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Abstract

Glial subtype diversity is an emerging topic in neurobiology and immune-mediated neurological
diseases such as multiple sclerosis (MS). We discuss recent conceptual and technological advances
that allow a better understanding of the transcriptomic and functional heterogeneity of
oligodendrocytes (OLs), astrocytes, and microglial cells under inflammatory—demyelinating
conditions. Recent single cell transcriptomic studies suggest the occurrence of novel homeostatic
and reactive glial subtypes and provide insight into the molecular events during disease
progression. Multiplexed RNA /n situ hybridization has enabled ‘mapping back’ dysregulated
gene expression to glial subtypes within the MS lesion microenvironment. These findings suggest
novel homeostatic and reactive glial cell type function both in immune-related processes and
neuroprotection relevant to understanding the pathology of MS.
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Tools and Concepts for Glial Subtype-Specific Transcriptomic Profiling

Multiplex RNA transcriptomic technologies, introduced over two decades ago, have
revolutionized the investigation of biology and human disease. Recently, techniques such as
single-cell and single-nuclei RNA-sequencing (scRNA-seq and snRNA-seq; see Glossary)
and spatial transcriptomics have been applied to study human brain gene regulation with
high resolution (Figure 1). This has been a major advantage over previous ex vivo
approaches that do not reflect the transcriptomic state of tissue resident cell types,
considering the tissue microenvironment and their interaction with surrounding cells [1,2].
Classical ex vivo approaches have also favored studying myeloid cell types including
monocytes and brain macrophages, which are easier to isolate and examine in culture than
neurons or macroglial cells. It is now feasible to disentangle complex molecular and cell-
type-specific diversity of neuroglial, innate, and adaptive immune cells under
neuroinflammatory conditions, such as multiple sclerosis (MS) in humans. MS pathology is
highly heterogeneous [3] and affects both gray matter (GM) and white matter (WM) areas
of the central nervous system (CNS) [4].

Until recently, it has not been possible to dissect the cell-type-specific molecular changes
within lesion and non-lesion areas in an unbiased way. With respect to MS and
experimental autoimmune encephalomyelitis (EAE), a widely used MS model in rodents,
snRNA-seq has proven a good method to isolate individual nuclei from frozen tissues for
neuron and glial-cell-type-specific transcriptomic profiling [5,6]. SSRNA-seq has proven to
be a robust technique to isolate and sequence cells lacking long processes from fresh tissues
using flow cytometric cell sorting, such as myeloid cells including microglia [1,7,8],
astrocytes [9], and oligodendrocyte progenitor cells (OPCs) [10]. In combination with
transgenic mouse models, cell-type-specific CNS gene expression studies have enabled
research into early and late phases of neuroinflammation and make it possible to address
certain questions related to subtype-specific reactive glial cell states along this temporal
trajectory. Additionally, key transcriptomic features have been mapped back to the inflamed
human MS tissue by spatial profiling using multiplex RNA /n situ hybridization techniques
[5,6,8] and imaging mass cytometry [11,12]. This unprecedented, detailed view of the cell-
type-specific transcriptomic landscape has resulted in a new understanding of reactive glial
subtypes at various inflammatory lesion stages in time and space. However, deciphering
such complexity has challenges.

Several issues arise when conceptualizing strategies to deconvolute the cellular and
molecular landscape of inflammatory demyelination in both human MS and respective
animal models. A major consideration is the relationship between shared and divergent glial-
cell-type-specific pathologies across different anatomical locations and inflammatory lesion
stages. For example, glial subtype diversity becomes crucial during an inflammatory insult
with a shift from a homeostatic/resting to a reactive/disease state, which then may have
dichotomous fates, with either reparation or continued effector pathology that ultimately can
contribute to dictating the tissue response and fate during lesion progression (Figure 2, Key
Figure). It is likely that these cell-type-specific trajectories during lesion progression are
inextricably linked to the spatial position of the cell type within the surrounding
microenvironment. In particular, both homeostatic and reactive glial subtypes can occur side
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by side in normal-appearing (homeostatic) and demyelinating lesion (reactive) areas with
respect to MS pathology.

The purpose of this review is to provide a comprehensive overview of glial subtype diversity
(Box 1) in inflammatory demyelination with an emphasis on transcriptomic profiling in
human MS and its animal models (Figure 3). We summarize the present knowledge of the
spatial and temporal trajectories of homeostatic and reactive glial cell types under
inflammatory—demyelinating conditions and how they can contribute to tissue damage and
remodeling in MS (Figure 4). We review recent findings that provide novel perspectives on
cell-type-specific pathological mechanisms that might be targeted by rational therapeutics in
MS, as well as in other chronic inflammatory—demyelinating diseases.

Subtype Diversity of Precursor and Myelinating OLs: Implications for MS

and Experimental Inflammatory Demyelination

Isolation of intact OL lineage cells, including precursor and myelinating cells, from brain
tissues is challenging and possibly the reason why less information about molecular
subtype-specific markers is available, compared with cells of the myeloid cell lineage.
However, recent studies have shown diverse functions for OPCs in health and demyelination
[13]. In response to an inflammatory insult, OPCs, such as NG2 progenitor cells, with a core
set of physiological properties including expression of voltage-gated Na* channels and
ionotropic glutamate receptors [13], have the potential to become reactive and
‘inflammatory’ cells (Figure 2). These cells are characterized by their capacity to release
chemokines, as well as execute phagocytosis and antigen cross-presentation to cytotoxic
CD8* T cells, thus firmly establishing them as a major components of the innate immune
response in the CNS of both mice and humans [10, 14-17]. In addition, OPCs have diverse
homeostatic functions, including angiogenesis [18], the formation of synaptic connections
with neurons, the production of the neurotransmitter glutamate, and the capacity to provide
energy in the form of lactate for neurons via monocarboxylate transporters [19-21] —a
scenario that becomes important under chronic hypoxic tissue damage as observed in MS
lesions [22]. Another key function of homeostatic OLs is ion buffering and maintenance of
axon integrity through potassium homeostasis by channels such as KIR4.1 [23,24]; this is
relevant as the expression of this channel has been reported to be downregulated at the
protein and RNA levels in chronic MS lesion areas in postmortem brain tissues relative to
healthy controls [6,25].

Initial RNA-seq studies of postnatal OPCs taken from the brain and spinal cord of mice
suggested a remarkable degree of similarity in transcriptomic profiles [26]. However, recent
work using sc/snRNA-seq and proteomic studies has highlighted a high level of
transcriptomic heterogeneity comprising several immature OPC and myelinating OL
subtypes (Box 2, Figure 3), especially under chronic inflammatory—demyelinating
conditions such as mouse EAE and human MS [5,10,27]. Although subtype-specific
transcriptomic profiling of OL lineage cells helps understand the diversity across anatomical
regions and lesion versus non-lesion areas, future studies need to assess if the diversity in
gene expression translates into functional heterogeneity of subtypes in health and disease.
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From another angle, under inflammatory—demyelinating conditions (lesions) in both mice
and human MS, the exposure of OPCs to cytokines such as interferon (IFN)-y can suppress
differentiation into mature OLs; it can also activate canonical cytokine transcriptional
pathways in mice [28,29]. Of note, OPCs can also phagocytose antigens, which then
undergo endolysosomal processing resulting in the functional presentation on MHC class |
and Il molecules and subsequent activation of CD8* and CD4* T cells (Figure 3) [10,16,30].
Moreover, the specific activation of immunoproteasome subunits in OPCs by IFN-y
mediates crosspresentation of exogenous antigens to cytotoxic CD8* T cells, which in turn
can kill OPCs as target cells, as shown in an adoptive transfer T cell mouse model [16].
While the capacity of antigen presentation is well described in dendritic cells (DCs), it
appears that OPCs retain this capacity perhaps as an intrinsic mechanism to facilitate
clearance of virus during CNS infections [15,31,32]. Crosspresentation is advantageous in
the short term for clearing pathogens but in the setting of chronic inflammation, as it occurs
in autoimmune diseases such as MS, it could be deleterious and might potentially explain
the paucity of OPCs and failed remyelination in some cases of MS (Figure 4).

In some pathological descriptions of MS postmortem tissues there are dysfunctional OPCs
or premyelinating OLs, which fail to differentiate into mature myelin-producing OLs [33].
These may be transcriptionally reprogrammed to perpetuate inflammation, as demonstrated
by the presence of OL lineage cells that are immunoreactive for the markers SOX10 and
PSMBS, only in areas of demyelination in MS brain tissues [16]. The proliferative and repair
capacity of OPCs can be further suppressed by contact-dependent inhibition with
glycoprotein-expressing cells, such as neighboring NG2* OPCs or CD44™ reactive
astrocytes, even in areas without myelin; and also, by interfering with their beneficial role in
tissue repair after experimental demyelination in mice, as shown in demyelinated MS lesions
[34,35]. In addition, OPC differentiation and remyelination can be suppressed by glial
released products such as chondroitin sulfate proteoglycans and hyaluronans, as shown in
lysolecithin-induced demyelination [36,37]. Therefore, developing treatments that
specifically target proteoglycans or interfere with proteoglycan signaling might provide an
interesting option to ideally promote repair and OPC differentiation.

Recent work has highlighted the role of aging and cellular senescence in limiting
remyelination by OPCs. Specifically, aged mice (10-12 months old) fail to remyelinate after
focal lysolecithin-induced glial toxic injury due to impaired OPCs and can be rescued by
heterochronic parabiosis with circulating factors from young mice (5-7 weeks old)
including CCR2* monocytes [38]. Indeed, the beneficial roles of transforming growth factor
(TGF)-B, activin, insulin-like growth factor (IGF)-1, and interleukin (IL)-411, highlight the
inducible nature of OPCs in response to alternatively activated macrophages [39-41]. Also,
old mouse OPCs are less capable to remyelinate due to epigenetic restraints driven via
inefficient histone deacetylase (HDAC) recruitment to relevant genomic regions [42].
Nonetheless, the net balance in disease, especially over time, is for remyelination to fail, and
recent efforts suggest that dysfunctional metabolic pathways associated with aging may be
an explanation, at least in part [43]. Indeed, OPC senescence in mice, which can be part of
the normal aging process and might be related to increased tissue stiffness during aging via
PIEZOL1 signaling [44], could be rescued through induction of AMP kinase by metformin; a
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drug used to treat type 2 diabetes mellitus [45]. Ablating senescent OPCs with the senolytic
compounds dasatinib and quercetin attenuates deficits in an Alzheimer's disease model
(APP/PS1 mutant mice), relative to untreated mice [46]. On the one hand, whether intrinsic
or acquired deficits in early precursor lineages also contribute to disease remains unclear;
however, recent work with human induced pluripotent stem cells (iPSC) lines from
individuals with MS raises the possibility that these cells may also be susceptible to
becoming dysfunctional and have senescent or even toxic profiles [47-49]. On the other
hand, human postmortem tissue studies have demonstrated that remyelination can be
extensive in aged MS brains, albeit, without knowing when the remyelination had happened
during their lifetime [35,50]. These age-related features are therefore important when
considering the development of future candidate cell-based treatments using human iPSC
cells to promote CNS repair in diseases such as MS.

In addition, these studies have raised the question of whether new myelin formation in MS
lesions can originate from pre-existing old OLs or can be the consequence of enhanced OPC
proliferation and differentiation of new OPCs into myelinating OLs [51]. This is of
particular interest, as old OLs might exhibit a reduced repair capacity versus younger
counterparts. To address this issue, individual nuclei from OL cells were isolated; genomic
integration of 14C (radiocarbon dating) was measured in samples derived from human
postmortem brain tissues, including different types of MS lesions [52]. As the presence of
14C indicated that these cells would have been present for decades, it has been concluded
that the majority of OLs in MS lesions might originate from pre-existing, rather than
dividing and newly generated cells. Such studies and MS lesion snRNA-seq data [6] support
the conclusion that OLs may have a limited regenerative potential in chronic demyelinated
MS lesions, perhaps due to OL differentiation block, or age-related limitations due to
remyelination failure in MS [53], warranting further investigation.

In addition, genetic outside variants, SNPs with only weak linkage disequilibrium to risk
genes identified in genome-wide association studies [54], may interact with risk SNPs to
influence target gene expression mediating CNS-specific cell-intrinsic risk that might
account for impaired OPC maturation and incomplete remyelination [55]. This highlights
recent developments that aim to link genomic variants — potentially indicating a specific
disease risk — to cell-type-specific functions and properties utilizing novel single-cell omics
approaches [56,57]. Further, there is growing evidence that subsets of mature OLs and
neurons exhibit overlapping features of immune activation and oxidative stress in response
to the perpetual inflammation and demyelination occurring in lesion and non-lesion areas
[6]. Stressed and degenerating OLs at the lesion rim express MHC class | and express genes
associated with iron overload similar to myeloid cell subtypes [6] (Figure 2), and it is likely
that they contribute to the persistent ‘phase rim” seen on susceptibility-weighted magnetic
resonance imaging (MRI) in chronic-active MS lesions [58]. Humoral factors secreted by
lymphoid aggregates in the meninges are another pathological feature that can further
contribute to OL pathology and subpial demyelination, a hallmark of cortical lesion
pathology in MS [59]. Finally, there is evidence that motor learning can stimulate and
enhance the remyelinating capacity during development experimental demyelination in
mice, providing additional insight into the putative beneficial properties of OLs during
inflammatory demyelination [60,61].
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In summary, OL lineage cells seem to be comprised of two distinct populations: an abundant
proliferative OPC pool with diverse functions, and mature myelin producing OLs with large
metabolic demands. It is reasonable to hypothesize that OPCs likely play an important
supportive role in homeostasis but can also respond to tissue injury either by differentiating
into new OLs or by facilitating immune responses, depending on microenvironmental cues.
While it is well established that immune OPCs fail to make myelin and can promote
cytotoxicity resulting in their depletion, it is unknown whether their transcriptional profile is
associated with a terminally differentiated phenotype or is reversible upon resolution of
inflammation. As a successful remyelination would not only afford recovery of rapid axonal
conduction but also be neuroprotective, it therefore represents a pressing therapeutic goal in
MS to ideally help improve clinical outcomes.

Astrocyte Subtype Diversity: Relevance for MS and Experimental

Inflammatory Demyelination

Owing to their prominent histopathological contribution to MS, reactive or gliotic astrocytes
[62] have become eponymous to the disease: the demyelinated core of the multiple focal
lesions consists of a dense network of astrocytic processes, which build the sclerotic scar
[3,63].

While traditionally thought to be a homogeneous population, transgenic mouse studies have
shown diversified developmental programs, as well as diversified expression and functions
of resting astrocytes [64-66]. Recent work in mice has demonstrated that reactive astrocytes
can adopt at least two different polarization states based on their transcriptomic signature
and functional properties, also depending on the injury modality [67,68] (Figure 2). Reactive
astrocytes expressing complement factors such as C3and Serpingl, a regulator of the
complement system [67], have been described as an ‘A1’ subtype that can be rapidly
induced after systemic administration of lipopolysaccharide (LPS) in mice [67] and have
been found in a subset of inflammatory MS lesions [68]. By contrast, other reactive
astrocytes are linked to brain ischemia and were previously called A2 [67,68]. Other
panreactive astrocyte markers such as Lcn2and Cxcl/10are strongly induced in both Al and
A2 subtypes [67,68] and can facilitate the recruitment of T cells, as shown in loss-of-
function studies in mouse EAE [69,70], providing further evidence that reactive astrocytes
can actively modulate adaptive immune cell function [71,72]. In fact, inflammatory
astrocytes rely on an intimate crosstalk with microglia and, with respect to the Al subtype,
can become polarized by microglia-mediated secretion of the proinflammatory cytokines
IL-1a., tumor necrosis factor ( 7VF), and by C1q [68]. Notably, activation of nuclear factor
(NF)-xB signaling in astrocytes can induce C3 production [73], and inhibition of the
pathway has decreased cytokine and chemokine release [e.g., 7NVF-a, IFN-y, and
chemokine CC ligand (CCL)5] and has been shown to be neuroprotective, as evidenced from
ameliorated pathology and neurological symptoms in mouse EAE [74].

Traditionally, the astroglial scar was thought to be an inhibitory barrier to repair and axonal
regrowth in particular owing to the abundance of chondroitin sulfate proteoglycans [75].
However, recent work using transgenic mouse models to prevent the formation of astrocytic
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scars in spinal cord injury has revealed that reactive scar astrocytes can also promote
neuronal plasticity and actively contribute to axonal regeneration in the presence of
neurotrophic factors such as NT-3 and brain-derived neurotrophic factor (BDNF) [76]. Scar-
forming astrocytes not only express axon-growth-supporting molecules but are also crucial
in maintaining tissue integrity [76] and in shielding the spread of immune cell infiltration
[77]. These features illustrate that reactive astrocytes can have beneficial functions in
addition to their detrimental effects on enhancing tissue inflammation and neuronal damage,
which might also be the case in MS (Figure 4).

With respect to cytokines and soluble factors, reactive astrocytes can respond to
environmental and microglial stimuli through type I IFN and aryl hydrocarbon receptor
(AHR) signaling as shown in EAE mice and MS lesions [78] or, as shown in a follow-up
study in EAE mice, through ErbB1 and vascular endothelial growth factor receptor
(VEGFR)1 signaling in microglia [79]. For example, microglia-driven A#rloss-of-function
strategies in EAE mice helped in the understanding of the crosstalk between astrocytes and
microglia and how this essential interplay can be regulated by microbial metabolites in the
context of inflammatory demyelination [79]. This sheds light on other recent studies in mice
and humans suggesting that the microbiome can directly stimulate regulatory T and B cells,
which can then migrate to the brain to regulate pathology in EAE and MS [80-82]. In
another set of sScCRNA-seq and astrocyte-specific chromatin sequencing experiments in both
mouse EAE and human MS, decreased Ar72expression and conversely increased Mafg
expression were reported in EAE astrocytes relative to controls [9]. This suggested that
certain reactive astrocytes might have a reduced capacity to protect against oxidative stress —
an important pathological feature in MS/EAE pathology [83], as recently shown in a set of
scRNA-seq studies in mouse EAE focusing on myeloid cell subtypes [84]. This
proinflammatory astrocyte subtype can be expanded though granulocyte—-macrophage
colony-stimulating factor (GM-CSF), produced by T cells [9]. Therefore, astrocytes can be
polarized in various ways, which can result in reciprocal responses that either promote (e.g.,
through VEGFR1 and MAFG) or control (e.g., through type | IFN and ErbB1) inflammation
and scar formation.

Morphologically, astrocytes divide into two broad regionally restricted categories:
protoplasmic astrocytes of GM and fibrous astrocytes of WM areas (Figure 4) [85].
Transcriptomic profiling in mice has suggested substantial molecular heterogeneity between
astrocytes from different anatomical locations, including the cerebral cortex, olfactory bulb,
hippocampus, striatum, thalamus, hypothalamus, midbrain, cerebellum, and spinal cord
[72,86-92]. Therefore, it is likely that astrocyte diversity might be a key determinant of the
fate of MS lesions that can occur throughout the entire CNS. However, it is unclear to what
extent the discovery of astrocyte subtypes under homeostatic conditions translates into
discrete region-specific reactive astrocyte signatures during inflammatory demyelination and
whether there are actually disease and species-specific differences between rodents and
humans with respect to EAE and MS. Recently, based on snRNA-seq and transcriptomic MS
lesion mapping, dysregulated genes could be mapped back to either GM or WM astrocytes
[6]. Accordingly, striking differences between cortical and subcortical astrocyte reactivity in
MS lesions have been previously reported [35,72]. Specifically, GM astrocytes in cortical
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human MS lesions appeared to harbor decreased expression of genes involved in glutamate
and potassium homeostasis (SLC1AZ, GLUL, and KCNJ10), whereas WM astrocytes in
subcortical lesion areas are characterized by upregulated marker genes GFAPand CD44,
transcription factors BCL6and FOS as well as EDNRB [6] (Box 3, Figure 3). Notably,
endothelin receptor B (EDNRB) signaling has been reported to negatively regulate
remyelination in focal lysolecithin-induced demyelination in mice [93], and CD44 is a
receptor for hyaluronan that blocks OPC differentiation in mice [37].

These findings suggest that differences in WM and GM characteristics might contribute to
different outcomes and severity of inflammatory-demyelinating lesions in MS, with or
without underlying meningeal inflammation. Several reports in mice and humans indicate
that marginal astrocytes in subpial areas of the cerebral cortex have unique properties
distinct from protoplasmic astrocytes of other cortical layers based on gene expression
[6,88,92,94,95], morphology [96], and electrophysiological [94] properties, and share
characteristics of fibrous astrocytes, for example, high expression of /d3and Gfap
[86,92,95]. It is possible that the pathological involvement of marginal astrocytes in subpial
MS lesions is crucial for meningeal disintegration resulting in immune cell infiltration and
influx of inflammatory cytokines into cortical areas, but this remains to be tested [97]. In
addition, astrocytes play important roles in blood-brain barrier integrity, establishing ion
and water homeostasis, and this can be compromised under inflammatory—demyelinating
conditions as observed in neuromyelitis optica (NMO), a condition similar to MS with the
presence of antibodies and T cells targeting the astrocyte-specific water channel, AQP4
[98,99]. Further, dysregulation of AQP4 and other astrocyte-specific ion channels such as
KIR4.1, have been described in MS lesions [25,100]. Recent data also emphasize the
possibility that anti-AQP4 antibodies might promote leukocyte transmigration across the
blood-brain barrier as suggested from /n vitro astrocyte coculture assays, although this
remains to be further tested [101]. It is reasonable to speculate that these findings might be
directly linked to maladaptive events driven by a subset of reactive astrocytes that eventually
worsen pathology in MS and related diseases — a possibility that merits further attention.

Of note, subcortical WM lesions are known to be more aggressive and expansive compared
with GM lesions in MS [102,103]. For example, the gene encoding for the immune-
attractant lipocalin-2 (Lcn2) has been reported to be upregulated in reactive EAE astrocytes
from WM versus GM areas and spinal cord [72]. Astrocytes in MS WM lesions have also
been characterized by the intracellular presence of myelin in combination with upregulation
of the lysosomal marker LAMP1 and the cell surface scavenger receptor LRP1 — important
for uptake of lipoproteins [104]. This suggests a capacity to digest myelin debris and a
function for reactive astrocytes in MS. Although phagocytosis and synaptic stripping has
been classically linked to microglia and myeloid cell function, a recent report found that
astrocytes can ‘prune’ excitatory synapses [105]. Reactive mouse astrocytes can lose their
synapse-pruning role under inflammatory conditions /n vitro [68]. Notably, clearance of
myelin is a key mechanism enabling the proper repair of damaged WM [106]. During
development, the complement cascade and MHC molecules are involved in the elimination
of neurological synapses [89], and overactivation of these pathways might result in
degradation of synapses and concomitant neurodegeneration, representing an important
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feature of MS pathology (Figure 4) [72]. Indeed, in EAE, astrocyte-derived transcripts of the
complement pathway have been reported to be enriched in the optic nerve suggesting further
region-constrained heterogeneity in response to inflammatory demyelination [72]. Thus,
together with their role as antigen-presenting and potentially phagocytosing cells, reactive
astrocytes can adopt functions of classical innate immune cell types in a possibly region-
restricted manner.

In recent years, it has become clear that homeostatic astrocytes exhibit a high level of inter-
regional diversity throughout the CNS, as observed by transcriptomic, functional, and
morphological studies. More recent studies also suggest that there is a similar if not higher
degree of subtype diversity across different reactive astrocyte subtypes. These subtypes
might have detrimental and beneficial functions, which might be modulated by the regional
microenvironment. It will be important to fully characterize the breadth of astrocytes
subtypes so that these might be potentially targeted in a stratified manner in putative future
MS therapies.

Microglia and Myeloid Subtype Diversity: Impact in MS and during

Experimental Inflammatory Demyelination

Besides their homeostatic functions, including roles in cleaning debris, regulating synapse
development/plasticity and myelination, reactive microglia are found in a number of CNS
diseases across species, which includes inflammatory—demyelinating conditions such as MS
and its related animal models [107,108]. However, until recently, determining the presence
and functions of microglia versus infiltrating monocytes has been challenging due to the lack
of cell-specific markers and methodological tools. Dissecting the different myeloid cell
populations including microglia subtypes is therefore vital for improving our understanding
and treatment of MS, which is characterized by blood-brain barrier dysfunction and
transmigration of immune cells into the brain (Figure 2).

Microglia are key drivers of the inflammatory process and in propagating degeneration
across multiple diseases. This includes microglial function in driving reactive astrocyte
subtypes, for example, via the production of inflammatory molecules C1q, TNF, and IL-1a
[68]. Another key function of microglia in the diseased CNS is the dismantling of neuronal
synapses. During normal development of the healthy CNS, microglia engulf and eliminate
synaptic connections that initially form in excess (i.e., synaptic pruning) — an essential
mechanism during development, and for fine-tuning neuronal circuits [109]. Recent work
has shown a similar function leading to synapse loss in inflammatory demyelinating disease;
several studies have demonstrated synapse loss in MS [110,111] and mouse EAE [112-114].
Profound synapse loss was demonstrated in the thalamus of human MS by immunoreactivity
for glutamatergic synapses, as well as in marmoset and mouse EAE brain tissue samples
postmortem [115] relative to corresponding controls. Moreover, synapse loss in EAE was
attributed to a C3-dependent mechanism and attenuated by viral expression of a C3 inhibitor
at glutamatergic synapses in the thalamus [115]. In these models, C3-dependent synapse loss
always occurred in the presence of T lymphocytes and reactive astrocytes and, notably, could
occur in the absence of significant demyelination or axonal pathology [115] (Figure 4). This
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is relevant as it raises the possibility that synapse loss and GM atrophy in this model might
occur independently from other MS-related pathological events along WM fiber tracts.
Indeed, these new data are intriguing in light of recent work in humans demonstrating that
visual system pathology in MS — measured by optical coherence tomography — is highly
correlated with the expression of genetic variants in complement genes, including C3 [116].
These studies open a new avenue to explore complement- and microglia-mediated synapse
loss in MS pathology and raise the question of whether microglia that engulf and eliminate
synapses can represent a specialized subset of microglia that might be therapeutically
targeted.

Besides roles in driving the degenerative process in the CNS, microglia can play
regenerative roles in myelin repair [117]. For instance, microglia-derived endothelin-2 and
microglia necroptosis can promote OPC differentiation and remyelination [41,118,119],
which might change during aging when microglia can inhibit OPC differentiation through
TGFB-dependent signaling [120]. In the young adult CNS, studies using a focal lysolecithin-
driven model in mice have shown that many microglia in the diseased condition first assume
a more reactive, inflammatory profile including expressing the markers inducible nitric
oxide synthase (iNOS), TNF, and CCL2, and then undergo necroptotic cell death [41,119].
These proinflammatory cells undergo necrotic cell death followed by a second wave of
proregenerative myeloid cells characterized by the markers Arg-1, CD206, and IGF, that
promote remyelination, likely through type I IFN signaling, although this remains to be
further tested [117]. This is interesting in the context of recent work in mice suggesting that
CD11c* microglia within the developing brain promote myelination, and a population of
CD11c* cells expands in both focal and multifocal inflammatory—demyelinating mouse
models [121,122]. scRNA-seq and proteomic studies in mouse EAE have shown that this
CD11c* population steadily increases from disease onset to peak disease, and then decreases
in chronic disease phases, suggesting that this cell subtype might be associated with the
early inflammatory phase of demyelination [123,124]. Thus, it is intriguing to consider that
these CD11c* microglia might be proregenerative, myelinogenic cells, in the context of
demyelinating diseases such as MS, and perhaps a potential therapeutic target for promoting
regeneration.

Recent cell type-specific RNA-seq [7,8] and myeloid-cell-specific proteomic studies
[123,124] resulted in a clearer picture of the diverse peripheral and CNS-derived myeloid
cell types, including microglia, under inflammatory—demyelinating conditions (Box 4).
These studies have demonstrated that CNS-derived myeloid cells can be further subdivided
into diverse homeostatic and reactive subtypes [1,8]. Through this work, Hexb was identified
as a novel panmicroglia core gene in mice [125], and genes such as TMEM119and P2RY12
were identified to distinguish resident, homeostatic microglia from reactive, disease-
associated microglial subtypes expressing markers such as CLEC7A, SPP1, APOE,
GPNMB, CD163, and CD74, which overlap in humans [6,8,126] and mice [1,7,8] (Figure
3). Another single-cell study in EAE further subdivided disease-associated microglia into
four distinct subclusters; all of which are associated with demyelinated lesions and express
LY86[7]. Ccl4 expression also identifies a major population of activated myeloid cells under
inflammatory—demyelinating conditions, including MS lesions [1,8,127]. Previous studies in
mice have also suggested marker genes Mrc1, Lyvel, and Siglecl as being associated with
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CNS-derived myeloid cells, versus Ly6c2and Ccr2being associated with monocyte-derived
myeloid cells [7], but the relevance of these markers in human MS pathology requires
further investigation. Beyond identifying cell-type-specific markers, SSRNA-seq has
furthered our understanding of cell-type-specific functions of microglia and other
macrophage populations. For example, microglia were considered the antigen-producing
cells of the CNS. However, scRNA-seq in mouse EAE has revealed that the most prominent
antigen-presenting cell gene signature in the CNS is from peripheral hematopoietic stem-
cell-derived cells, versus resident CNS microglia [7]. Live imaging has further revealed that
Ccr2* peripheral-derived myeloid lineage cells have longer contacts with encephalitogenic T
cells in EAE mice [7]. This is coupled with work showing that the most efficient antigen
presentation during EAE is via DCs [32,128-130].

Further studies in subcortical human MS lesions (postmortem) [6,131,132] and EAE
marmosets [133] have demonstrated that the majority of iron-laden myeloid cells present in
chronic-active lesions surrounding blood vessels and along the lesion rims (sometimes
referred to as slowly expanding or ‘smoldering’ lesions) could be identified by a mix of
reactive markers such as the hemoglobin-haptoglobin receptor CD163 and iron storage
markers hepcidin and ferritin light and heavy chains, linking myeloid cell activation to
dysregulated iron homeostasis [6,131-133]. These chronic-active MS lesions are associated
with long-term disability and have been shown by 7-tesla MRI to grow in space and time
[134,135]. The findings thus beg a further understanding of how iron accumulates, and to
what extent it can impact microglial and other glial cell functions, and under which
circumstances it might contribute to chronic tissue damage and disease progression.

With new Cre recombinase mouse lines and pharmacological strategies to ablate microglia
with Csflr kinase inhibitors [125,136-140], the ability to more specifically manipulate and
dissect functions of myeloid cells under inflammatory demyelinating conditions is being
realized. Recent studies have revealed a complex function for microglia with both
detrimental and beneficial roles in the disease process. For example, when 7akZ — a key
transcriptional regulator of inflammation — is deleted in microglia under the transcriptional
control of Cx3cr1, EAE is attenuated [46]. Using a Csflr kinase inhibitor to ablate microglia
in cuprizone-induced demyelination in mice, prophylactic treatment blocked excessive
demyelination; and, treatment after demyelination onset enhanced GM but not WM
remyelination [47,48]. Similarly, administration of a Csflr kinase inhibitor after EAE
induction attenuated disease severity and promoted recovery [49]. This is, however, in
contrast to earlier work that used either minocycline to dampen inflammation or clodronate-
liposome-mediated macrophage depletion in spinal cord demyelination to show impaired
remyelination [50,51]. Of note, Csflr inhibition affects other myeloid-lineage populations
and, possibly binds platelet-derived growth factor receptor (PDGFR)a on OPCs at high
enough doses; therefore, conclusions regarding microglial specificity should be coupled with
other more microglia-specific gene-targeting strategies [141,142]. In summary, these studies
provide initial first evidence for a direct functional, albeit multifaceted role, for myeloid
cells under inflammatory demyelination.

Another important aspect of microglial biology is some of the putative and beneficial roles
that have been ascribed to reactive, proinflammatory, microglia subtypes. For instance, it is
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well established that myelin debris is inhibitory to remyelination, and early clearance by
reactive microglia appears to be an important event in the regenerative process [106,143].
Moreover, using Myd88~~ mice and zebrafish, a recent study has found that
proinflammatory MyD88-dependent responses were essential for microglial degradation of
myelin and for promoting remyelination [144]. Similar results have been identified in mice
deficient for triggering receptor expressed on myeloid cells 2 (77emZ2™~ mice) — an
immunoglobin superfamily receptor necessary for transition from a homeostatic to a disease-
associated reactive phenotype [145-147]. Of note, cuprizone-induced demyelination in
Trem2™~ mice resulted in failure of microglia to fully transition to a reactive phenotype and
demonstrated defects in microglial clearance of myelin debris, leading to impaired
remyelination [148,149]. Similar impairments in myelin clearance and impaired
remyelination have also been observed in fractalkine-receptor-deficient Cx3crZ ™~ mice,
which are highly enriched in microglia relative to controls [150], emphasizing the important
role of myeloid cells in tissue repair during inflammatory demyelination. In cuprizone and
Pelizaeus—Merzbacher disease mouse models, myelin fragments that fail to degrade were
found and can associate with lipofuscin granules within microglia [151] — a process also
observed during normal aging. In this study, accumulation and failure of myelin degradation
was exacerbated upon microglia-specific ablation of Rab7, which interfered with the
lysosomal pathway of protein degradation, including myelin glycoproteins [151]. Consistent
with sustained undigested myelin material, a recent snRNA-seq study has found a myeloid
cell subtype in postmortem MS brain tissue that is enriched for myelin transcripts [6]. As
further validation /n vitro, upon myelin phagocytosis, microglial cells can retain myelin
RNAs for several days. However, the consequences of undigested myelin RNA, lipids, and
protein, to reactive microgliosis and inflammation in MS remain open questions, but
certainly merit further attention.

In summary, microglia and other myeloid lineage cells play diverse roles in the MS brain.
These roles can be detrimental and lead to propagation of inflammation, tissue destruction,
and CNS atrophy. However, both pro- and anti-inflammatory microglia can play beneficial
roles in clearing debris and promoting regeneration. With the same cell type performing
seemingly opposing roles, targeting these cells to potentially slow neurodegeneration and
promote regeneration remains challenging. Technological tools, the identification of new
molecular mechanisms by which microglia contribute to multiple components of the disease
process, as well as achieving increased ability to map these cells spatially and temporally in
the MS brain can facilitate these pursuits.

Concluding Remarks

Recent technological advances in multiplex and single-cell transcriptomics have enabled
deeper insight into glial cell type ontogeny, heterogeneity, and function under inflammatory
conditions, in which concomitant demyelination is present. Recent single-cell gene
expression studies and transcriptomic tissue mapping (Figure 1), which included
postmortem MS tissues, have further advanced our understanding of glial subtypes across
various CNS regions at different stages of inflammation (Figure 2); however, they have also
left us with remaining unsolved problems (see Outstanding Questions).
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While the glial response was initially interpreted as solely reactive, mounting evidence now
implicates reactive glial cells as effector cells that may mediate and perpetuate the immune
response and tissue injury. For example, antigen presentation via MHC class | and 11
proteins is a characteristic feature of reactive glial subtypes, which highlights important
immune-related functions of both reactive OL [5,6,10,16,32] and astrocyte lineage
[152-154] cells (Figure 3). Similar to professiona antigen-presenting cells such as DCs, glial
cells have the capacity to phagocytose antigens and present them on MHC class Il molecules
promoting a specific immune response [104,105]. However, microglia might be not as
competent at antigen presentation via MHC class | compared with DCs [32], and MHC-
class-1-expressing OPCs represent a particularly vulnerable cell population to immune cell
cytotoxicity during inflammation compared with microglia and DCs [16]. Another example
of aberrant immune signaling is the release of neurotoxic factors such as complement
cascade components that can mediate synaptic pathology and facilitate neuronal
degeneration [68,115] (Figure 3). Also, many of the MS risk gene variants in humans
originally implicated in peripheral immune responses, such as those that regulate NF-xB in
astrocytes [155,156], now appear to be expressed in a wide range of CNS glial subtypes.

Glial cell types play diverse and sometimes opposing roles in MS pathobiology. These roles
can be detrimental and, in some instances, lead to the propagation of inflammation, tissue
destruction, and CNS atrophy, as shown for aberrant immune signaling that can result in
neuronal damage via complement factors [115] and self-destruction via MHC class | antigen
presentation [16]. However, pro- and anti-inflammatory glial subtypes can also play
beneficial roles in clearing debris and promoting repair, as shown for astrocyte-mediated
myelin phagocytosis [68], or proregenerative myeloid cells [117]. With the same cell type
performing seemingly multifaceted roles, targeting these subtypes in an attempt to slow
neurodegeneration and conversely promote regeneration will prove challenging (Figure 4).

Understanding the different molecular states of glial subtypes in MS lesion pathology will
therefore be crucial to identify subtype-specific therapeutic targets. Of note, in that sense,
MS pathobiology is unique and different compared with other primarily degenerative (e.g.,
Alzheimer’s disease) or inflammatory (e.g., viral encephalitis) diseases, which lack recurrent
phases of inflammatory—demyelinating lesions that can occur throughout the entire CNS.
Thus, strategies to decode diversity and function of glial subtypes in MS need to take into
account intrinsic transcriptomic and functional differences of glial subtypes between
anatomical compartments and CNS subregions. Furthermore, due to the relapsing-remitting
nature of MS, it could be possible that glial cells cycle between different subtypes according
to the specific inflammatory stage (Figures 2 and 4). Hence, a task for future studies
includes identifying these subtype-specific key regulators of disease processes and develop
interventional strategies to modulate glial subtype-specific pathways along spatial and
temporal disease trajectories in MS. This might also help us to better understand and
eventually promote anti-inflammatory and proregenerative cell subtypes to facilitate repair
in MS.
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Antigen presentation

display of antigen molecules on the surface of antigen-presenting cells, such as DCs, in
association with MHC class 11 molecules when presented to CD4* helper T cells, or with
MHC class | when presented to CD8* cytotoxic T cells.

Blood-brain barrier

highly selective and tightly regulated microvasculature interface comprised by different cell
types, including endothelial and specialized stromal cells such as pericytes, as well as glial
subtypes; astrocytes extend end feet to blood vessels and enwrap them to form the glial
limitans.

Central nervous system (CNS)
nervous system including gray and white matter areas of the brain, the cerebellum and spinal
cord, and adjacent fiber tracts such as the olfactory tract and the optic nerve.

Complement factors

proteins of the innate immune system; help clearance of microbes and damaged cells and
promote inflammation through opsonization, anaphylatoxins, and formation of a cell-killing
membrane attack complex.

Cuprizone-induced demyelination

toxic demyelinating lesion model, for example, to study kinetics of oligodendrocyte
precursor cell differentiation and remyelination; rodents fed the copper chelator cuprizone
develop demyelination, typically of the corpus callosum of the brain, due to OL death.

Demyelination

breakdown of normal myelin, typical of MS and related diseases; myelin sheaths and
myelin-producing cells are damaged and eventually destroyed, resulting in permanent scar
formation and damage to nerve fibers.

Experimental autoimmune encephalomyelitis (EAE)

classic and usually monophasic MS animal model, which is primarily T cell-mediated and in
which demyelination is induced by an autoimmune response against myelin proteins such as
MOG3s_55 peptide; usually results in multifocal demyelinating lesions along WM tracts.

Fibrous astrocytes
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subtype of homeostatic astrocytes based on morphological features comprising small cells
with elongated fibers associated with WM areas along the CNS.

Gray matter (GM)
essential compartment of various anatomical areas of the CNS such as the neocortex or the
hippocampus; enriched in protoplasmic astrocytes, neurons, and synapses.

Heterochronic parabiosis
shared blood circulation resulting in cross-circulation of humoral factors and cells in
multiorgan systems.

Homeostatic glia

glial cells under healthy conditions with a physiological phenotype characterized by their
diverse functions, for example, sensing of and responding to environmental stimuli,
supporting synapse and axonal firing, and regulating other surrounding neuronal and glial
cell types

Lesion stages

MS lesions can occur in both WM and GM; acute lesions are characterized by their
inflammatory activity with active phagocytosis of myelin components; chronic-active lesions
show enhanced, and chronic-inactive lesions show low-level inflammatory activity at lesion
rims.

Lipofuscin granules
lipid-containing residues derived from incomplete lysosomal digestion; considered to be a
classic pathological aging pigment, typically found in aged neurons and less in glial cells.

Lysolecithin-induced demyelination

toxic demyelinating lesion model to study the kinetics of OPC differentiation and
remyelination by focal injection of lysolecithin, (lysophosphatidylcholine), typically into
WM tracts.

Marginal astrocytes
subtype of homeostatic astrocytes found close to the meninges, (subpial astrocytes), and
blood vessels, (perivascular astrocytes).

Meningeal disintegration

process in which the physiological barrier function of the meninges is impaired and
associated with accumulation of immune cells in meningeal niches, as well as parenchymal
immune cell infiltration

Multiple sclerosis (MS)

most common inflammatory—demyelinating disease of both GM and WM of the CNS;
mainly presents in young adults with a typical early relapse-remitting stage followed by
chronic progressive disease resulting in accrual of permanent disability; pathological key
features of MS are demyelination, astrogliosis, and a variable degree of inflammation and
neuron degeneration.
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Pelizaeus—Merzbacher disease

X-linked recessive leukodystrophy, a genetic neurological disease that primarily affects
oligodendrocytes in the CNS; caused by mutations in the PLPZ gene, encoding a major
myelin protein.

Protoplasmic astrocytes

subtype of homeostatic astrocytes based on morphological features comprising large cell
bodies consisting of highly branched bushy processes associated with GM (e.qg., the cerebral
cortex).

Reactive astrogliosis

general response of astrocytes to CNS injury; astrocytes drastically change their gene
expression profile and morphology, become hypertrophic and retract their processes;
demyelinated MS lesions are composed of reactive astrocytes (astroglial scar) forming a
dense meshwork, characteristic of intermediate filaments, for example, glial fibrillary acidic
protein.

Reactive glia

general term for glial cells that respond to tissue injury and infiltrating immune cells,
playing important roles as both effector cells actively participating in tissue remodeling, and
as responsive cells reacting to the disease microenvironment.

Reactive microgliosis

general response of microglia to CNS injury with morphological features, for example,
enlarged cell bodies and contraction of processes, as well as dramatic changes in gene
expression.

Single-cell/nucleus RNA-sequencing
microfluidic technology that allows capturing and sequencing thousands of individual cells
or nuclei for subsequent cell-type-specific cluster and differential gene expression analysis.

Spatial transcriptomics

methods to perform (multiplex) /in situ RNA hybridization and spatial visualization based on
genes of interest (supervised) versus /n situ transcriptomics (unsupervised) based on
barcoded oligonucleotides that capture RNA to analyze transcripts in tissue sections.

White matter (WM)

essential compartment of various anatomical areas of the CNS; enriched in fibrous
astrocytes, oligodendrocytes, and myelinated axon fiber tracts, including short- and long-
range axons from projection neurons.
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Box 1.
CNS Glial Cell Types of Relevance in MS Pathology

OLs are the myelinating cells of the CNS and originate from OPCs. Together with
astrocytes, these macroglial cells comprise neuroepithelial derivatives as compared with
microglial cells. As demyelination is the pathological hallmark in MS, OLs have long
been recognized as natural targets in MS pathobiology. Under physiological conditions,
myelin functions in axonal ensheathment and supports saltatory conduction and axonal
integrity under developmental and homeostatic conditions [13]. Recent cell-type-specific
gene expression studies have revealed a high level of diversity during development
[26,157] and disease conditions such as in human MS [5,6] and mouse EAE [10,16]. In
particular, the finding that reactive OLs express immune-associated markers related to
antigen presentation and immune cell migration, suggests the possibility that OL lineage
cells are not just targets but also active players in disease progression and tissue
inflammation in MS [5,6,10,16].

Astrocytes are the most abundant glial cell population in the mammalian CNS with
crucial and highly specialized roles to support neurons, prune excitatory synapses [105],
establish and maintain network circuitry, as well as saltatory conduction and ion and
water homeostasis along fiber tracts [158]. These functions are compromised under
inflammatory conditions, in which astrocytes need to compensate for extracellular
disturbances in the concentration of various soluble factors such as neurotransmitters, as
well as water and ions [77]. In this sense, astrocytes can also be direct targets of the
immune response; for example, as in the context of NMO; a human disease characterized
by antibodies against the water channel protein AQP4 [99]. Astrocytes can be activated
through microglia or other immune cell subtypes that eventually result in transcriptomic
and morphological changes, such as swelling and secretion of inflammatory agents
including complement factors in both rodents and humans [68,159,160].

Microglia are yolk-sac-derived myeloid cells of the mammalian CNS with an array of
homeostatic functions during development and normal brain function, with essential roles
in regulating synapse development, pruning, and excitability, and serving as one of the
primary phagocytes and regulators of inflammation [107,108]. They have emerged as key
players in the initiation and spread of inflammation across multiple neurological diseases.
This is reflected in myriad new studies pointing to microglia as key cellular determinants
of demyelinating disease progression, neurodegeneration, and remyelination potential
[107,108,117]. Besides being possible drivers of disease progression, subtypes of
microglia are now being considered as part of the underlying etiology of several
neurological diseases including MS [161-163].
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Box 2.
OL Transcriptomic Diversity in Inflammatory Demyelination

Utilizing sScRNA-seq in human tissues, it became feasible to precisely dissect
heterogeneity of the OL lineage with the identification of several progenitor (BCAN,
PCDH15, PDGFRA, PIEZO1, SOX6, and TNR) [5,26,44,157], transitional (BCASJ,
ENPPG6, and GPR17) [26], and mature (CLDN11, LRPZ, OPALIN, PLPI1, and ST18)
[6,91] transcriptomic markers along developmental trajectories (see Figure 3 in the main
text). For example, lineage-specific marker genes encode transcription factors (SOX6 and
ST18) and proteins involved in cell—cell contact (CLDN11 and GPR17), sensing of
environmental cues (BCAN, PIEZO1, and TNR) as well as lipid and myelin formation
(LRP2, OFALIN, and PLPI). Key marker genes have been confirmed under functional
[164] and inflammatory—demyelinating conditions [5,27,165,166] and by proteomic
technologies [167]. Human studies utilizing snRNA-seq with tissues from deceased
individuals diagnosed with MS [5,6], Alzheimer’s disease [168], or major depression
[169], have implicated a high number of dysregulated genes in the OL lineage with
disease. In MS and EAE, several disease-specific enriched genes and pathways are
related to antigen presentation (B2Mand CD74) [5,6,10,16], iron metabolism (F7H1 and
FTL) [5,170], and severe cell stress (CRYAB, HSP90AA1, and MAPKS8IPI) [5,6].
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Box 3.
Astrocyte Transcriptomic Diversity in Inflammatory Demyelination

Astrocyte-specific sorting and sequencing strategies have significantly helped establish a
clearer picture of the transcriptomic signatures of both homeostatic and reactive cells in
human MS and mouse EAE. By unsupervised sSnRNA-seq and multiplex RNA /n situ
hybridization profiling of human MS lesion and non-lesion tissue areas, subcortical WM
astrocytes (CD44 and LINC01088) have been distinguished from cortical GM
counterparts (GPC5and SLC1A2), and pan-astrocyte gene signatures have been
identified (ALDHIL1, AQP4, and RFX4) [6,95] with partial interspecies overlap. Under
inflammatory—demyelinating disease states, the reactive single-cell astrocyte
transcriptome undergoes dramatic changes. These changes are driven by a number of
marker genes enriched in astrocyte subtypes as shown for MS and EAE by snRNA-seq
[6] and scRNA-seq [9] workflows. Such marker genes encode transcription factors
related to cell plasticity and immune function (BCL6, FOS, MAFG, and XBFJI) [6,9,171]
and genes related to interferon (AHR and MXZ) [68,78], metal homeostasis (CP, LCNZ,
and MT73) [6,67,172], and growth factor signaling (ERBBI), as well as complement
production (C3and SERPINGI) and extracellular matrix reorganization (CD44)
[6,67,68]. At the same time, genes encoding homeostatic proteins are downregulated
(GLUL and KCNJ10) [6].
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Box 4.
Microglia Transcriptomic Diversity in Inflammatory Demyelination

Transcriptomic analysis of peripheral and CNS-resident myeloid cells obtained from
human biopsies based on population [173] or scRNA-seq [8,174] and snRNA-seq [6,175]
workflows, revealed several homeostatic and activated cellular states. Of note, while there
are significant differences during aging [176], a large number of microglia-enriched
genes (CIQA, CSFIR, CX3CR1, DOCKS8, P2RY12, TMEM119, and TREMZ2) showed
overlap between humans and mice [1,6,8,126,163,173], suggesting similar homeostatic
and reactive transcriptomic patterns during inflammatory demyelination. Cell-type-
specific transcriptomics have demonstrated the enrichment of several key inflammatory
pathways characteristic for different myeloid cell populations in the human brain, such as
antigen presentation (CD74 and HLA-DRBI) [6-8], complement activation (CIQA,
CIQB, and C1QC) [1,6,174], iron uptake and metabolism (CD163, LCNZ and FTL)
[6,7,174], cell—cell interaction (CCL4, CXCL10, GPNMB, and SPPI) [1,6-8,177], lipid
binding (APOE) [6,8,84], phagocytosis (CD68, S100A9, and TREM?2) [6,7,145,175], and
oxidative stress (GG71and GGTLCI) [84] in MS and EAE. Note that several marker
genes such as CIQA, CD74, SPP1, and TREMZ2that are upregulated in reactive subtypes
are also expressed at baseline level in homeostatic cells.
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Highlights

Single-cell transcriptomic technologies have revolutionized our understanding of
homeostatic and reactive glial cell types during disease progression in experimental
models and in human multiple sclerosis (MS) tissue samples, which can reflect different
stages of tissue damage.

Homeostatic and reactive glial cell types show intra- and inter-regional heterogeneity in
different central nervous system (CNS) areas and within inflammatory—demyelinating
lesions.

Reactive glial subtypes are highly polarized based on morphological, transcriptomic, and
functional criteria, having seemingly opposing roles in either promoting or suppressing
inflammation and further tissue damage.

Glial subtype-specific transcriptomic profiling has helped identify novel homeostatic and
reactive subtype markers that will be useful for the development of novel biomarkers and
therapeutic targets for future studies in MS.
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Outstanding Questions

To what extent is glial cell type heterogeneity reflected in regionally diversified responses
under inflammatory—demyelinating conditions. To what extent do glial subtypes differ
across species during homeostasis and reactivity; a concept that becomes essential when
conducting preclinical studies in animal models.

Do reactive glial subtype polarization states exist and spatially change during
inflammatory lesion progression? This is a key question that needs to be addressed in
future studies applying high-resolution spatial omics approaches, including epigenomics,
transcriptomics, proteomics, and metabolomics.

Can reactive glial cells be manipulated in a regionally stratified manner to support
beneficial states and/or inhibit detrimental states? Understanding the precise molecular
state of a particular glial subtype within its anatomical surrounding is key when
developing interventional strategies to limit the expansion of lesions and prevent further
damage to neurons.
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Cell/nucleus isolation, single-cell barcoding, and RNA sequencing
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Figure 1. Tools to Perform Glial Cell Type-Specific Transcriptomic Profiling.
Upper panel illustrates high-throughput single-cell/nucleus RNA-sequencing (sc/snRNA-

seq) discovery platform starting from glial cells/nuclei isolated from human multiple
sclerosis (MS) or mouse experimental autoimmune encephalomyelitis (EAE) brain tissues
with the presence of focal inflammatory—demyelinating lesions. Lower panel depicts
bioinformatics analysis platform to analyze sc/snRNA-seq data featuring glial subtype
clustering, differential (e.g., MS/EAE reactive versus healthy homeostatic subtypes) and
dynamic (pseudotime/progressive) trajectory gene expression analysis followed by multiplex
in situ RNA hybridization to visualize cell-type-specific transcriptomic changes in the
inflamed lesion microenvironment. This figure was created using BioRender (https://
biorender.com/).
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Glial subtype diversity and MS lesion pathology
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Figure 2. Key Figure. Homeostatic and Reactive Glial Cell Type Diversity in Inflammatory
Demyelination

Main cartoon highlights dynamic transformative states of glial cell types (left center) in
response to a focal inflammatory—demyelinating lesion as regularly seen in multiple
sclerosis (MS) with blood—brain barrier breakdown and immune cell infiltration into the
surrounding parenchyma (right). Note a gradual morphological transformation of glial
subtypes from a homeostatic (left) physiological to a reactive pathological state (center)
relative to the inflamed lesion area. Under inflammatory—demyelinating conditions,
astrocytes, and myeloid cells such as microglia regularly transform into reactive subtypes
with enlarged cell bodies and retracted processes. Conversely, oligodendrocyte (OL) lineage
cells including OL precursor cells (OPCs) and myelinating cells (OLs) become reactive and
exhibit high metabolic stress. Note that most of them undergo cell death close to the
demyelinating lesion rim. Lower panel illustrates increased subtype diversity in reactive glial
cell populations isolated from inflamed MS brains compared with homeostatic subtype
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diversity in healthy brains by means of hierarchical clustering with respect to physiological
versus pathological subtype functions. This figure was created using BioRender (https://
biorender.com/).

Trends Immunol. Author manuscript; available in PMC 2022 March 01.


https://biorender.com/
https://biorender.com/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Schirmer et al.

Page 34

Glial subtype signature genes in inflammatory demyelination
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Figure 3. Human Transcriptomic Marker Genes Characterizing Homeostatic and Reactive Glial

Subtypes.

Cartoon lists homeostatic (left) versus reactive (right) glial subtype signature genes by
means of volcano plot visualization. Marker genes were selected by their specific
enrichment in microglia, oligodendrocyte (OL) precursor, and myelinating cells, as well as
astrocytes based on recent single-cell/nucleus RNA-sequencing (sc/snRNA-seq) studies
from human control and multiple sclerosis (MS) tissues. See Boxes 2-4 in the main text for
details about signature genes and their functional relevance. Note color spectrum on the
bottom illustrates dynamic changes in gene expression between homeostatic and reactive
glial subtypes according to cell type color code. This figure was created using BioRender

(https://biorender.com/).
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Glial subtype reactivity and neuronal degeneration in MS
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Figure 4. Morphological and Functional Changes in Homeostatic and Reactive Glial Subtypes
Relative to Neuron Damage in Multiple Sclerosis (MS) Lesions.

Main cartoon illustrates the sequence of tissue damage in leukocortical (affecting both
cortical gray matter and subcortical white matter) MS lesion with presence of infiltrating
immune cell types. Note gradual neuronal degeneration from left (healthy state) to right
(degenerated state) with axonal degeneration and synapse loss followed by retrograde injury
and damage to neuronal cell bodies. Neuron degeneration is paralleled by morphological and
functional changes in glial cell types including complement secretion and activation, antigen
presentation via MHC class | and 11, cytokine production, and complement factor release.
Other factors are meningeal inflammation and tissue infiltration of monocyte and
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lymphocyte subtypes producing antibodies and cytokines, thus further corroborating tissue
damage in MS lesion areas. Lower panel demonstrates dynamic cycling of glial subtype
states between homeostatic and reactive conditions relative to the inflammatory stage of MS
lesions. Note that different glial cells can transform from healthy/physiological subtypes into
disease/effector subtypes. This figure was created using BioRender (https://biorender.com/).
Abbreviation: OL, oligodendrocyte.
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