R, Morgello S,
Lee SC. Expression of the translocator protein of 18 kDa by micro-

glia, macrophages and astrocytes based on immunohistochemical
localization in abnormal human brain. Neuropathol Appl Neurobiol.
2009;35:306-28.

Politis M, Giannetti P, Su P, Turkheimer F, Keihaninejad S, Wu K, Waldman
A, Malik O, Matthews PM, Reynolds R, et al. Increased PK11195 PET
binding in the cortex of patients with MS correlates with disability.
Neurology. 2012;79:523-30.

Sucksdorff M, Matilainen M, Tuisku J, Polvinen E, Vuorimaa A, Rokka J,
Nylund M, Rissanen E, Airas L. Brain TSPO-PET predicts later disease
progression independent of relapses in multiple sclerosis. Brain.
2020;143:3318-30.

Rissanen E, Tuisku J, Rokka J, Paavilainen T, Parkkola R, Rinne JO, Airas L.
In vivo detection of diffuse inflammation in secondary progressive mul-
tiple sclerosis using PET imaging and the radioligand (1)(1)C-PK11195. J
Nucl Med. 2014,55:939-44.

Versijpt J, Debruyne JC, Van Laere KJ, De Vos F, Keppens J, Strijckmans K,
Achten E, Slegers G, Dierckx RA, Korf J. Microglial imaging with positron
emission tomography and atrophy measurements with magnetic reso-
nance imaging in multiple sclerosis: a correlative study. Multiple Scler J.
2005;11:127-34.

Datta G, Colasanti A, Rabiner EA, Gunn RN, Malik O, Ciccarelli O, Nicho-
las R, Van Vlierberghe E, Van Hecke W, Searle G, et al. Neuroinflamma-
tion and its relationship to changes in brain volume and white matter
lesions in multiple sclerosis. Brain. 2017,140:2927-38.

161.

162.

163.

168.

169.

170.

171.

172.

173.

174.

176.

178.

179.

180.

182.

Page 22 of 27

Herranz E, Gianni C, Louapre C, Treaba CA, Govindarajan ST, Ouellette R,
Loggia ML, Sloane JA, Madigan N, Izquierdo-Garcia D, et al. Neuroin-
flammatory component of gray matter pathology in multiple sclerosis.
Ann Neurol. 2016;80:776-90.

Betlazar C, Harrison-Brown M, Middleton RJ, Banati R, Liu GJ. Cellular
sources and regional variations in the expression of the neuroinflam-
matory marker translocator protein (TSPO) in the normal brain. Int J
Mol Sci. 2018;19:2707.

Owen DR, Narayan N, Wells L, Healy L, Smyth E, Rabiner EA, Galloway

D, Williams JB, Lehr J, Mandhair H, et al. Pro-inflammatory activation of
primary microglia and macrophages increases 18 kDa translocator pro-
tein expression in rodents but not humans. J Cereb Blood Flow Metab.
2017;37:2679-90.

Luchicchi A, Preziosa P, t Hart BA. “Inside-Out” vs “Outside-In" paradigms
in multiple sclerosis etiopathogenesis. Front Cell Neurosci. 2021;15:53.
Stys PK, Zamponi GW, Van Minnen J, Geurts JJG. Will the real multiple
sclerosis please stand up? Nat Rev Neurosci. 2012;13:507-14.

Pifiero DJ, Connor JR. Iron in the brain: an important contributor in
normal and diseased states. Neuroscientist. 2000;6:435-53.
Stankiewicz JM, Neema M, Ceccarelli A. Iron and multiple sclerosis.
Neurobiol Aging. 2014,35:S51-8.

Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The role of iron

in brain ageing and neurodegenerative disorders. Lancet Neurol.
2014;13:1045-60.

Yauger YJ, Bermudez S, Moritz KE, Glaser E, Stoica B, Byrnes KR. Iron
accentuated reactive oxygen species release by NADPH oxidase in acti-
vated microglia contributes to oxidative stress in vitro. J Neuroinflamm.
2019;16:1-15.

Zivadinov R, Tavazzi E, Bergsland N, Hagemeier J, Lin F, Dwyer MG,

Carl E, Kolb C, Hojnacki D, Ramasamy D. Brain iron at quantitative

MRl is associated with disability in multiple sclerosis. Radiology.
2018;289:487-96.

Campbell G, Mahad D. Neurodegeneration in progressive multiple
sclerosis. Cold Spring Harb Perspect Med. 2018;8:a028985.

Grant SM, Wiesinger JA, Beard JL, Cantorna MT. Iron-deficient mice fail
to develop autoimmune encephalomyelitis. J Nutr. 2003;133:2635-8.
Schweser F, Hagemeier J, Dwyer MG, Bergsland N, Hametner S,
Weinstock-Guttman B, Zivadinov R. Decreasing brain iron in multiple
sclerosis: the difference between concentration and content in iron
MRI. Hum brain Mapp. 2020. https://doi.org/10.1002/hbm.25306.
Craelius W, Migdal MW, Luessenhop CP, Sugar A, Mihalakis I. Iron
deposits surrounding multiple sclerosis plaques. Arch Pathol Lab Med.
1982;106:397-9.

Laule C, PavlovaV, Leung E, Zhao G, MacKay AL, Kozlowski P, Traboulsee
AL, Li DKB, Moore GRW. Diffusely abnormal white matter in multiple
sclerosis: further histologic studies provide evidence for a primary

lipid abnormality with neurodegeneration. J Neuropathol Exp Neurol.
2013;72:42-52.

Yao B, Bagnato F, Matsuura E, Merkle H, van Gelderen P, Cantor FK, Duyn
JH. Chronic multiple sclerosis lesions: characterization with high-field-
strength MR imaging. Radiology. 2012;262:206-15.

Hametner S, Wimmer |, Haider L, Pfeifenbring S, Briick W, Lassmann H.
Iron and neurodegeneration in the multiple sclerosis brain. Ann Neurol.
2013;74:848-61.

Paling D, Tozer D, Wheeler-Kingshott C, Kapoor R, Miller DH, Golay X.
Reduced R2’ in multiple sclerosis normal appearing white matter and
lesions may reflect decreased myelin and iron content. J Neurol Neuro-
surg Psychiatry. 2012;83:785-92.

Popescu BF, Frischer JM, Webb SM, Tham M, Adiele RC, Robinson CA,
Fitz-Gibbon PD, Weigand SD, Metz I, Nehzati S. Pathogenic implications
of distinct patterns of iron and zinc in chronic MS lesions. Acta Neuro-
pathol. 2017;134:45-64.

Stephenson E, Nathoo N, Mahjoub Y, Dunn JF, Yong VW. Iron in multiple
sclerosis: roles in neurodegeneration and repair. Nat Rev Neurol.
2014;10:459.

Nair G, Dodd S, Ha S-K, Koretsky AP, Reich DS. Ex vivo MR microscopy
of a human brain with multiple sclerosis: visualizing individual cells in
tissue using intrinsic iron. Neurolmage. 2020;,223:117285.

Goodall EF, Wang C, Simpson JE, Baker DJ, Drew DR, Heath PR, Saffrey
MJ, Romero IA, Wharton SB. Age-associated changes in the blood—brain


https://doi.org/10.1002/hbm.25306

Kamma et al. Journal of Neuroinflammation

183.

184.

185.

186.

187.

188.

189.

191.

192.

193.

194.

195.

196.

197.

198.

200.

201.

202.

(2022) 19:45

barrier: comparative studies in human and mouse. Neuropathol Appl
Neurobiol. 2018;44:328-40.

Ryu JK, Rafalski VA, Meyer-Franke A, Adams RA, Poda SB, Coronado

PER, Pedersen L@, Menon V, Baeten KM, Sikorski SL. Fibrin-targeting
immunotherapy protects against neuroinflammation and neurodegen-
eration. Nat Immunol. 2018;19:1212-23.

Petersen MA, Ryu JK, Akassoglou K. Fibrinogen in neurological diseases:
mechanisms, imaging and therapeutics. Nat Rev Neurosci. 2018;19:283.
Davalos D, Akassoglou K. Fibrinogen as a key regulator of inflammation
in disease. Semin Immunopathol. 2012;34:43-62.

Davalos D, Ryu JK, Merlini M, Baeten KM, Le Moan N, Petersen MA,
Deerinck TJ, Smirnoff DS, Bedard C, Hakozaki H. Fibrinogen-induced
perivascular microglial clustering is required for the development of
axonal damage in neuroinflammation. Nat Commun. 2012;3:1227.
Yates RL, Esiri MM, Palace J, Jacobs B, Perera R, DeLuca GC. Fibrin (ogen)
and neurodegeneration in the progressive multiple sclerosis cortex.
Ann Neurol. 2017;82:259-70.

Marik C, Felts PA, Bauer J, Lassmann H, Smith KJ. Lesion genesis in a
subset of patients with multiple sclerosis: a role for innate immunity?
Brain. 2007;130:2800-15.

Ryu JK, Petersen MA, Murray SG, Baeten KM, Meyer-Franke A, Chan
JP,Vagena E, Bedard C, Machado MR, Coronado PER. Blood coagula-
tion protein fibrinogen promotes autoimmunity and demyelination
via chemokine release and antigen presentation. Nat Commun.
2015;6:8164.

Androdias G, Reynolds R, Chanal M, Ritleng C, Confavreux C, Nataf S.
Meningeal T cells associate with diffuse axonal loss in multiple sclerosis
spinal cords. Ann Neurol. 2010;68:465-76.

Bevan RJ, Evans R, Griffiths L, Watkins LM, Rees MI, Magliozzi R, Allen |,
McDonnell G, Kee R, Naughton M. Meningeal inflammation and cortical
demyelination in acute multiple sclerosis. Ann Neurol. 2018;84:829-42.
Magliozzi R, Howell OW, Reeves C, Roncaroli F, Nicholas R, Serafini B,
Aloisi F, Reynolds R. A gradient of neuronal loss and meningeal inflam-
mation in multiple sclerosis. Ann Neurol. 2010;68:477-93.

Gardner C, Magliozzi R, Durrenberger PF, Howell OW, Rundle J, Reynolds
R. Cortical grey matter demyelination can be induced by elevated pro-
inflammatory cytokines in the subarachnoid space of MOG-immunized
rats. Brain. 2013;136:3596-608.

James RE, Schalks R, Browne E, Eleftheriadou I, Munoz CP, Mazarakis
ND, Reynolds R. Persistent elevation of intrathecal pro-inflammatory
cytokines leads to multiple sclerosis-like cortical demyelination and
neurodegeneration. Acta Neuropathol Commun. 2020;8:1-18.

van Olst L, Rodriguez-Mogeda C, Picon C, Kiljan S, James RE, Kamer-
mans A, van der Pol SMA, Knoop L, Michailidou |, Drost E, et al. Menin-
geal inflammation in multiple sclerosis induces phenotypic changes in
cortical microglia that differentially associate with neurodegeneration.
Acta Neuropathol. 2021;141:881-99.

Pérez-Cerdd F, Sénchez-Gémez MV, Matute C. The link of inflammation
and neurodegeneration in progressive multiple sclerosis. Multiple Scler
Demyelinating Disord. 2016;1:1-8.

Li J, Baud O, Vartanian T, Volpe JJ, Rosenberg PA. Peroxynitrite gener-
ated by inducible nitric oxide synthase and NADPH oxidase medi-

ates microglial toxicity to oligodendrocytes. Proc Natl Acad Sci USA.
2005;102:9936-41.

Qin L, LiuY, Hong JS, Crews FT. NADPH oxidase and aging drive micro-
glial activation, oxidative stress, and dopaminergic neurodegeneration
following systemic LPS administration. Glia. 2013;61:855-68.

Pei Z, Pang H, Qian L, Yang S, Wang T, Zhang W, Wu X, Dallas S, Wilson B,
Reece JM, et al. MACT mediates LPS-induced production of superoxide
by microglia: the role of pattern recognition receptors in dopaminergic
neurotoxicity. Glia. 2007,55:1362-73.

Li J, Ramenaden ER, Peng J, Koito H, Volpe JJ, Rosenberg PA. Tumor
necrosis factor alpha mediates lipopolysaccharide-induced microglial
toxicity to developing oligodendrocytes when astrocytes are present. J
Neurosci. 2008;28:5321-30.

CaiY, Cho GS, Ju C,Wang SL, Ryu JH, Shin CY, Kim HS, Nam KW, Jalin AM,
Sun W, et al. Activated microglia are less vulnerable to hemin toxicity
due to nitric oxide-dependent inhibition of JNK and p38 MAPK activa-
tion. J Immunol. 2011;187:1314-21.

Mendiola AS, Ryu JK, Bardehle S, Meyer-Franke A, Ang KK, Wilson C, Bae-
ten KM, Hanspers K, Merlini M, Thomas S, et al. Transcriptional profiling

203.

204.

205.

206.

207.

208.

200.

212.

213.

214.

216.

217.

218.

220.

222.

223.

224.

225.

226.

Page 23 of 27

and therapeutic targeting of oxidative stress in neuroinflammation. Nat
Immunol. 2020;21:513-24.

Sorbara C, Wagner N, Ladwig A, Niki¢ I, Merkler D, Kleele T, Marinkovi¢

P, Naumann R, Godinho L, Bareyre F, et al. Pervasive axonal transport
deficits in multiple sclerosis models. Neuron. 2014;84:1183-90.

de Barcelos IP, Troxell RM, Graves JS. Mitochondrial dysfunction and
multiple sclerosis. Biology. 2019;8:37.

Campbell GR, Ziabreva |, Reeve AK, Krishnan KJ, Reynolds R, Howell O,
Lassmann H, Turnbull DM, Mahad DJ. Mitochondrial DNA deletions and
neurodegeneration in multiple sclerosis. Ann Neurol. 2011;69:481-92.
Dutta R, McDonough J, Yin X, Peterson J, Chang A, Torres T, Gudz T,
Macklin WB, Lewis DA, Fox RJ. Mitochondrial dysfunction as a cause

of axonal degeneration in multiple sclerosis patients. Ann Neurol.
2006;59:478-89.

Dutta R, Trapp BD. Gene expression profiling in multiple sclerosis brain.
Neurobiol Dis. 2012;45:108-14.

Mahad D, Lassmann H, Turnbull D. Mitochondria and disease progres-
sion in multiple sclerosis. Neuropathol Appl Neurobiol. 2008;34:577-89.
Mahad DJ, Ziabreva I, Campbell G, Lax N, White K, Hanson PS, Lassmann
H, Turnbull DM. Mitochondrial changes within axons in multiple sclero-
sis. Brain. 2009;132:1161-74.

Haider L, Fischer MT, Frischer JM, Bauer J, Hoftberger R, Botond G,
Esterbauer H, Binder CJ, Witztum JL, Lassmann H. Oxidative damage in
multiple sclerosis lesions. Brain. 2011;134:1914-24.

Pitt D, Werner P, Raine CS. Glutamate excitotoxicity in a model of multi-
ple sclerosis. Nat Med. 2000,6:67-70.

Stojanovic IR, Kostic M, Ljubisavljevic S. The role of glutamate and its
receptors in multiple sclerosis. J Neural Transm. 2014;121:945-55.
Matute C, Alberdi E, Ibarretxe G, Sénchez-Gémez MV. Excitotoxicity in
glial cells. Eur J Pharmacol. 2002;447:239-46.

Micu |, Plemel JR, Caprariello AV, Nave KA, Stys PK. Axo-myelinic neu-
rotransmission: a novel mode of cell signalling in the central nervous
system. Nat Rev Neurosci. 2017;19:58.

Werner P, Brand-Schieber E, Raine CS. Glutamate excitotoxicity in

the immunopathogenesis of multiple sclerosis. Adv Mol Cell Biol.
2003;31:1059-83.

Klauser AM, Wiebenga OT, Eijlers AJ, Schoonheim MM, Uitdehaag BM,
Barkhof F, Pouwels PJ, Geurts JJ. Metabolites predict lesion formation
and severity in relapsing-remitting multiple sclerosis. Multiple Scler.
2018;24:491-500.

Vercellino M, Merola A, Piacentino C, Votta B, Capello E, Mancardi

GL, Mutani R, Giordana MT, Cavalla P. Altered glutamate reuptake in
relapsing-remitting and secondary progressive multiple sclerosis cor-
tex: correlation with microglia infiltration, demyelination, and neuronal
and synaptic damage. J Neuropathol Exp Neurol. 2007;66:732-9.

Ye Z-C, Sontheimer H. Cytokine modulation of glial glutamate uptake: a
possible involvement of nitric oxide. NeuroReport. 1996;7:2181-5.

Piani D, Frei K, Do KQ, Cuénod M, Fontana A. Murine brain macrophages
induce NMDA receptor mediated neurotoxicity in vitro by secreting
glutamate. Neurosci Lett. 1991;133:159-62.

Evonuk KS, Baker BJ, Doyle RE, Moseley CE, Sestero CM, Johnston BP, De
Sarno P, Tang A, Gembitsky I, Hewett SJ, et al. Inhibition of system Xc(-)
transporter attenuates autoimmune inflammatory demyelination. J
Immunol. 2015;195:450-63.

Domercg M, Sénchez-Gomez MV, Sherwin C, Etxebarria E, Fern R,
Matute C. System xc- and glutamate transporter inhibition mediates
microglial toxicity to oligodendrocytes. J Immunol. 2007;178:6549-56.
Barger SW, Goodwin ME, Porter MM, Beggs ML. Glutamate release from
activated microglia requires the oxidative burst and lipid peroxidation. J
Neurochem. 2007;101:1205-13.

Bridges RJ, Natale NR, Patel SA. System xc- cystine/glutamate antiporter:
an update on molecular pharmacology and roles within the CNS. Br J
Pharmacol. 2012;165:20-34.

Piani D, Fontana A. Involvement of the cystine transport system xc- in
the macrophage-induced glutamate-dependent cytotoxicity to neu-
rons. J Immunol. 1994;152:3578-85.

Kigerl KA, Ankeny DP, Garg SK, Wei P, Guan Z, Lai W, McTigue DM, Baner-
jee R, Popovich PG. System x(c)(-) regulates microglia and macrophage
glutamate excitotoxicity in vivo. Exp Neurol. 2012;233:333-41.

Evonuk KS, Doyle RE, Moseley CE, Thornell IM, Adler K, Bingaman

AM, Bevensee MO, Weaver CT, Min B, DeSilva TM. Reduction of



Kamma et al. Journal of Neuroinflammation

227.

228.

229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241,

242.

243,

(2022) 19:45

AMPA receptor activity on mature oligodendrocytes attenuates loss
of myelinated axons in autoimmune neuroinflammation. Sci Adv.
2020;6:eaax5936.

Siffrin V, Radbruch H, Glumm R, Niesner R, Paterka M, Herz J, Leuen-
berger T, Lehmann SM, Luenstedt S, Rinnenthal JL, et al. In vivo imag-
ing of partially reversible th17 cell-induced neuronal dysfunction in
the course of encephalomyelitis. Immunity. 2010;33:424-36.
Ottestad-Hansen S, Hu QX, Follin-Arbelet VV, Bentea E, Sato H, Mas-
sie A, Zhou Y, Danbolt NC. The cystine-glutamate exchanger (xCT,
Slc7a11) is expressed in significant concentrations in a subpopula-
tion of astrocytes in the mouse brain. Glia. 2018;66:951-70.

Merckx E, Albertini G, Paterka M, Jensen C, Albrecht P, Dietrich M, Van
Liefferinge J, Bentea E, Verbruggen L, Demuyser T, et al. Absence of
system x. J Neuroinflamm. 2017;14:9.

Correale J, Marrodan M, Ysrraelit MC. Mechanisms of neurodegen-
eration and axonal dysfunction in progressive multiple sclerosis.
Biomedicines. 2019;7:14.

Ofengeim D, Ito Y, Najafov A, ZhangY, Shan B, DeWitt JP, Ye J, Zhang
X, Chang A, Vakifahmetoglu-Norberg H, et al. Activation of necropto-
sis in multiple sclerosis. Cell Rep. 2015;10:1836-49.

Takahashi JL, Giuliani F, Power C, Imai Y, Yong VW. Interleukin-1beta
promotes oligodendrocyte death through glutamate excitotoxicity.
Ann Neurol. 2003;53:588-95.

Magliozzi R, Howell OW, Durrenberger P, Arico E, James R, Cruciani C,
Reeves C, Roncaroli F, Nicholas R, Reynolds R. Meningeal inflamma-
tion changes the balance of TNF signalling in cortical grey matter in
multiple sclerosis. J Neuroinflamm. 2019;16:1-16.

Picon C, Jayaraman A, James R, Beck C, Gallego P, Witte ME, van
Horssen J, Mazarakis ND, Reynolds R. Neuron-specific activation of
necroptosis signaling in multiple sclerosis cortical grey matter. Acta
Neuropathol. 2021;141(4):585-604.

Brambilla R, Ashbaugh JJ, Magliozzi R, Dellarole A, Karmally S,
Szymkowski DE, Bethea JR. Inhibition of soluble tumour necrosis
factor is therapeutic in experimental autoimmune encephalomy-
elitis and promotes axon preservation and remyelination. Brain.
2011;134:2736-54.

Williams SK, Maier O, Fischer R, Fairless R, Hochmeister S, Stojic A,
Pick L, Haar D, Musiol S, Storch MK. Antibody-mediated inhibition of
TNFR1 attenuates disease in a mouse model of multiple sclerosis.
PLoS ONE. 2014;,9:90117.

Martynova E, Goyal M, Johri S, Kumar V, Khaibullin T, Rizvanov AA,
Verma S, Khaiboullina SF, Baranwal M. Serum and cerebrospinal

fluid cytokine biomarkers for diagnosis of multiple sclerosis. Mediat
Inflamm. 2020. https://doi.org/10.1155/2020/2727042.

Levesque SA, Pare A, Mailhot B, Bellver-Landete V, Kebir H, Lecuyer
MA, Alvarez JI, Prat A, de Rivero Vaccari JP, Keane RW, Lacroix S.
Myeloid cell transmigration across the CNS vasculature triggers
|L-1beta-driven neuroinflammation during autoimmune encephalo-
myelitis in mice. J Exp Med. 2016;213:929-49.

Paré A, Mailhot B, Lévesque SA, Lacroix S. Involvement of the IL-1
system in experimental autoimmune encephalomyelitis and multiple
sclerosis: breaking the vicious cycle between IL-13 and GM-CSF. Brain
Behav Immun. 2017,62:1-8.

Komuczki J, Tuzlak S, Friebel E, Hartwig T, Spath S, Rosenstiel P, Wais-
man A, Opitz L, Oukka M, Schreiner B, et al. Fate-mapping of GM-CSF
expression identifies a discrete subset of inflammation-driving

T helper cells requlated by cytokines IL-23 and IL-13. Immunity.
2019;50:1289-1304.e1286.

Spath S, Komuczki J, Hermann M, Pelczar P, Mair F, Schreiner B, Becher
B. Dysregulation of the cytokine GM-CSF induces spontaneous
phagocyte invasion and immunopathology in the central nervous
system. Immunity. 2017;46:245-60.

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ,
Schirmer L, Bennett ML, Munch AE, Chung WS, Peterson TC, et al.
Neurotoxic reactive astrocytes are induced by activated microglia.
Nature. 2017,541:481-7.

Khaibullin T, lvanova V, Martynova E, Cherepnev G, Khabirov F, Grana-
tov E, Rizvanov A, Khaiboullina S. Elevated levels of proinflammatory
cytokines in cerebrospinal fluid of multiple sclerosis patients. Front
Immunol. 2017;8:531.

244,

245,

246.

247.

248.

249.

250.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

Page 24 of 27

Hu WT, Howell JC, Ozturk T, Gangishetti U, Kollhoff AL, Hatcher-Martin
JM, Anderson AM, Tyor WR. CSF cytokines in aging, multiple sclerosis,
and dementia. Front Immunol. 2019;10:480.

Correia AS, Patel P, Dutta K, Julien J-P. Inflammation induces TDP-43
mislocalization and aggregation. PLoS ONE. 2015. https://doi.org/10.
1371/journal.pone.0140248.

Salapa HE, Johnson C, Hutchinson C, Popescu BF, Levin MC. Dysfunc-
tional RNA binding proteins and stress granules in multiple sclerosis. J
Neuroimmunol. 2018;324:149-56.

Salapa HE, Hutchinson C, Popescu BF, Levin MC. Neuronal RNA-binding
protein dysfunction in multiple sclerosis cortex. Ann Clin Transl Neurol.
2020;7:1214-24.

Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga SC, Moran J, Liang
TY, Ling S-C, Sun E, Wancewicz E, Mazur C. Long pre-mRNA depletion
and RNA missplicing contribute to neuronal vulnerability from loss of
TDP-43. Nat Neurosci. 2011;14:459.

Ramaswami M, Taylor JP, Parker R. Altered ribostasis: RNA-protein gran-
ules in degenerative disorders. Cell. 2013;154:727-36.

Conlon EG, Manley JL. RNA-binding proteins in neurodegeneration:
mechanisms in aggregate. Genes Dev. 2017,31:1509-28.

Ling S-C, Polymenidou M, Cleveland DW. Converging mechanisms

in ALS and FTD: disrupted RNA and protein homeostasis. Neuron.
2013;79:416-38.

Libner CD, Salapa HE, Levin MC. The potential contribution of dysfunc-
tional RNA-binding proteins to the pathogenesis of neurodegeneration
in multiple sclerosis and relevant models. Int J Mol Sci. 2020,21:4571.
Libner CD, Salapa HE, Levin MC. Antibodies to the RNA binding protein
heterogeneous nuclear ribonucleoprotein A1 contribute to neuronal
cellloss in an animal model of multiple sclerosis. J Comp Neurol. 2019.
https://doi.org/10.1002/cne.24845.

Masaki K, Sonobe Y, Ghadge G, Pytel P, Lépine P, Pernin F, Cui Q-L, Antel
JP, Zandee S, Prat A. RNA-binding protein altered expression and mis-
localization in MS. Neurol Neuroimmunol Neuroinflamm. 2020. https://
doi.org/10.1212/NX1.0000000000000704.

Salapa HE, Hutchinson C, Popescu BF, Levin MC. Neuronal RNA-binding
protein dysfunction in multiple sclerosis cortex. Ann Clin Transl Neurol.
2020. https://doi.org/10.1002/acn3.51103.

Faissner S, Gold R. Progressive multiple sclerosis: latest therapeu-

tic developments and future directions. Ther Adv Neurol Disord.
2019;12:1756286419878323.

FDA approves new oral drug to treat multiple sclerosis [https://www.
fda.gov/news-events/press-announcements/fda-approves-new-oral-
drug-treat-multiple-sclerosis].

Kappos L, Bar-Or A, Cree BAC, Fox RJ, Giovannoni G, Gold R, Vermersch
P, Arnold DL, Arnould S, Scherz T, et al. Siponimod versus placebo in
secondary progressive multiple sclerosis (EXPAND): a double-blind,
randomised, phase 3 study. Lancet. 2018;391:1263-73.

Gentile A, Musella A, Bullitta S, Fresegna D, De Vito F, Fantozzi R, Piras E,
Gargano F, Borsellino G, Battistini L, et al. Siponimod (BAF312) prevents
synaptic neurodegeneration in experimental multiple sclerosis. J Neu-
roinflamm. 2016;13:207.

O'Sullivan C, Schubart A, Mir AK, Dev KK. The dual STPR1/S1PR5 drug
BAF312 (Siponimod) attenuates demyelination in organotypic slice
cultures. J Neuroinflamm. 2016;13:31.

Maimone D, Guazzi GC, Annunziata P. IL-6 detection in multiple sclero-
sis brain. J Neurol Sci. 1997;146:59-65.

Serensen TL, Tani M, Jensen J, Pierce V, Lucchinetti C, Folcik VA, Qin

S, Rottman J, Sellebjerg F, Strieter RM, et al. Expression of specific
chemokines and chemokine receptors in the central nervous system of
multiple sclerosis patients. J Clin Invest. 1999;103:807-15.

Synnott PG, Bloudek LM, Sharaf R, Carlson JJ, Pearson SD. The effec-
tiveness and value of siponimod for secondary progressive multiple
sclerosis. J Manag Care Spec Pharm. 2020;26:236-9.

Subei AM, Cohen JA. Sphingosine 1-phosphate receptor modulators in
multiple sclerosis. CNS Drugs. 2015;29:565-75.

Lublin F, Miller DH, Freedman MS, Cree BAC, Wolinsky JS, Weiner H,
Lubetzki C, Hartung H-P, Montalban X, Uitdehaag BMJ, et al. Oral
fingolimod in primary progressive multiple sclerosis (INFORMS): a
phase 3, randomised, double-blind, placebo-controlled trial. Lancet.
2016;387:1075-84.


https://doi.org/10.1155/2020/2727042
https://doi.org/10.1371/journal.pone.0140248
https://doi.org/10.1371/journal.pone.0140248
https://doi.org/10.1002/cne.24845
https://doi.org/10.1212/NXI.0000000000000704
https://doi.org/10.1212/NXI.0000000000000704
https://doi.org/10.1002/acn3.51103
https://www.fda.gov/news-events/press-announcements/fda-approves-new-oral-drug-treat-multiple-sclerosis
https://www.fda.gov/news-events/press-announcements/fda-approves-new-oral-drug-treat-multiple-sclerosis
https://www.fda.gov/news-events/press-announcements/fda-approves-new-oral-drug-treat-multiple-sclerosis

Kamma et al. Journal of Neuroinflammation

266.

267.

268.

2609.

270.

271,

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

(2022) 19:45

Summary review: ozanimod [https://www.accessdata.fda.gov/drugs
atfda_docs/nda/2020/2098990rig 1s000SumR.pdf].

Cohen JA, Comi G, Selmaj KW, Bar-Or A, Arnold DL, Steinman L, Hartung
HP, Montalban X, Kubala Havrdové E, Cree BAC, et al. Safety and efficacy
of ozanimod versus interferon beta-1a in relapsing multiple sclerosis
(RADIANCE): a multicentre, randomised, 24-month, phase 3 trial. Lancet
Neurol. 2019;18:1021-33.

Comi G, Kappos L, Selmaj KW, Bar-Or A, Arnold DL, Steinman L, Hartung
HP, Montalban X, Kubala Havrdové E, Cree BAC, et al. Safety and efficacy
of ozanimod versus interferon beta-1a in relapsing multiple sclerosis
(SUNBEAM): a multicentre, randomised, minimum 12-month, phase 3
trial. Lancet Neurol. 2019;18:1009-20.

Musella A, Gentile A, Guadalupi L, Rizzo FR, De Vito F, Fresegna D, Bruno
A, Dolcetti E, Vanni V, Vitiello L, et al. Central modulation of selective
sphingosine-1-phosphate receptor 1 ameliorates experimental multi-
ple sclerosis. Cells. 2020;9:1290.

FDA approves new drug to treat multiple sclerosis [https://www.fda.
gov/news-events/press-announcements/fda-approves-new-drug-
treat-multiple-sclerosis].

Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, de
Seze J, Giovannoni G, Hartung HP, Hemmer B, et al. Ocrelizumab

versus placebo in primary progressive multiple sclerosis. N Engl J Med.
2017,376:209-20.

Kesimpta (Ofatumumab injection 20 mg/0.4 mL solution) full prescrib-
ing information [online]. [https://www.accessdata.fda.gov/drugsatfda_
docs/label/2020/125326s5070Ibl.pdf].

Hauser SL, Bar-Or A, Cohen JA, Comi G, Correale J, Coyle PK, Cross AH,
de Seze J, Leppert D, Montalban X, et al. Ofatumumab versus terifluno-
mide in multiple sclerosis. N Engl J Med. 2020,383:546-57.

Michel L, Touil H, Pikor NB, Gommerman JL, Prat A, Bar-Or A. B Cells

in the multiple sclerosis central nervous system: trafficking and con-
tribution to CNS-compartmentalized inflammation. Front Immunol.
2015,6:636-636.

Effect of ocrelizumab on brain innate immune microglial cells activa-
tion in MS using PET-MRI with 18F-DPA714 (INN-MS) [https://clinicaltr
ials.gov/ct2/show/NCT03691077].

Effect of ocrelizumab on neuroinflammation in multiple sclerosis

as measured by 11C-PBR28 MR-PET imaging of microglia activation
[https://clinicaltrials.gov/ct2/show/NCT04230174].

Airas L, Nylund M, Rissanen E. Evaluation of microglial activation in
multiple sclerosis patients using positron emission tomography. Front
Neurol. 2018;9:181-181.

US. Prescribing Information of cladribine (MAVENCLAD) [https://www.
accessdata.fda.gov/drugsatfda_docs/label/2019/022561s000Ibl.pdf].
Cladribine (Mavenclad) [https://www.ema.europa.eu/en/medicines/
human/EPAR/mavenclad].

Giovannoni G, Comi G, Cook S, Rammohan K, Rieckmann P, Serensen
PS, Vermersch P, Chang P, Hamlett A, Musch B, Greenberg SJ. A placebo-
controlled trial of oral cladribine for relapsing multiple sclerosis. N Engl
J Med. 2010;362:416-26.

Montalban X, Leist TP, Cohen BA, Moses H, Campbell J, Hicking C,
Dangond F. Cladribine tablets added to IFN-{3 in active relapsing

MS: the ONWARD study. Neurol Neuroimmunol Neuroinflamm.
2018,5:e477-e477.

Singh V, Voss EV, Bénardais K, Stangel M. Effects of 2-chlorodeoxyadeno-
sine (cladribine) on primary rat microglia. J Neuroimmune Pharmacol.
2012;7:939-50.

Jorgensen L@, Hyrlov KH, Elkjaer ML, Weber AB, Pedersen AE, Svenning-
sen AF, llles Z. Cladribine modifies functional properties of microglia.
Clin Exp Immunol. 2020;201:328-40.

Hartung HP, Gonsette R, Kénig N, Kwiecinski H, Guseo A, Morrissey SP,
Krapf H, Zwingers T. Mitoxantrone in progressive multiple sclerosis: a
placebo-controlled, double-blind, randomised, multicentre trial. Lancet.
2002;360:2018-25.

Stlve O, Kita M, Pelletier D, Fox RJ, Stone J, Goodkin DE, Zamvil SS.
Mitoxantrone as a potential therapy for primary progressive multiple
sclerosis. Multiple Scler. 2004;10(Suppl 1):S58-61.

Martinelli Boneschi F, Vacchi L, Rovaris M, Capra R, Comi G. Mitox-
antrone for multiple sclerosis. Cochrane Database Syst Rev. 2013.
https://doi.org/10.1002/14651858.CD002127.pub3.

287.

288.

289.

290.

291,

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

Page 25 of 27

Li JM, Yang Y, Zhu P, Zheng F, Gong FL, Mei YW. Mitoxantrone exerts
both cytotoxic and immunoregulatory effects on activated microglial
cells. Immunopharmacol Immunotoxicol. 2012;34:36-41.

La Mantia L, Vacchi L, Di Pietrantonj C, Ebers G, Rovaris M, Fredrikson S,
Filippini G. Interferon beta for secondary progressive multiple sclerosis.
Cochrane Database Syst Rev. 2012. https://doi.org/10.1002/14651858.
CD005181.pub3.

European Study Group on interferon beta-1b in secondary progressive
MS. Placebo-controlled multicentre randomised trial of interferon beta-
1b in treatment of secondary progressive multiple sclerosis. Lancet.
1998;352:1491-7.

Cohen JA, Cutter GR, Fischer JS, Goodman AD, Heidenreich FR,
Kooijmans MF, Sandrock AW, Rudick RA, Simon JH, Simonian NA, et al.
Benefit of interferon beta-1a on MSFC progression in secondary pro-
gressive MS. Neurology. 2002;59:679-87.

Panitch H, Miller A, Paty D, Weinshenker B. Interferon beta-1b in second-
ary progressive MS: results from a 3-year controlled study. Neurology.
2004;63:1788-95.

Secondary Progressive Efficacy Clinical Trial of Recombinant Inter-
feron-Beta-1a in MS (SPECTRIMS) Study Group. Randomized controlled
trial of interferon-beta-1a in secondary progressive MS: clinical results.
Neurology. 2001;56:1496-504.

Leary SM, Miller DH, Stevenson VL, Brex PA, Chard DT, Thompson AJ.
Interferon beta-1a in primary progressive MS: an exploratory, rand-
omized, controlled trial. Neurology. 2003;60:44-51.

Montalban X, Sastre-Garriga J, Tintoré M, Brieva L, Aymerich FX, Rio

J, Porcel J, Borras C, Nos C, Rovira A. A single-center, randomized,
double-blind, placebo-controlled study of interferon beta-1b on
primary progressive and transitional multiple sclerosis. Multiple Scler.
2009;15:1195-205.

Gold R, Kappos L, Arnold DL, Bar-Or A, Giovannoni G, Selmaj K, Torna-
tore C, Sweetser MT, Yang M, Sheikh SI, Dawson KT. Placebo-controlled
phase 3 study of oral BG-12 for relapsing multiple sclerosis. N Engl J
Med. 2012;367:1098-107.

Fox RJ, Miller DH, Phillips JT, Hutchinson M, Havrdova E, Kita M, Yang M,
Raghupathi K, Novas M, Sweetser MT, et al. Placebo-controlled phase
3 study of oral BG-12 or glatiramer in multiple sclerosis. N Engl J Med.
2012;367:1087-97.

Strassburger-Krogias K, Ellrichmann G, Krogias C, Altmeyer P, Chan A,
Gold R. Fumarate treatment in progressive forms of multiple sclerosis:
first results of a single-center observational study. Ther Adv Neurol
Disord. 2014;7:232-8.

Linker RA, Lee D-H, Ryan S, van Dam AM, Conrad R, Bista P, Zeng

W, Hronowsky X, Buko A, Chollate S, et al. Fumaric acid esters exert
neuroprotective effects in neuroinflammation via activation of the Nrf2
antioxidant pathway. Brain. 2011;134:678-92.

Carlstréom KE, Ewing E, Granqvist M, Gyllenberg A, Aeinehband S,
Enoksson SL, Checa A, Badam TVS, Huang J, Gomez-Cabrero D, et al.
Therapeutic efficacy of dimethyl fumarate in relapsing-remitting multi-
ple sclerosis associates with ROS pathway in monocytes. Nat Commun.
2019;10:3081.

Ohl K, Tenbrock K, Kipp M. Oxidative stress in multiple sclerosis: central
and peripheral mode of action. Exp Neurol. 2016,277:58-67.

Wilms H, Sievers J, Rickert U, Rostami-Yazdi M, Mrowietz U, Lucius R.
Dimethylfumarate inhibits microglial and astrocytic inflammation by
suppressing the synthesis of nitric oxide, IL-13, TNF-a and IL-6 in an
in-vitro model of brain inflammation. J Neuroinflamm. 2010;7:30.

Fox RJ, Coffey CS, Conwit R, Cudkowicz ME, Gleason T, Goodman

A, Klawiter EC, Matsuda K, McGovern M, Naismith RT, et al. Phase

2 trial of ibudilast in progressive multiple sclerosis. N Engl J Med.
2018;379:846-55.

ChoY, Crichlow GV, Vermeire JJ, Leng L, Du X, Hodsdon ME, Bucala

R, Cappello M, Gross M, Gaeta F, et al. Allosteric inhibition of mac-
rophage migration inhibitory factor revealed by ibudilast. PNAS.
2010;107:11313-8.

SuY,Wang, ZhouY, Zhu Z, Zhang Q, Zhang X, Wang W, Gu X, Guo A,
Wang Y. Macrophage migration inhibitory factor activates inflamma-
tory responses of astrocytes through interaction with CD74 receptor.
Oncotarget. 2017;8:2719-30.

Mizuno T, Kurotani T, Komatsu Y, Kawanokuchi J, Kato H, Mitsuma N,
Suzumura A. Neuroprotective role of phosphodiesterase inhibitor


https://www.accessdata.fda.gov/drugsatfda_docs/nda/2020/209899Orig1s000SumR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2020/209899Orig1s000SumR.pdf
https://www.fda.gov/news-events/press-announcements/fda-approves-new-drug-treat-multiple-sclerosis
https://www.fda.gov/news-events/press-announcements/fda-approves-new-drug-treat-multiple-sclerosis
https://www.fda.gov/news-events/press-announcements/fda-approves-new-drug-treat-multiple-sclerosis
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/125326s070lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/125326s070lbl.pdf
https://clinicaltrials.gov/ct2/show/NCT03691077
https://clinicaltrials.gov/ct2/show/NCT03691077
https://clinicaltrials.gov/ct2/show/NCT04230174
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/022561s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/022561s000lbl.pdf
https://www.ema.europa.eu/en/medicines/human/EPAR/mavenclad
https://www.ema.europa.eu/en/medicines/human/EPAR/mavenclad
https://doi.org/10.1002/14651858.CD002127.pub3
https://doi.org/10.1002/14651858.CD005181.pub3
https://doi.org/10.1002/14651858.CD005181.pub3

Kamma et al. Journal of Neuroinflammation

306.

307.

308.

309.

310.

311,

314,

318.

320.

321.

322.

(2022) 19:45

ibudilast on neuronal cell death induced by activated microglia. Neu-
ropharmacology. 2004;46:404-11.

Spain R, Powers K, Murchison C, Heriza E, Winges K, Yadav V, Cameron
M, Kim E, Horak F, Simon J, Bourdette D. Lipoic acid in secondary pro-
gressive MS: a randomized controlled pilot trial. Neurol Neuroimmunol
Neuroinflamm. 2017;4:e374-e374.

Morini M, Roccatagliata L, Dell'Eva R, Pedemonte E, Furlan R, Minghelli
S, Giunti D, Pfeffer U, Marchese M, Noonan D, et al. Alpha-lipoic acid is
effective in prevention and treatment of experimental autoimmune
encephalomyelitis. J Neuroimmunol. 2004;148:146-53.

Marracci GH, Jones RE, McKeon GP, Bourdette DN. Alpha lipoic acid
inhibits T cell migration into the spinal cord and suppresses and treats
experimental autoimmune encephalomyelitis. J Neuroimmunol.
2002;131:104-14.

Schreibelt G, Musters RJ, Reijerkerk A, de Groot LR, van der Pol SM,
Hendrikx EM, Dopp ED, Dijkstra CD, Drukarch B, de Vries HE. Lipoic acid
affects cellular migration into the central nervous system and stabilizes
blood-brain barrier integrity. J Immunol. 2006;177:2630-7.

Vermersch P, Benrabah R, Schmidt N, Zéphir H, Clavelou P, Vongsouthi
C, Dubreuil P, Moussy A, Hermine O. Masitinib treatment in patients
with progressive multiple sclerosis: a randomized pilot study. BMC
Neurol. 2012;12:36-36.

Vermersch P, Hermine O. FC04.01 Masitinib in primary progressive
(PPMS) and non-active secondary progressive (NSPMS) multiple sclero-
sis: results from phase 3 study ab07002. Multiple Scler. 2020;26:9.
Brown MA, Tanzola MB, Robbie-Ryan M. Mechanisms underlying mast
cell influence on EAE disease course. Mol Immunol. 2002;38:1373-8.
Trias E, Ibarburu S, Barreto-Nunez R, Babdor J, Maciel TT, Guillo M, Gros
L, Dubreuil P, Diaz-Amarilla P, Cassina P, et al. Post-paralysis tyrosine
kinase inhibition with masitinib abrogates neuroinflammation and
slows disease progression in inherited amyotrophic lateral sclerosis. J
Neuroinflamm. 2016;13:177.

Hammond BP, Manek R, Kerr BJ, Macauley MS, Plemel JR. Regulation of
microglia population dynamics throughout development, health, and
disease. Glia. 2021. https://doi.org/10.1002/glia.24047.

Tebib J, Mariette X, Bourgeois P, Flipo R-M, Gaudin P, Le Loét X, Gineste
P, Guy L, Mansfield CD, Moussy A, et al. Masitinib in the treatment of
active rheumatoid arthritis: results of a multicentre, open-label, dose-
ranging, phase 2a study. Arthritis Res Ther. 2009;11:R95.

Piette F, Belmin J, Vincent H, Schmidt N, Pariel S, Verny M, Marquis

C, Mely J, Hugonot-Diener L, Kinet J-P, et al. Masitinib as an adjunct
therapy for mild-to-moderate Alzheimer’s disease: a randomised,
placebo-controlled phase 2 trial. Alzheimer's Res Ther. 2011;3:16.
Chataway J, Schuerer N, Alsanousi A, Chan D, MacManus D, Hunter K,
Anderson V, Bangham CRM, Clegg S, Nielsen C, et al. Effect of high-dose
simvastatin on brain atrophy and disability in secondary progressive
multiple sclerosis (MS-STAT): a randomised, placebo-controlled, phase 2
trial. Lancet. 2014;383:2213-21.

Chan D, Binks S, Nicholas JM, Frost C, Cardoso MJ, Ourselin S, Wilkie D,
Nicholas R, Chataway J. Effect of high-dose simvastatin on cognitive,
neuropsychiatric, and health-related quality-of-life measures in second-
ary progressive multiple sclerosis: secondary analyses from the MS-STAT
randomised, placebo-controlled trial. Lancet Neurol. 2017;16:591-600.
Bagheri H, Ghasemi F, Barreto GE, Sathyapalan T, Jamialahmadi T,
Sahebkar A. The effects of statins on microglial cells to protect against
neurodegenerative disorders: a mechanistic review. BioFactors.
2020;46:309-25.

Eshaghi A, Kievit RA, Prados F, Sudre CH, Nicholas J, Cardoso MJ, Chan
D, Nicholas R, Ourselin S, Greenwood J, et al. Applying causal models to
explore the mechanism of action of simvastatin in progressive multiple
sclerosis. Proc Natl Acad Sci USA. 2019;116:11020-7.

Sedel F, Papeix C, Bellanger A, Touitou V, Lebrun-Frenay C, Galanaud

D, Gout O, Lyon-Caen O, Tourbah A. High doses of biotin in chronic
progressive multiple sclerosis: a pilot study. Multiple Scler Relat Disord.
2015;4:159-69.

Tourbah A, Lebrun-Frenay C, Edan G, Clanet M, Papeix C, Vukusic S, De
Seze J, Debouverie M, Gout O, Clavelou P, et al. MD1003 (high-dose bio-
tin) for the treatment of progressive multiple sclerosis: a randomised,
double-blind, placebo-controlled study. Multiple Scler (Houndmills,
Basingstoke, England). 2016,22:1719-31.

323.

324.

325.

326.

327.

328.

329.

330.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

Page 26 of 27

Cree BAC, Cutter G, Wolinsky JS, Freedman MS, Comi G, Giovannoni

G, Hartung H-P, Arnold D, Kuhle J, Block V, et al. Safety and efficacy of
MD1003 (high-dose biotin) in patients with progressive multiple sclero-
sis (SPI2): a randomised, double-blind, placebo-controlled, phase 3 trial.
Lancet Neurol. 2020;19:988-97.

Motte J, Gold R. High-dose biotin in multiple sclerosis: the end of the
road. Lancet Neurol. 2020;19:965-6.

Demas A, Cochin JP, Hardy C, Vaschalde Y, Bourre B, Labauge P. Tardive
reactivation of progressive multiple sclerosis during treatment with
biotin. Neurol Ther. 2020;9:181-5.

Goldschmidt CH, Cohen JA. The rise and fall of high-dose biotin to treat
progressive multiple sclerosis. Neurotherapeutics. 2020;17:968-70.
Chataway J, De Angelis F, Connick P, Parker RA, Plantone D, Doshi A,
John N, Stutters J, MacManus D, Prados Carrasco F, et al. Efficacy of
three neuroprotective drugs in secondary progressive multiple sclerosis
(MS-SMART): a phase 2b, multiarm, double-blind, randomised placebo-
controlled trial. Lancet Neurol. 2020;19:214-25.

Arun T, Tomassini V, Sbardella E, de Ruiter MB, Matthews L, Leite M,
Gelineau-Morel R, Cavey A, Vergo S, Craner M, et al. Targeting ASICT in
primary progressive multiple sclerosis: evidence of neuroprotection
with amiloride. Brain. 2013;136:106-15.

Friese MA, Craner MJ, Etzensperger R, Vergo S, Wemmie JA, Welsh MJ,
Vincent A, Fugger L. Acid-sensing ion channel-1 contributes to axonal
degeneration in autoimmune inflammation of the central nervous
system. Nat Med. 2007;13:1483-9.

Allaman |, Fiumelli H, Magistretti PJ, Martin JL. Fluoxetine regulates the
expression of neurotrophic/growth factors and glucose metabolism in
astrocytes. Psychopharmacology. 2011,216:75-84.

Kong EK, Peng L, Chen'Y, Yu AC, Hertz L. Up-regulation of 5-HT2B
receptor density and receptor-mediated glycogenolysis in mouse
astrocytes by long-term fluoxetine administration. Neurochem Res.
2002;27:113-20.

Killestein J, Kalkers NF, Polman CH. Glutamate inhibition in MS: the
neuroprotective properties of riluzole. J Neurol Sci. 2005;233:113-5.
Gilgun-Sherki Y, Panet H, Melamed E, Offen D. Riluzole suppresses
experimental autoimmune encephalomyelitis: implications for the
treatment of multiple sclerosis. Brain Res. 2003;989:196-204.

Masuda T, Sankowski R, Staszewski O, Bottcher C, Amann L, Scheiwe

C, Nessler S, Kunz P, van Loo G, Coenen VA, et al. Spatial and temporal
heterogeneity of mouse and human microglia at single-cell resolution.
Nature. 2019;566:388-92.

Park C, Ponath G, Levine-Ritterman M, Bull E, Swanson EC, De Jager PL,
Segal BM, Pitt D. The landscape of myeloid and astrocyte pheno-

types in acute multiple sclerosis lesions. Acta Neuropathol Commun.
2019;7:130.

Zajicek J, Ball S, Wright D, Vickery J, Nunn A, Miller D, Cano MG,
McManus D, Mallik S, Hobart J. group Ci: effect of dronabinol on
progression in progressive multiple sclerosis (CUPID): a randomised,
placebo-controlled trial. Lancet Neurol. 2013;12:857-65.

Mostert J, Heersema T, Mahajan M, Van Der Grond J, Van Buchem MA,
De Keyser J. The effect of fluoxetine on progression in progressive
multiple sclerosis: a double-blind, randomized, placebo-controlled trial.
ISRN Neurol. 2013;2013:370943-370943.

Wolinsky JS, Narayana PA, O'Connor P, Coyle PK, Ford C, Johnson K,
Miller A, Pardo L, Kadosh S, Ladkani D, Group PTS. Glatiramer acetate

in primary progressive multiple sclerosis: results of a multinational,
multicenter, double-blind, placebo-controlled trial. Ann Neurol.
2007;61:14-24.

Kosa P WuT, Phillips J, Leinonen M, Masvekar R, Komori M, Wichman

A, Sandford M, Bielekova B. Idebenone does not inhibit disability
progression in primary progressive MS. Multiple Scler Relat Disord.
2020;45:102434.

Kapoor R, Furby J, Hayton T, Smith KJ, Altmann DR, Brenner R, Chataway
J,Hughes RA, Miller DH. Lamotrigine for neuroprotection in secondary
progressive multiple sclerosis: a randomised, double-blind, placebo-
controlled, parallel-group trial. Lancet Neurol. 2010;9:681-8.
Giovannoni G, Knappertz V, Steinerman JR, Tansy AP, Li T, Krieger S,
Uccelli A, Uitdehaag BMJ, Montalban X, Hartung HP, et al. A rand-
omized, placebo-controlled, phase 2 trial of laquinimod in primary
progressive multiple sclerosis. Neurology. 2020;95:1027-40.


https://doi.org/10.1002/glia.24047

Kamma et al. Journal of Neuroinflammation (2022) 19:45 Page 27 of 27

342. Lenercept Multiple Sclerosis Study G, The University of British Columbia
MSMRIAG. TNF neutralization in MS: results of a randomized, placebo-
controlled multicenter study. Neurology. 1999;53:457.

343. Rinker JR 2nd, Meador WR, King P. Randomized feasibility trial to assess
tolerance and clinical effects of lithium in progressive multiple sclerosis.
Heliyon. 2020;6:204528.

344. Warren KG, Catz |, Ferenczi LZ, Krantz MJ. Intravenous synthetic peptide
MBP8298 delayed disease progression in an HLA Class Il-defined cohort
of patients with progressive multiple sclerosis: results of a 24-month
double-blind placebo-controlled clinical trial and 5 years of follow-up
treatment. Eur J Neurol. 2006;13:887-95.

345, Freedman MS, Bar-Or A, Oger J, Traboulsee A, Patry D, Young C, Olsson
T, Li D, Hartung H-P, Krantz M, et al. A phase Il study evaluating the effi-
cacy and safety of MBP8298 in secondary progressive MS. Neurology.
2011;77:1551-60.

346. Results announced from phase 2 trial of MIS416 in second-
ary progressive MS suggest no benefit [https://www.natio
nalmssociety.org/About-the-Society/News/Results-Annou
nced-from-Phase-2-Trial-of-MIS416-in].

347. Romme Christensen J, Ratzer R, Bornsen L, Lyksborg M, Garde E, Dyrby
TB, Siebner HR, Sorensen PS, Sellebjerg F. Natalizumab in progressive
MS: results of an open-label, phase 2A, proof-of-concept trial. Neurol-
0gy. 2014;82:1499-507.

348. Kapoor R, Ho PR, Campbell N, Chang |, Deykin A, Forrestal F, Lucas N,

Yu B, Arnold DL, Freedman MS, et al. Effect of natalizumab on disease
progression in secondary progressive multiple sclerosis (ASCEND): a
phase 3, randomised, double-blind, placebo-controlled trial with an
open-label extension. Lancet Neurol. 2018;17:405-15.

349, Cadavid D, Mellion M, Hupperts R, Edwards KR, Calabresi PA, Drulovi¢ J,
Giovannoni G, Hartung H-P, Arnold DL, Fisher E, et al. Safety and efficacy
of opicinumab in patients with relapsing multiple sclerosis (SYN-
ERGY): a randomised, placebo-controlled, phase 2 trial. Lancet Neurol.
2019;18:845-56.

350. News releases: biogen reprots Q3 2020 results [https://investors.biogen.
com/news-releases/news-release-details/biogen-reports-gq3-2020-resul
ts].

351. Hawker K, O'Connor P, Freedman MS, Calabresi PA, Antel J, Simon J,
Hauser S, Waubant E, Vollmer T, Panitch H, et al. Rituximab in patients
with primary progressive multiple sclerosis: results of a randomized
double-blind placebo-controlled multicenter trial. Ann Neurol.
2009,66:460-71.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.nationalmssociety.org/About-the-Society/News/Results-Announced-from-Phase-2-Trial-of-MIS416-in
https://www.nationalmssociety.org/About-the-Society/News/Results-Announced-from-Phase-2-Trial-of-MIS416-in
https://www.nationalmssociety.org/About-the-Society/News/Results-Announced-from-Phase-2-Trial-of-MIS416-in
https://investors.biogen.com/news-releases/news-release-details/biogen-reports-q3-2020-results
https://investors.biogen.com/news-releases/news-release-details/biogen-reports-q3-2020-results
https://investors.biogen.com/news-releases/news-release-details/biogen-reports-q3-2020-results

	Central nervous system macrophages in progressive multiple sclerosis: relationship to neurodegeneration and therapeutics
	Abstract 
	Background
	Clinical aspects of progressive MS
	Clinical course of MS
	Inflammation and demyelination in MS

	CNS macrophages and progressive MS
	Types of CNS macrophages
	Classification and activation of CNS macrophages
	CNS macrophages in MS pathophysiology
	CNS macrophages in the MS brain
	Lesion composition
	Active lesions 
	Mixed active–inactive lesions 
	Inactive lesions 


	CNS macrophages in normal appearing CNS
	Identifying increased CNS macrophage reactivity in the progressive MS brain

	Microglia and macrophage role in neurodegeneration
	Extracellular factors regulating microglia and macrophages
	Iron
	Blood–brain barrier leakage
	Meningeal inflammation

	Release of neurotoxic factors by microglia and macrophages
	Reactive oxygen and reactive nitrogen species
	Glutamate release

	Sustained pro-inflammatory cytokine production
	TNF-α
	IL-1β
	Cytokine induced RNA binding protein dysfunction


	Progressive MS therapies
	Disease-modifying drugs approved for progressive MS
	S1P receptor modulators
	B-cell depletion
	Immunosuppressants
	Beta-interferon

	Ongoing trials for progressive MS
	Dimethyl fumarate
	Ibudilast
	Lipoic acid
	Masitinib
	Simvastatin

	Treatment trials with negative results

	Conclusion
	Acknowledgements
	References


