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Highlights

* Integrated single-cell RNA-seq and spatial transcriptomics were used to map

microglial heterogeneity in chronic MS.

» A disease-associated C2 subtype characterized by enhanced phagocytosis and

fatty acid metabolism was identified.
e The C2 subtype was linked to “smoldering”
resistance in progressive MS.

* FOSL2 was identified as a key hypothesis-generating regulator orchestrating

pro-inflammatory microglial states.
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In brief

This study provides a high-resolu-
tion characterization of microglial
functional diversity in chronic MS.
By integrating single-cell and spatial
transcriptomics, we identified a spe-
cific C2 microglial subtype driving
the smoldering inflammation charac-
teristic of progressive MS. Our find-
ings explain how resident microglia
contribute to therapeutic resistance
against conventional DMTs and
implicate the FOSL2 regulon as a
potential intervention target. This
work offers critical insights for devel-
oping next-generation, CNS-specific
treatments to halt MS progression.
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Integrated Single-cell RNA Sequencing
Atlas of White Matter Microglial Functional
Diversity in Chronic Multiple Sclerosis

Yifang Shang', Lei Sun’, Jingheng Lin' and Zhiheng Lin%*

Abstract

Background: In multiple sclerosis (MS), chronic “smoldering” lesions are driven by microglial activation,
which promotes demyelination and disease progression. However, microglia exhibit a functional dichotomy
by performing both neurotoxic and reparative roles. Precisely modulating these functions remains a major
therapeutic challenge, because non-specific approaches can inadvertently impair beneficial microglial func-
tions. Delineating microglial subtypes in chronic MS is therefore essential for targeted therapy.

Methods: Single-cell RNA sequencing, spatial transcriptomics, deconvolution, and pseudotime trajectory
mapping were used to characterize cell subtypes. Subsequent investigations encompassed functional anno-
tation, differential gene expression profiling, cell-cell communication pathways, and transcription factor
network analysis.

Results: We identified six distinct microglial subtypes with varied functions and focused on the highly
disease-relevant C2 microglial subtype. This subtype simultaneously exhibited enhanced phagocytic and
pro-inflammatory functions potentially associated with the fatty acid metabolic pathway. Pseudotime trajec-
tory analysis suggested that this subtype is likely to represent a late disease stage. Cell-cell communication
analysis revealed interactions between this subtype and both oligodendrocytes and T cells, as further sup-
ported by spatial transcriptomics demonstrating co-localization of the C2 microglial subtype with T cells.
Finally, transcriptional regulatory network analysis identified an association between the FOSL2 regulon and
both the C2 microglial subtype and chronic MS.

Conclusion: Through integrated single-cell sequencing approaches, we identified a C2 microglial subtype
in chronic MS that might contribute to disease progression via pro-inflammatory functions. We propose the
transcription factor FOSL2 as a promising hypothesis-generating candidate for future studies aimed at mod-
ulating microglial differentiation toward a less harmful state. Our findings provide mechanistic insights into
the pathology of white matter lesions in chronic MS and suggest novel subtype-specific directions for the
development of next-generation disease-modifying therapies.
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Introduction

Multiple sclerosis (MS), immune-
mediated inflammatory demyelinating
disease affecting the central nervous sys-
tem (CNS), has a global prevalence rang-
ing from 5 to 300 per 100,000 people [1, 2].
Pathologically, MS is defined by dissem-
ination in time and space. MS lesions can
involve the white matter and gray matter of
the CNS. In the acute phase, MS manifests
as perivenous inflammation mediated by
T lymphocytes, and secondary demyeli-
nation, accompanied by varying degrees
of axonal injury; the pathology of pro-
gressive MS shows more severe white and
gray matter demyelination, axonal loss,
meningeal inflammation, and gray matter
involvement [3]. Clinical manifestations

are heterogeneous and range from motor
and sensory deficits to cognitive impair-
ment and chronic pain [4]. MS can pres-
ent various clinical courses, among which
relapsing-remitting MS (RRMS), the
most common form, is characterized by
periods of relapse followed by partial or
complete recovery. Over time, some indi-
viduals with RRMS transition to second-
ary progressive MS, characterized by a
steady progression of disability with or
without superimposed relapses. In the ini-
tial stage of MS, peripheral immune cells
cross the blood-brain barrier (BBB) and
enter the CNS. The damaged myelin is
presented by microglia, and CD8+ T cells
and macrophages attack or phagocytose
oligodendrocytes and further destroy the
myelin. The rim of chronic active lesions
contains a band of persistently activated
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microglia/macrophages, referred to as a ‘“smoldering”
lesion, which creates a persistent toxic microenvironment
through continual release of low levels of pro-inflamma-
tory factors and reactive oxygen species [5]. This chronic
inflammatory environment damages oligodendrocytes
in the adjacent white matter and leads to slow lesion
expansion. Previous transcriptomic sequencing studies in
chronic MS lesions have identified various glial cell sub-
types, including immune-associated oligodendrocytes,
reactive and cilia-forming astrocytes, and inflammatory
microglia [6]. However, their specific mechanistic roles in
driving disease progression and the nature of their intercel-
lular interactions remain to be further elucidated.

Microglia, the only glial cells in the CNS originating from
the mesodermal yolk sac, colonize the brain parenchyma
before the formation of the BBB [7, 8]. Microglia play dom-
inant roles in progressive MS and smoldering lesions. People
with MS exhibit microglial cell-autonomous immune acti-
vation [9]. Furthermore, in donors with poor remyelination,
pro-inflammatory microglia may inhibit the maturation of
oligodendrocyte progenitor cells and lead to remyelination
failure [10]. However, microglia play complex roles in CNS
development, immune surveillance, and repair. For exam-
ple, CD11c+ microglia promote white matter repair after
ischemic stroke by clearing myelin debris and expressing
repair-related genes [11]. Moreover, microglial depletion
does not decrease myelin phagocytosis [12].

Given the complex patterns of microglial activation, fur-
ther research on microglia is necessary to refine understand-
ing of MS lesion formation. This study analyzed chronic
MS white matter tissue by integrating single-cell sequencing
methods. By combining single-cell RNA sequencing and
spatial transcriptomics, we delineated the microglial land-
scape in chronic MS white matter. Our analysis identified six
distinct microglial subtypes and highlighted a disease-rele-
vant C2 subtype characterized by enhanced phagocytosis and
dysregulated fatty acid metabolism. Furthermore, we iden-
tified FOSL2 as a key transcriptional regulator potentially
driving C2 differentiation, thereby offering a potential target
for modulating microglial states toward repair. Our research
provides new insights that may facilitate understanding of
the pathological mechanisms of chronic MS progression and
clinical treatment.

Methods

Data source

This study used the publicly available single-nucleus RNA
sequencing dataset GSE279108 from the GEO database. The
dataset comprises 16 tissue samples from human post-mor-
tem brain tissue, including ten samples from the core of
chronic white matter lesions of patients with MS and six
samples from the subcortical white matter of donors without
neurological disease (controls). All samples were obtained
from the subcortical/cerebral white matter to ensure neuro-
anatomical comparability.

Data quality control

In R (v4.2), using Seurat (v4.3), we imported the gene
expression matrix and metadata for the GSE279108 dataset.
A Seurat object was created with the CreateSeuratObject
function. Cells expressing fewer than 300 or more than
10,000 genes were filtered out, and cells with mitochon-
drial gene content exceeding 20% were also removed.
Thresholds were determined according to the distribution of
gene counts to exclude low-quality cells and potential dou-
blets. After quality control filtering, the gene expression data
were normalized using the NormalizeData function with the
‘LogNormalize’ method. Subsequently, the top 2,000 highly
variable genes were identified via the FindVariableFeatures
function. The data were then linearly scaled using the
ScaleData function to remove unwanted sources of variation.
Principal component analysis (PCA) was performed on these
variable features, and the Harmony algorithm was applied to
the PCA embeddings to mitigate batch effects and technical
biases among samples. Based on the elbow plot and cumu-
lative variance explained, the first 30 principal components
were selected for downstream analysis. Finally, Uniform
Manifold Approximation and Projection (UMAP) visualiza-
tion was executed using the RunUMAP function.

Cell population annotation

Marker genes for each cluster, compared against all other
cells, were identified with the FindAllMarkers function in
the Seurat package. The threshold parameters were set as
log,fc. threshold = 0.25 and min.pct = 0.25. Only genes with
an adjusted P < 0.05 were retained. Cell populations were
annotated according to the established literature.

Differential gene screening and
enrichment analysis

Differentially expressed genes between the MS and control
groups were identified with the FindAllMarkers function in
the Seurat package, with thresholds set at absolute log, fold
change >0.25 and P < 0.05. Gene set enrichment analysis
was performed on the gene sets with the gseGO and gse-
KEGG functions from the clusterProfiler package.

AUCell analysis

Gene set activity was quantified with the AUCell algorithm
implemented in the scgmt package [13]. This method evalu-
ates enrichment in predefined gene signatures at single-cell
resolution by calculating the area under the curve (AUC)
for each cell’s gene ranking. For each gene set, cells were
ranked by AUC value, and the top 20% across all cells were
classified as having high activity for that specific gene set.
The 20% threshold was chosen to capture cells with robust
pathway activation while avoiding excessive false positives.
The resulting activity scores reflected the relative activation
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strength of specific biological pathways or cellular states
across the transcriptomic landscape.

Pseudotime trajectory

The pseudotemporal ordering of microglial cells was estab-
lished with Monocle (v2.24.0), which enabled reconstruc-
tion of their developmental trajectories through single-cell
transcriptomic patterns. This approach used continuous
pseudotime metrics to delineate critical transitions along the
differentiation continuum.

Slingshot

Pseudotemporal progression of microglial subtypes was
analyzed with Slingshot (v2.8.0) to reconstruct continuous
developmental trajectories that revealed transitional stages
during cellular maturation.

Cell-cell communication

We used the CellChat analytical toolkit (v1.6.1) to conduct a
systematic analysis of the single-cell transcriptomic dataset.
Through a ligand-receptor interaction-mediated cell commu-
nication prediction model, integrated with the CellChatDB
human reference database, and application of a statistical
significance threshold of P < 0.05, we precisely defined the
specific intercellular interaction network.

Transcription factor regulatory
networks

We applied the single-cell regulatory network inference and
clustering (SCENIC) pipeline to decode transcription factor
(TF)-driven regulatory programs [14]. Analysis was con-
ducted with default parameters on the raw count matrix from
all samples. Co-expression networks were built with the
GRNBoost2 algorithm in the Python environment. Regulon
activity was then quantified and binarized for each cell with
AUCell. Specifically, a regulon was considered active in a
given cell if its AUCell score ranked within the top 5% of the
score distribution across all cells. Finally, regulon specificity
across cell subtypes was quantified with the calcRSS function.

Spatial transcriptomics sequencing
analysis

We systematically analyzed tissue spatial architecture with a
dataset acquired from the 10x Genomics platform, processed
with the Seurat R package (v4.3.0). Gene expression data
underwent normalization and variance stabilization with
SCTransform followed by principal component analysis.
The cellular composition of spatial transcriptomics slides
was resolved by integration of single-cell RNA-seq data as

a reference framework with comprehensive cell type decom-
position. Cell type deconvolution was performed using the
Robust Cell Type Decomposition (RCTD) algorithm (v1.2.0)
within the ‘full’ mode to estimate the fractional composition
of each spatial spot. By leveraging a probabilistic framework
that accounts for platform-specific effects, RCTD integrated
our annotated single-cell RNA-seq data as a reference to
decompose the spatial gene expression profiles into cell-
type-specific weights [15, 16].

Results

Single-cell atlas of white matter in MS

After batch-effect correction across all cells in the dataset,
a total of 117,728 high-quality cells were obtained. These
cells were classified into seven distinct cell types accord-
ing to established marker genes: neurons (NEs), endothelial
cells (ECs), astrocytes (ACs), macrophage/microglial cells
(MCs), oligodendrocytes (OLs), and oligodendrocyte pre-
cursor cells. Figure 1B displays the nFeature RNA, nCount
RNA, pMT, and pRP scores for each cell type. NEs exhibited
relatively high nCount RNA and nFeature RNA values. The
distribution of cells from the disease and control groups is
shown in Figure 1C. Analysis of the proportional composi-
tion of each cell type revealed that the disease group showed
a greater proportion of TCs, ACs, ECs, and MCs than the
control group (Figure 1D,E), in agreement with the inflam-
matory disease characteristics of MS. Figure 1E presents the
top five differentially expressed genes highly expressed in
each cell population. We further performed enrichment anal-
ysis on the differentially expressed genes from the different
cell types (Figure 1F). NEs and OLs were enriched in nor-
mal physiological functions, whereas MCs, ECs, and TCs
showed enrichment in immune response functions. Moreover,
differentially expressed genes in the control group were
enriched in normal physiological functions, whereas the MS
group exhibited enrichment in activities suggesting potential
involvement in immune responses (Figure 1G). We further
analyzed the characteristics of each cell type from various
perspectives. Analysis of stemness-related gene expression
across cell subpopulations revealed that stemness genes such
as EPASI, ABCG2, and CD34 showed elevated expression
in endothelial cells. Concurrently, cells from the MS group
also demonstrated elevated stemness AUCell scores (Figure
1H,I). Finally, we analyzed the cell cycle phase distribution
across cell types. Cells in S and G2/M phases were derived
primarily from OLs, whereas cells in G1 phase were derived
predominantly from ACs (Figure 1J,K).

Oligodendrocyte clustering and
functional annotation

Because demyelination is a primary pathological manifes-
tation of MS, we focused further analysis on oligodendro-
cytes. Through dimensionality reduction and clustering, we
identified three distinct subpopulations (Figure 2A). The top
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Figure 1 Single-cell landscape of major cell types. (A) All high-quality cells were dimensionally reduced and clustered into UMAP plots. (B)
Differences in nCount RNA, nFeature RNA, pRP, and pMT across cells, displayed in UMAP. (C) UMAP visualization of cellular distribution
in the NC and MS groups. (D) Sample proportion across cell clusters. (E) Top five marker genes of all cells and the differentially expressed
genes between groups. (F,G) Functional enrichment analysis of cell clusters and experimental groups. (H) Bubble plot displaying expression
of differentially expressed stemness-related genes. (I) UMAP and boxplots showing differences in stemness scores across cell clusters and
two groups. (J) UMAP and boxplots highlighting expression differences in G2/M scores across all cell clusters. (K) Distribution of cell cycle
phases across cell clusters.

five differentially expressed genes for each subpopulation subtypes, we calculated the ratio of observed to expected
are shown in Figure 2B and C displays word clouds from cell numbers for each subpopulation within each group. The
the enrichment analysis of differentially expressed genes for Ro/e heatmap clearly revealed the group preferences of dif-
each subpopulation. To visualize the sample origins of the ferent subpopulations (Figure 2G). Specifically, whereas the
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Figure 2 Oligodendrocyte subtype characterization. (A) Distribution of oligodendrocyte subtypes on UMAP. (B) Differentially expressed
genes in oligodendrocyte subtypes. (C) Word clouds highlighting terms strongly associated with each of the three oligodendrocyte subtypes.
(D) ST maps visualizing oligodendrocytes. (E) ST maps indicating the most likely cell types at selected points within tissue sections. (F) UMAP
projection showing the distribution of cells from the MS and NC groups. (G) Enrichment in oligodendrocyte subtypes across the NC and MS
groups. (H) Activity of myelination-related pathways across oligodendrocyte subtypes. (I-K) UMAP and box plot visualizations depicting dif-
ferences in axon-related pathway activity across subtypes. (M,N) UMAP plots showing differences in ether lipid metabolism and biosynthesis
of unsaturated fatty acids across subtypes. Boxplots compare these two metabolic pathways across subtypes, cell cycle phases, and sample
groups.

C1 and C3 subpopulations might be closely associated with
the disease’s pathological processes, whereas the C2 oligo-
dendrocytes might represent the oligodendrocyte population

C1 and C3 subpopulations were more enriched in the disease
group, the C2 oligodendrocytes showed a higher relative pro-
portion in the control group. Therefore, we reasoned that the
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Figure 3 Microglial subtype identification. (A) Microglia were classified into six subtypes with distinct characteristics according to marker
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predominant in healthy states. Furthermore, we mapped the myelination is the primary function of oligodendrocytes in
overall distribution of oligodendrocytes and the distribution the white matter, we scored the myelination function path-
of each subpopulation via spatial transcriptomics. Because = ways for each subpopulation. C2 oligodendrocytes had the
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Figure 4 Functional heterogeneity of microglial subtypes. (A) Differentially expressed genes in microglial subtypes. (B,C) Functional enrich-
ment analysis of microglial subtypes. (D—H. Expression levels of macrophage phagocytosis, pro-inflammatory, anti-inflammatory, M1, and M2
signatures in microglial subtypes. (I) Heatmap of metabolic pathway alterations across microglial subtypes. (J) Heterogeneity of the fatty acid

biosynthesis pathway across microglial subtypes.

highest score (Figure 2H-K) and therefore might serve as
primary target cells during MS disease progression.

Finally, analysis of metabolic pathways associated with
oligodendrocytes (Figure 2LL-N) indicated that the C2 oli-
godendrocyte subtype and the NC group were enriched in
the pathways of ether lipid metabolism and biosynthesis of
unsaturated fatty acids.

Microglial functional heterogeneity

We further analyzed macrophages/microglia. To refine our
analysis, we excluded peripheral macrophages and focused
on the functions of microglia. Six subtypes were identified
(Figure 3A). Figure 3B shows the top five marker genes for
each microglial subtype. The distribution of key genes for
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each subtype was visualized via UMAP. Analysis of the sam-
ple origins of each microglial subtype indicated that, except
for Cl1, the other five microglial subtypes were enriched pre-
dominantly in the MS group (Figure 3E,F). Finally, a com-
parison of the expression of stemness-related genes across
subtypes (Figure 3H-J) revealed elevated expression of
CTNNBI and HIFIA in the C2 microglial subtype (Figure
3K-N). The stemness score of the C2 microglial subtype
was higher than that of the other subtypes.

We next analyzed the differentially expressed genes
(Figure 4A) and their functional enrichment in each mocro-
glial subtype (Figure 4B—C). The C1 subtype is responsible
for actively pruning, organizing, and maintaining neuronal
connections, and supports and promotes oligodendrocyte
development and myelination function through secreted fac-
tors or direct contact. This subtype is situated in a microen-
vironment that actively supports myelin regeneration. The
existence of this subtype suggests either normal tissue func-
tion of microglia or an active phase of repair and remod-
eling during the MS disease process. The C2 microglial
subtype exhibits upregulated pro-inflammatory responses
and phagocytic function. The high expression of C5ARI,
encoding a key receptor in the complement system, indicated
that microglia are highly sensitive to complement activation
product C5a, which drives chemotaxis and inflammation
[17]. Upregulation of MSRI endows microglia with a robust
ability to phagocytose myelin debris. The C3 subtype has
lipid metabolism and phagocytosis functions. High expres-
sion of LPL, a key regulator of lipid metabolism, in micro-
glia within chronic MS lesions suggests active uptake of
lipids from damaged myelin debris or the surrounding envi-
ronment [18]. PPARG, a core regulator of lipid metabolism
and inflammation, promotes lipid uptake (e.g., via CD36)
and storage, and directs microglia toward an anti-inflamma-
tory, reparative phenotype [19]. C4 cells exhibit antigen-pre-
senting ability and enrichment in the MHC II pathway, but
their concurrent high expression of CD/63 suggests anti-in-
flammatory and anti-oxidative repair roles [20]. C5 might
be involved in regulating neuronal signaling and might
potentially respond to neuronal inhibitory signals, thus par-
ticipating in regulating synaptic plasticity and maintaining
postsynaptic membrane stability. Furthermore, C5 might
participate in constructing and modifying the neuron and
glial cell microenvironment by synthesizing extracellular
matrix components, thereby influencing repair and regener-
ation. The C6 type involves lipid metabolism, clearance of
myelin debris, and tissue repair, and exhibits marked sus-
ceptibility to ferroptosis. LGMN is an important lysosomal
cysteine protease responsible for degrading phagocytosed
myelin debris [21]. Simultaneously, genes such as FTL and
SAT]I reflect this subtype’s phagocytosis of large amounts of
iron-rich myelin, thus leading to iron accumulation and lipid
peroxidation [22].

We performed AUC scoring on the anti-inflammatory
and pro-inflammatory related pathways of each micro-
glial subtype (Figure 4E,F). The C2 microglial subtype
had the highest pro-inflammatory activity and relatively
low anti-inflammatory activity, whereas the C5 subtype had
relatively low anti-inflammatory activity. Furthermore, we
scored the expression of M1/M2 phenotype-related genes

in the microglial subtypes (Figure 4G,H). The C2 micro-
glial subtype was characterized by a high M1 score and
a low M2 score, thus suggesting high pro-inflammatory
function, which might be associated with disease progres-
sion. Concurrently, the C6 subtype was characterized by a
high M2 score and low M1 score, and therefore might be
associated with inflammation suppression and tissue repair.
Additionally, the C3, C4, and C5 subtypes all had relatively
high M1/M2 scores suggesting a potential trend of transi-
tioning from the M1 to the M2 phenotype. Therefore, these
cellular subtypes might be in an intermediate state between
disease progression and repair. Finally, according to the met-
abolic pathway scoring of microglia, the enrichment of the
C2 microglial subtype in the fatty acid metabolism pathway
might explain the correlation between its pro-inflammatory
function and myelin phagocytosis (Figure 4L.J).

Pseudotime trajectory analysis of
microglia

Assessment of microglial differentiation states via
CytoTRACE revealed a distinct spectrum of pseudotemporal
ordering among the subtypes (Figure SA—C). The C3 sub-
type displayed the most primitive state, contrasting with the
highly differentiated C2 microglial subtype. Genes showing
significant positive associations with this differentiation con-
tinuum included PLXOC2, EPB4112, ST6GALI, DOCKS,
DISCI1, APBBIIP, MGAT4A, ARHGAP24, LRMDA, and
GNAQ (Figure 5D).

Using Monocle, we reconstructed a pseudotemporal tra-
jectory featuring a single branch point, with progression
oriented from left to right. Projection of microglial sub-
types onto this trajectory revealed predominant localiza-
tion of the C2 microglial subtype along the right branch
(Figure 5E). Dynamic expression patterns of genes
ordered by pseudotime are displayed in the accompanying
heatmap (Figure S5F).

We reconstructed the cellular dynamics with Slingshot,
which inferred two bifurcating trajectories of state transition
(lineage 1 and LINEAGE 2; Figure 5G). Pseudotemporal
ordering defined the progression as C2—C4—C5—C6 in
lineage 1 and C2—-C4—C5—C3—Cl in lineage 2. Notably,
the marker gene SY7TL3, associated with the C2 microglial
subtype, exhibited sustained high expression during the ini-
tial phase of both lineages (Figure SH).

Visualization of cell-cell
communication networks

We first analyzed the cell communication between micro-
glial subpopulations and oligodendrocyte subpopulations.
Figure 6A displays the strength and number of interactions
between microglial subpopulations and oligodendrocyte
subpopulations. Figure 6B specifically shows the expres-
sion intensity of intercellular signaling pathways between
various microglial and oligodendrocyte cells. We identified
high expression of VISFATIN between microglial C2 and
oligodendrocyte C2 microglial subtypes operating in both
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Figure 5 Pseudotime trajectory of microglial subtypes. (A—C) CytoTRACE analysis revealing activation levels of the six microglial subtypes.
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subtypes along the pseudotime trajectory. (G) Slingshot analysis cons
the key genes, displayed along both trajectories.

autocrine and paracrine modes. C2 microglia were the pri-
mary signal sender, and C2 oligodendrocytes were the major
receiver (Figure 6C,D). Furthermore, within the VISFATIN
pathway, we discovered high expression of the NAMPT-INSR
ligand-receptor pair between microglial and oligodendrocyte
cells (Figure 6E,F), which might be associated with myelin
phagocytosis during disease progression.

Additionally, we analyzed the intercellular interactions
between microglial subpopulations and other subpopulations

temporal expression patterns of differentially expressed genes across
truction of two trajectories: lineage 1 and lineage 2. (H) Expression of

(Figure 6G). Subsequently, we compared the incoming and
outgoing communication patterns across all cellular sub-
types (Figure 6H). Notably, the similar incoming interac-
tion patterns between the C2 microglial subtype and T cells
suggested a specific role in disease progression. A hierarchi-
cal diagram of autocrine and paracrine interactions within
the MHC-I pathway (Figure 6I) identified the C2 micro-
glial subtype as a critical signal transmitter, with T cells
as the main target. Centrality scoring further established
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subtype and other cell populations (Figure 6K). This analy-
sis revealed the HLA-E-CD8A pathway as the most promi-
nent interaction and enabled comprehensive mapping of all

its primary function as a signal sender (Figure 6J). In the
search for additional critical receptor proteins, we used bub-
ble plots to map specific interaction patterns between the C2
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Figure 7 Transcriptional regulatory landscape of microglial subtypes. (A) Heatmap of differential expression of the top five transcription
factors (TFs) across all microglial subtypes. (B) Ranking of regulatory factors in microglial subtypes by regulatory score (RSS). (C) Heatmap
displaying the top five differentially expressed transcription factors (TFs) in microglia from the MS and NC groups. (D) Ranking of regulatory
factors in the MS and NC groups. (E) UMAP plots illustrating the expression intensity of FOSL2 across various subtypes. (F) Boxplots com-
paring FOSL2 expression across microglial subtypes. (G) Heatmap of co-transcriptional signatures across microglial subtypes in the NC and
MS groups. (H) Heatmap illustrating the similarity of regulatory submodules according to SCENIC recognition modules and AUCell scores.
(I,J) Ranking of microglial subtype and sample group content within the M1 and M2 modules. (K) Ranking of TF expression intensity in the
M1 and M2 modules.

cellular engagements within this pathway. Circular visuali- Transcriptional regUIOn aCtiVity in
zation further underscored the HLA-E-CD8A pathway’s role 1) iCl"Og lia

as a crucial communication channel between the C2 subtype

and T cells (Figure 6L). Moreover, spatial transcriptomics To delineate the TF heterogeneity across different subtypes,
confirmed the co-localization of C2 microglial and T cells we visualized their transcriptional regulatory landscapes. A
(Figure 6M). regulon is defined as a TF together with its directly bound
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target genes. The activity of each regulon was evaluated in
individual cells with the AUCell algorithm. First, we pre-
sented a heatmap displaying the top five TFs for each subtype
(Figure 7A) and ranked the regulatory factors according to
the regulon specificity score (Figure 7B). Concurrently, we
mapped the distribution of FOSL2, the highest-regulated fac-
tor in the C2 microglial subtype, onto the UMAP projection.
UMAP plots demonstrated that FOSL2 was highly expressed
in the C2 microglial subtype (Figure 7E), and boxplots pro-
vided a direct comparative visualization (Figure 7F).

Subsequently, we applied the SCENIC identification
framework and the CSI matrix to uncover the regulatory
modules of fibroblast subtypes. On the basis of AUCell
scores, we categorized the regulatory modules into two
primary groups: M1 and M2 (Figure 7H). We then ranked
the TF activity scores for each subtype within the M1 and
M2 modules. In the M1 module, the C2 microglial subtype
exhibited distinctly higher TF activity than the other sub-
types, whereas in the M2 module, the C2 microglia showed
markedly lower TF activity than the other subtypes (Figure
7J)). Furthermore, we ranked the top five TFs in both M1
and M2 modules according to the variance explained across
subtypes, thereby confirming that these TFs were among the
highest ranked (Figure 7K).

Discussion

Herein, we integrated single-cell RNA sequencing and spa-
tial transcriptomics to systematically characterize microglial
heterogeneity in chronic MS white matter, with a focus on
the disease-associated C2 microglial subtype.

Single-cell sequencing has been extensively applied in
MS research. Disease-associated B cell, T cell, and mono-
cyte subtypes have been identified in the cerebrospinal fluid
from patients with MS [23]. Specific OL and oligodendro-
cyte precursor cell subpopulations with immunomodulatory
and phagocytic functions have been identified in the spinal
cord in EAE mice [24]. In active lesions of patients with pro-
gressive MS (PMS), the numbers of homeostatic and TNF-
high microglia are diminished, whereas activated and highly
phagocytic microglia are elevated. Additionally, active PMS
lesions contain fewer monocyte-derived macrophages than
observed in early disease stages, thereby highlighting dis-
tinct pathological mechanisms in chronic MS progression
[25]. Furthermore, Shahriar et al. [26] have shown that
venous endothelial cells in EAE mouse lesions exhibit gene
signatures associated with angiogenesis and enhanced pro-
liferation, which might be related to BBB impairment dur-
ing acute and chronic MS progression. Other researchers
have established organoid models and performed single-cell
sequencing revealing that astrocytes in MS-derived orga-
noids are enriched in pathways associated with autoantigen
presentation and inflammatory signaling [27]. Although
single-cell sequencing technology has provided a broader
perspective for understanding the pathological environment
of MS, the precise regulatory mechanisms and intercellular
interactions of disease-relevant cells remain to be further
elucidated.

The primary pathological process in MS involves oligo-
dendrocyte injury. However, oligodendrocytes themselves
exhibit intrinsic heterogeneity. One study performing sin-
gle-nucleus RNA sequencing on post-mortem white mat-
ter regions has revealed an imbalance in oligodendrocyte
subpopulation proportions in the brain in patients with MS.
Concurrently, a distinct “immune-type” oligodendrocyte
subpopulation was identified, expressing immune-related
genes. Therefore, within the MS environment, oligodendro-
cytes directly participate in immune responses and poten-
tially exacerbate inflammation. Interestingly, the same study
found upregulation of myelin-related genes in mature oligo-
dendrocytes in patients with MS, thus suggesting a potential
attempt at remyelination [28]. In contrast, our own analy-
sis of oligodendrocyte subtypes indicated lower myelina-
tion functionality in the subtypes enriched in the MS group.
Therefore, further exploration of the functional subdivision
of oligodendrocytes in chronic MS and their targeted therapy
is warranted.

Microglia account for approximately 40% of the phago-
cytes found in early active lesions. However, microglia
predominate in progressive MS and in smoldering lesions,
whereas monocyte-derived macrophages are more common
in RRMS lesions. The activation of microglia in smoldering
lesions might stem from multiple factors. This study differ-
entiated induced pluripotent stem cells from patients with
RRMS and secondary progressive MS into microglia-like
cells, which, even in an unstimulated resting state, exhibit
a unique inflammatory gene expression profile prominently
enriched in key immune pathways such as immune receptor
activation, antigen presentation, and the complement system.
Therefore, the sustained activation of microglia in MS might
be attributable to their cell-autonomous activation under
basal conditions.

The C2 microglial subtype was notably enriched in fatty
acid metabolic processes. Saturated fatty acids have been
reported to activate the PI3K/AKT signaling pathway, drive T
cell activation, and induce the secretion of pro-inflammatory
cytokines [29]. Myelin is composed of approximately 70%
lipids (including cholesterol, phospholipids, and glycolip-
ids). In MS lesions, myelin destruction generates large
amounts of lipid debris. The massive phagocytosis of this
debris markedly increases intracellular lipids within micro-
glia and triggers a state of “lipid overload.” To cope with
this excess lipid burden, microglia must undergo metabolic
reprogramming. Furthermore, after phagocytosing myelin
fragments, microglia upregulate fatty acid -oxidation. The
intermediates generated from this process (such as succi-
nate) directly stabilize HIF-1a and drive the production of
pro-inflammatory cytokines such as IL-1B, thereby exacer-
bating neuroinflammation.

Cell-cell communication analysis revealed that the C2
microglial subtype interacts with oligodendrocytes via the
VISFATIN pathway, in which the NAMPT-INSR ligand-
receptor pair showed the highest expression. Microglia
have been reported to secrete NAMPT via exosomes during
ischemic neuroinflammation [30]. Moreover, NAMPT inhib-
its pro-inflammatory polarization of infiltration of micro-
glia and neutrophils after cerebral ischemia [31]. Neuronal
overexpression of NAMPT decreases oligodendrocyte injury
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under oxygen-glucose deprivation conditions [32]. In agree-
ment with the observed upregulation of NAMPT and its
receptors in C2 microglia, our data supported the activation
of this pathway. Therefore, we propose that the VISFATIN
pathway might participate in a context-dependent regula-
tory response. Although activation of this pathway might
potentially represent a compensatory effort to support oli-
godendrocytes, it might also exert pathological effects by
sustaining pro-inflammatory states. This functional duality
underscores the complexity of the C2 subtype and requires
further investigation. Transcriptomic profiling demonstrated
that the C2 subtype exhibits a dual signature of pro-inflam-
matory and phagocytic activity. On the basis of these data,
C2 might plausibly represent a maladaptive yet plastic state
characterized by heightened inflammatory and phagocytic
activity alongside engagement of intrinsic compensatory and
protective programs.

The goal of DMT, the core treatment for relapsing and pro-
gressive MS, is not only to alleviate symptoms but to funda-
mentally alter disease progression. DMT primarily includes
S1P receptor modulators (ozanimod and fingolimod), integ-
rin inhibitors (natalizumab), anti-CD20 monoclonal antibod-
ies (rituximab and ocrelizumab), and interferon-f. However,
DMT therapies can have adverse effects, such as lymphope-
nia and cardiovascular adverse events [33] induced by
S1PRM. Furthermore, current DMTs predominantly target
peripheral immune cell infiltration and therefore often have
limited efficacy in PMS, in which inflammation becomes
compartmentalized within the CNS. Our identification of the
C2 subtype within chronic lesions suggested that these resi-
dent microglia drive smoldering inflammation independently
of peripheral infiltration. The persistence of the C2 subtype
might therefore explain the therapeutic resistance observed
in PMS and represent a critical target for next-generation,
CNS-penetrant therapies.

Our study identified FOSL2 as a highly expressed TF
with elevated regulon activity in the C2 microglia, and
implicated it as a potential driver of the pro-inflammatory
phenotype in these cells. As a member of the AP-1 fam-
ily, FOSL2 forms homo- or heterodimers with Jun family
proteins and subsequently regulates the transcription of
downstream target genes involved in immune activation
and inflammatory responses. In agreement with our find-
ings, accumulating evidence indicates that FOSL2 plays a
critical role in promoting inflammation and autoimmunity.
Studies have shown that the pro-inflammatory effects of
FOSL2 are at least partly mediated by repression of regu-
latory T cell (Treg) development rather than direct modu-
lation of effector T cell function. FOSL2 transgenic mice
exhibit systemic inflammatory phenotypes, whereas T
cell-specific deletion of FOSL2 in an EAE model enhances
Treg inhibitory ability, increases expression of immune
checkpoint molecules (including PD-1, GITR, Helios, and
CTLA-4), and increases the proportion of thymus-derived
Tregs within the CNS [34]. These findings highlight FOSL2
as an important regulator of immune tolerance and inflam-
matory balance. Beyond its role in adaptive immunity,
FOSL2 has been implicated in macrophage and microglial

polarization. Knockout of FOSL2 in U937 cells decreases
the expression of M1-associated markers, including ILIB,
CXCL2, CXCL3, and CCL2, as well as the enrichment in
pathways associated with myeloid differentiation, hypoxia
response, and glucocorticoid signaling; therefore, FOSL2
might have a role in shaping pro-inflammatory macrophage
programs [35]. Similarly, Yuan et al. have demonstrated that
miR-92a-3p—mediated upregulation of FOSL2 enhances
pro-inflammatory cytokine production and promotes M1
polarization [36]. Elevated FOSL2 expression has been
observed in an AB-induced microglial inflammation model,
whereas knockdown of FOSL2 or its upstream regulator
SPI1 facilitates a shift toward an anti-inflammatory M2
phenotype [37]. Mechanistically, SPII directly binds the
FOSL?2 promoter and drives its transcription, thereby ampli-
fying neuroinflammatory signaling through the FOSL2/
JAK2/STAT3 axis. In addition, post-transcriptional and
downstream regulatory mechanisms involving miR-143-3p
[38], miR-597 [39], and the IRF2BPL-PI3K/AKT/mTOR
pathway further underscore the central position of FOSL2
within inflammatory regulatory networks [40]. Together,
these data support that FOSL2 is a key regulatory node
integrating multiple upstream signals and orchestrating pro-
inflammatory microglial activation.

Notably, recent pharmacological evidence has further
highlighted the druggability of FOSL2. Corydalis decum-
bens—derived tetrahydropalmatrubine has been reported
to directly bind FOSL2, induce conformational changes,
inhibit AP-1 transcriptional activity, and suppress down-
stream pro-inflammatory gene expression in arthritic mod-
els [41]. In the context of MS, the enrichment of FOSL2
in C2 microglia suggests that targeting the FOSL2 regulon
might provide a promising strategy to modulate microglial
activation states, attenuate chronic neuroinflammation,
and potentially promote tissue repair. However, further
functional studies are required to delineate the precise role
of FOSL?2 in microglial biology and validate its therapeu-
tic potential in MS.

Study limitations

Although this study provided novel insights into microglial
heterogeneity in chronic MS through integrated multi-omics
analyses, several limitations should be acknowledged. The
role of the C2 microglial subtype and FOSL2 in chronic MS
lacks further experimental validation. Additionally, given
the complexity of MS progression and its clinical subtypes,
future studies should refine sample selection according to
the distinct classifications of chronic MS.
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