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Abstract

Background One of the major challenges in addressing multiple sclerosis is to understand its progression trajectory.
The pathological process transitions from acute phases predominantly driven by inflammation to progressive clinical
profiles where neurodegeneration takes precedence. It is known that sex plays a crucial role in this heterogeneity;
females are two to three times more likely to suffer from multiple sclerosis, while males suffer from more rapid
neurodegeneration with greater severity.

Results To gain insight into the sex-based molecular differences, we processed single cell datasets from the central
nervous system and the peripheral blood, covering the different courses of multiple sclerosis. We generated cell-
type specific landscapes, including gene signatures from differentially expressed genes, functional profiling, pathway
activation, and cell-cell communication networks for females, males, and their sex differential profiles. Among

our findings, we revealed that female neurons may exhibit protective mechanisms against neurodegeneration.

In the inflammatory-predominant forms, female immune cells present an inflammatory core driven by the AP-1
transcription factor, while male adaptive immune cells exhibit higher mitochondrial impairment. Conversely, larger
differences are reported in CD8+T cells progressive forms, with males exhibiting cytolytic profiles that may promote
neurodegeneration. Complete results can be explored in the interactive webtool https://irsoler.shinyapps.io/
cbl-atlas-ms/.

Conclusions We identified cell-type specific sex differences in brain and immune cells that vary in the spectrum of
multiple sclerosis. We consider this molecular description a valuable resource to promote future targeted approaches
considering the sex of the individual.
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Background

Multiple sclerosis (MS) is a chronic, autoimmune, and
neurodegenerative condition of the central nervous
system (CNS) that represents the leading cause of non-
traumatic neurological disability in young adults (25-30
years) [1-3]. MS disability course represents a contin-
uum of molecular and cellular events that accentuate and
compensate for the disease’s clinical traits. These events
are driven by interconnected neurodegenerative, inflam-
matory, and reparative mechanisms [4]. Defective auto-
immune responses partly determine myelin destruction
and axonal damage. Moreover, prolonged deviation from
CNS physiological norms also promotes hyperexcitability
and reactive oxygen species generation, which enhances
neurodegeneration. Astrocytes, microglia, and oligoden-
drocytes play dual roles involving both protective (e.g.,
myelin recovery and maintenance of lipid homeostasis)
and harmful (e.g., enhanced proinflammatory environ-
ment) activities [5, 6].

MS progression has been classified for ease of commu-
nication. The most common form - relapsing-remitting
MS (RRMS) - fluctuates between periods of relapses,
driven by exacerbated inflammatory status and followed
by subsequent remissions. Evolution into a progressive
course gives rise to secondary progressive MS (SPMS).
Lastly, primary progressive MS (PPMS) is characterized
by a chronic neurological decline from the onset, pre-
dominantly driven by neurodegeneration and not pre-
ceded by relapses [7].

Sex contributes as an important variable to epide-
miological and clinical aspects. Females tend to develop
MS earlier, exhibit a higher prevalence (with a ratio of
2-3:1), and suffer more severe inflammatory patterns
[8]. In contrast, males experience more rapid CNS dete-
rioration, with more significant atrophy [9]. These dif-
ferences are reflected in the clinical categorization of the
disease. Females are more prone to suffer RRMS (with
more relapses), while the progressive form PPMS appear
at a more balanced ratio between the sexes [10]. Studies
in human and model organisms have sought to unravel
these sex-driven disparities, primarily focusing on spe-
cific genes or molecular mechanisms [11].

We aimed to uncover novel insight into how sex dif-
ferences manifest in MS, providing a more profound
knowledge of the mechanisms driving such disparities.
We report comprehensive atlases of sex differences in
MS subtypes by analyzing single-cell RNA sequenc-
ing (scRNA-seq) and single-nucleus RNA sequencing
(snRNA-seq) datasets from peripheral blood mononu-
clear cells (PBMCs) and CNS samples, respectively. Neu-
rons, astrocytes, microglia, oligodendrocytes and
oligodendrocyte precursor cells (OPCs) were identi-
fied for CNS samples; and CD4+ T cells, CD8+T cells,
NK cells and monocytes for PBMCs. We examined
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sex-specific and sex differential changes in gene expres-
sion patterns, functional profiles, signaling pathways, and
cell-cell communication. Our results reveal significant
transcriptomic alterations that could explain sex differ-
ences in MS progression, such as potential compensatory
mechanisms to cope with excitotoxicity in female neu-
rons and higher activation of male CD8+T cells during
disease progression. The findings presented in this manu-
script may contribute to a better understanding of sex-
specific mechanisms in MS and provide a basis for future
studies exploring neuroprotective, immunomodulatory,
and remyelination-related processes.

Results

All cell types exhibit transcriptomic sex differences across
the course of multiple sclerosis

We analyzed three different datasets to obtain the sex-
differential landscape of MS subtypes. Table S1 sum-
marizes the characteristics of each dataset, including
the number of samples per group and the number of
cells and genes evaluated. The systematic review results
are reported in Figure S1 and the Supplementary Note
includes an extended description of all datasets analyzed
in this work. We processed all datasets independently,
with results shown in Figure S2-S4. Data processing and
cellular annotation steps led to the identification of the
major cell types in each tissue. For each cell type, we
identified those genes with different expression patterns
(differential gene expression analysis), in which functions
are these genes involved (functional profiling analysis),
and the differential activation of signaling pathway effec-
tors (signaling pathways analysis). We evaluated all bio-
logical inference approaches in three different scenarios:
impact of disease in females (IDF: MS.Female - Control.
Female), impact of disease in males (IDM: MS.Male -
Control.Male), and sex-differential impact of disease
(SDID: (MS.Female - Control.Female) - (MS.Male - Con-
trol.Male)). We also performed cell-cell communication
analyses to quantitatively infer interaction networks
for each group (MS.female, Control.Female, MS.Male,
and Control.Male). As a result, we found significant dif-
ferences in all comparisons and biological inference
approaches, reflecting the impact that sex may have on
the course of the disease. We elaborate the results in the
following sections and comprehensively report them in
https://irsoler.shinyapps.io/cbl-atlas-ms/.

Atlas of sex differences in secondary progressive MS post-
mortem brain tissue

We identified neurons, astrocytes, microglia, oligoden-
drocytes, and OPCs within brain samples (Fig. 1A). Fig-
ure S5A describes the expression pattern of the marker
genes, while Figure S5B describes the number of cells
by type, condition, and sex. Further reclustering of the
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(See figure on previous page.)

Fig. 1 Transcriptomic landscape of sex differences in secondary progressive MS central nervous system. (A) Cell type distribution in tSNE dimensions.
Each dot represents a cell, colored by annotated cell type. (B) The number of significant features by cell type, analysis, and comparison. For functional
profiling, it represents the number significantly enriched BP-GO biological processes (C) Significant features for each cell type separated by comparison
and direction of change (logFC). Dots connected by vertical lines denote comparisons in which the feature is statistically significant, with specific colors
indicating the comparison and logFC sign. Each row of numbers indicates the number of significant features corresponding to the evaluated column in
the dot map for each cell type and specific analysis. Colored squares highlight significant features in the IDF, IDM, and SDID comparisons, correspond-
ing to (D) six qualitatively detailed patterns. (E) The relative frequency distribution of BP-GO terms significantly overrepresented in females (orange) and
males (green) by cell type. Individual terms classified into general categories (See legend). (F) Differential cell-cell communication networks between
MS females and control females (top) and MS males and control males (bottom). Colors indicate more interactions in MS (green) or controls (pink); the
thickness of the interaction corresponds to the magnitude of change. BP-GO: biological processes from Gene Ontology; C: controls; DGE: differential gene
expression; IDF: impact of disease in females; IDM: impact of disease in males; MS: multiple sclerosis; OPCs: oligodendrocyte precursor cells; SDID: sex differential

impact of disease; tSNE: t-Distributed Stochastic Neighbour Embedding

neuronal population identified excitatory (central clus-
ter) and inhibitory (top and bottom cluster) neuron sub-
types. We encountered sex differences in all cell types
(Fig. 1B), with the number of significant results positively
associated with the number of cells (Figure S6). We also
observed a higher number of differentially expressed
genes in IDM than IDF for astrocytes, oligodendrocytes,
and OPCs. This tendency became attenuated when evalu-
ating the number of significant functions, although these
differences remain noticeable. Although many genes,
functions, and pathways remained specific to one sex, a
considerable number of them presented simultaneous
alterations in both sexes, creating a catalog of different
patterns (Fig. 1C). We focused on the features significant
in all three comparisons (Fig. 1C, colored combinations),
that is, features that significantly change in the disease
in females (IDF comparison) and males (IDM compari-
son), but also present significant sex differences in the
SDID comparison. These alterations fall into six patterns,
which we then grouped into two by their logFC sign in
the SDID comparison: (i) significant features increased in
females (logFC >0), and (ii) significant features increased
in males (logFC<0) (Fig. 1D). Henceforth, we used this
classification to illustrate results for simplicity’s sake. Fig-
ure S7-11 and Table S2 summarize significant features for
each cell type, including volcano plots for each compari-
son, PPI networks and semantic clustering of significant
functions. Most features display cell type-specificity or, at
most, were significant in two different cell types (Figure
S12).

In general terms, females displayed a higher propor-
tion of functions related to cell adhesion (microglia, neu-
rons, oligodendrocytes, and OPCs) and nervous system
development (astrocytes, neurons, and oligodendrocytes)
(Fig. 1E). Conversely, males exhibited a higher propor-
tion of functions implicated in cell death (neurons), cel-
lular homeostasis (astrocytes and microglia), and cell
growth (OPCs) compared to females. Concerning sig-
nificant pathway effectors, the most frequent terms
increased in males related to Infection diseases and Cell
growth and death (astrocytes) and Signal transduction
(neurons), while female effectors mainly related to Signal

transduction (astrocytes) and Nervous system (neurons)
(Figure S13A).

Cell-cell communication analyses complete our atlas
of sex differences. Figure S13B describes the number of
inferred interactions. Notably, males and females dis-
played practically opposite disease patterns (Fig. 1F):
females presented a greater number of cell-cell interac-
tions in MS, while males in healthy controls. Remarkably,
neuron-neuron interactions were increased in MS rela-
tive to their respective controls in both sexes, with males
exhibiting a greater magnitude of change.

Sex differential alterations in the astrocyte-microglia-
neuron triad of secondary progressive MS implicate
synaptic components and stress responses

We performed a semantic clustering analysis for each
sex over the enriched biological functions in astrocytes,
neurons, and microglia. This approach allowed us to
determine whether similar functions were enriched in
different cell types or, on the contrary, if most of them
were cell type-specific functional changes. Results
showed that functional alterations in both males and
females were distributed across similar semantic areas,
without a clear distinction in clustering patterns pointing
to a specific cell type (Fig. 2A). Notably, the comparison
of the word cloud between males and females revealed
certain functional similarities. Biological functions
related to RNA processing were found to be significant in
both sexes (female cluster 4 and male cluster 1), although
males specifically presented enriched functions related to
protein degradation and apoptosis (male clusters 1 and
3). Table S3 and Table S4 provide detailed descriptions of
these functions.

The remaining clusters, both in female- and male-
enriched scenarios, were predominantly associated with
synaptic processes, suggesting that sex-related differ-
ences may affect the synaptic transmission. To further
characterize these differences, Fig. 2B summarizes the
differentially expressed genes associated directly/indi-
rectly with synaptic features. Neurons possess a large
number of presynaptic and postsynaptic terms with sex
differential dysregulation; some gene families display a
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consistent increase in the same sex, such as voltage-gated
calcium channels in females (CACNA1C, CACNB2, and
CACNB4) and ATPase subunits involved in maintaining
ion gradients, vesicular acidification, and neurotransmit-
ter packaging in males (ATP6VOE2, ATP1A3, ATP6V1E,
ATP6V1G1, ATP6V1D, ATP6V1B2, ATP6V1E1l, and
ATP6VOD1). Female neurons also increased higher num-
ber of genes to modulate excitability such as glutamate
(e.g, GRIA2 and GRIA3), and GABA receptors (e.g.,
GABRBI1 and GABBR2). Neuronal subtype-specific anal-
yses revealed that a subset of these genes are specific to
excitatory neurons, while another subset of genes shows
consistent dysregulation across both excitatory and
inhibitory neurons, persisting independently of neuronal
subtype (Figure S14). Accordingly, most glutamatergic
effectors (increase excitability) display greater activa-
tion in males (Fig. 2C, left); meanwhile, most GABAergic
effectors (decrease excitability) display greater activation
in females (Fig. 2C, right). Importantly, we have validated
these pathways in an independent cohort published by
MacNair et al. [12] which revealed that 79% glutamater-
gic effectors and 86% of GABAergic effectors showed the
same significant sex-differential activation pattern (Fig-
ure S15). These results were further reproduced in neu-
ronal subtype-specific analyses, where excitatory neurons
showed 10/14 coincident and significant effectors in
glutamatergic synapses, and inhibitory neurons showed
5/7 in GABAergic synapses (Figure S15A). Cholinergic,
serotonergic, and dopaminergic synapses present further
significant differences (Figure S16), sparking an intricate
network of sex disparities in neuronal excitability.
Astrocytes and microglia presented significant dif-
ferences in gene expression profiles associated with
neuroinflammation and tissue homeostasis (Fig. 2B,
Oxidative stress and neuroprotection and Glutamate
reuptake boxes). Intriguingly, male astrocytes express
increased levels of glutamate reuptake-related genes.
Sex differential stress responses in astrocytes also
included the increased expression of genes related to
calcium homeostasis (RYR3, TPD52L1, and TRPM3 in
females and CALM3 in males), oxidative stress (REPS1
in females; ENC1, HSP90AB1, PRKCB, and UCHL1
in males), hypoxia (HIF3A, EGLN3, and ZBTBW in
females; EIF4A2 in males) and neuroprotection (NRG3,
RORA, NEAT1, RANBP3L, MALAT], and LINC-PINT
in females; JUND, FOS, FLT1, FAIM2 and HESI in
males). Meanwhile, female microglia notably increased
the expression of genes associated with transmembrane
transporters involved in metabolism and homeostasis
maintenance, such as SLC24A2 (calcium/cation anti-
porter), SLC44A1 (choline transporter), TMEMI144
(carbohydrate transporter), TMEMI165 (cation/pro-
ton antiporter) and CACNA2D3 (calcium transporter),
while male microglia increased the expression of genes
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associated with intracellular metal homeostasis (FTL
and MT2A). Additionally, female and male microglia
displayed increased expression levels of oxidative stress-
related genes (COA1l, CREB5, and FAF1 in females;
SRGN and FGF12 in males). Glial cells also exhibited the
dysregulated expression of genes potentially involved in
myelin recovery, which are illustrated in the following
section.

Sex differential alterations in secondary progressive MS
post-mortem brain tissue also affect lipid metabolism and
myelin recovery

We next explored oligodendrocytes and OPCs to gain
insight into the sex differential potential for myelin repair
and its maintenance. Neuronal-related functions and
myelination represented the major altered categories in
both cell types (Figure S17); however, associated genes
differ between sexes (Table S5). Oligodendrocytes dif-
fered in genes encoding neuronal adhesion and synaptic
molecules that support the maintenance of myelin target-
ing to axons, with NCAM2, NLGN1, CADM2, CLDN11,
ANK3, ILIRAPL1, CTNND2, and LPHNS3 increased
in females and CAMK2B and NRGN in males. Females
also displayed the increased expression of genes boost-
ing myelin repair, such as AMER?2 (negative regulator of
the Wnt/3-catenin pathway) and OMALINC (IncRNA
marker of oligodendrocyte maturation that regulates
myelination-associated gene expression). Interestingly,
males also displayed the increased expression of marker
genes for oligodendrocyte differentiation (CAMK2B and
MIR219A2) and myelinating activity (MAPB1, BCASI,
and MGATS5).

Among the genes upregulated in female OPCs, we
encountered genes involved in differentiation to oli-
godendrocytes and myelin repair processes (GPNMB,
PARD3, QKI, and TNR) and neuroprotection (HIF3A,
and VCAN), while male OPCs only display one gene
(MAPI1B) related with these functions. We next char-
acterized PDGF (Platelet-derived Growth Factor) and
FGF (Fibroblast growth factor) communication signal-
ing to OPCs (Fig. 3), given that these two pathways drive
OPCs to growth and differentiate into oligodendrocytes
to promote myelin repair. The PDGF and FGF signal-
ing displayed higher interaction strengths in MS males
and MS females compared to corresponding controls
(Fig. 3A-B, left). However, the contribution of donor cells
and the strength of ligand-receptor pairs differed accord-
ing to sex, with more pronounced alterations observed
in MS females (Fig. 3A-B, right). In PDGF signaling, the
MS female PDGFC (OPCs) - PDGFRA (OPCs) inter-
action increased proportionally compared to control
females to the detriment of interactions with neurons-
OPCs. In FGF signaling, ligands provided by oligoden-
drocytes increased in interaction strength proportionally
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Fig. 2 Sexdifferences in secondary progressive MS post-mortem brain tissue synapses. (A) The degree of similarity between BP-GO terms overrepresent-
ed in females (left) and males (right) for astrocytes, microglia, and neurons. Each row and column corresponds to a significant BP-GO term. The intensity
of blue shading reflects the semantic similarity between terms. The horizontal bars on the left indicate whether the term is significant in astrocytes, mi-
croglia, and/or neurons. The clusters visualized at the bottom correspond to the word cloud displayed to the right of the plot. (B) Atlas of sex differences in
synapse-related gene expression. Significant genes involved directly/indirectly in synapses were selected and classified in broad categories based on their
roles in the cells. Colored boxes indicate sex patterns: genes upregulated in females (orange) and males (green). (C) Signaling pathways of glutamatergic
(left) and GABAergic (right) synapses. Nodes represent proteins of the signaling pathway and edges the interactions between nodes. Effector proteins
are the last node in each subpathway (arrow point). The effector nodes point to the biological functions they exert. BP-GO: Biological processes from Gene

Ontology; GABA: Gamma-aminobutyric acid

in MS females compared to female controls, while astro-
cyte ligand interactions decreased. Notably, we did not
observe these patterns in PDGF and FGF signaling when
comparing MS males to male controls.

Astrocytes and microglia also displayed significant
sex differences in the expression of lipid metabolism-
associated genes, which may promote myelin clearance.
We observed more genes with increased expression in
female than male astrocytes (e.g., DGKG, GRAMDIC,
LRP1B, and PITPNC1). However, males displayed APOE
increased expression, which could potentiate lipid drop-
let accumulation. Meanwhile, female microglia dis-
played the increased expression of genes such as CELF2,
CHST11, AGO3, ATG4C, GPM6B, LPAR1, LPGATI,
OSBPL1A, PIP4K2A, PLD1, QKI, SOX2-OT, and
TMEM131, while male microglia increased the expres-
sion of RAB10, TNS3, COLEC12, PLSCR1, SCARBI, and
VIM. These results suggest adaptive differences in lipid
metabolism and debris clearance from damaged myelin
in MS.

Atlas of sex differences in relapsing-remitting MS
peripheral blood mononuclear cells

Next, we focused on B cells, CD4+T cells, CD8+T
cells, NK cells, dendritic cells and monocytes in RRMS
(Fig. 4A). Figure S18 contains marker gene expression
data, cell distribution by group and sex, and the num-
ber of statistically significant features; Figures S19 to
S24 include an overview of the results for each cell type.
We illustrated significant features in our three compari-
sons as previously defined in Fig. 1D. Due to the limited
number of results obtained for B cells and dendritic cells,
we focused on CD4+ T cells, CD8+ T, and NK cells and
monocytes (Fig. 4A, colored boxes). In all cell types,
females exhibited a higher number of significant func-
tions than males in mostly all categories (Fig. 4B), which
agrees with the higher number of genes with significantly
increased expression compared to males (Fig. 4C). We
noted an exception in the Metabolism and bioenergetics
category for male CD4+ T, CD8 + T, and NK cells, which
relates to mitochondrial electron transport. Unlike the
overall trend, the number of significant genes was similar
between sexes and occasionally greater in males. Lastly,
the differential activation of signaling pathways and

cell-cell communication interactions comprised an intri-
cate framework of sex differences (Figure S25).

Functional profiling reveals an immune signature core of
relapsing-remitting MS females but not in MS males

The female peripheral immune system displays a greater
number of genes with increased expression than males
(Fig. 4C). We discovered 21 significant genes in at least
three of the four cell types evaluated (CD4+T cells,
CD8+T cells, NK cells and monocytes), providing a gen-
eral insight into the state of the female innate and adap-
tive immune systems (Fig. 4D). These genes constitute
a significantly connected network (p-value: < 1.0e-16)
(Fig. 4E), where the prominent hub comprises the AP-1
transcription factor complex (FOS, JUN, JUNB, and
JUND). We did not identify a common gene core for
males; the C160rf54 gene (associated with immune infil-
tration) represents the only significantly dysregulated
gene in CD4+T cells, CD8+ T cells and monocytes (Fig-
ure S26). Alterations in the transcriptomic profile were
reflected in the differential interaction strength of ligand-
receptors pairs in MS females compared to control
females, where we detected the increased interaction of
signaling pathways mediated by proinflammatory cyto-
kines (e.g., IL6) and cell adhesion molecules (e.g., CD99
and cadherins) that do not become reinforced in males
(Figure S25B).

The adaptive immune response in relapsing-remitting

MS males exhibits exacerbated mitochondrial dynamics
compared to females

We previously noted the absence of a central hub of
genes with increased expression in the immune system
of MS males; however, we found intriguing results by
separating the innate and adaptive immune systems. The
adaptive immune system presents different genes func-
tionally related to the mitochondrial electron transport
chain (Fig. 4C). CD4+T cells displayed the increased
expression of genes from all steps: NADH to ubiquinone
(NDUFA13 and NDUFA4), ubiquinol to cytochrome
¢ (UQCR10), and cytochrome c to oxygen (COX6BI,
COX6C, and COX7C), while CD8+ T cells displayed the
increased expression of genes for two additional ubiqui-
nol-cytochrome C reductases (UQCRB and UQCRH)
and ATP5MG, a gene involved in ATP synthesis coupled
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Fig. 3 (A) PDGF and (B) FGF signaling received by oligodendrocyte precursor cells to promote their growth and differentiation. (Left) Total interaction
strength by cell type for each interest group: MS females, control females, MS males, control males. (Right) Interaction strength frequency of ligand-re-
ceptors pairs. The outer circumference labels the cell type. The inner flux represents the proportional interaction strength colored by the sender cell type,
which provides the ligand. Values represent the interaction strength inferred by CellChat algorithm, calculated based on the probability of communica-
tion between ligand-receptor pairs. Higher interaction probabilities correspond to greater signaling intensity. Sender cells: astrocytes, microglia, neurons,
oligodendrocytes, and oligodendrocyte precursor cells (OPCs). Receiver cells: OPCs. FGF: fibroblast growth factor; MS: multiple sclerosis; OPCs: oligodendrocyte

precursor cells; PDGF: platelet-derived growth factor

with proton transport. These genes could be activating to
a greater extent mitochondrial electron transport chain
in mitochondria in males compared to females, with a
potential increase in reactive oxygen species that may
enhance neurodegeneration. Meanwhile, male mono-
cytes display an elevated activation of pathways primarily
involved in cell adhesion and inflammatory modulation
compared to females (Figure S25A). Male monocytes also
increase the expression of genes that favor shape-shifting
infiltration (DYNLT1, TLN1, and RFLNB) and medi-
ate innate inflammation (LTA4H, S100A8, and LILRA?2)
(Fig. 4C). Notably, we observed an increase in the inter-
action of receptor-ligand pairs considering all cell types,
which involved response modulation via semaphorins
and the T-lymphocyte co-stimulatory molecules CD80
and CD86 (Figure S25C).

Atlas of sex differences in primary progressive MS
peripheral blood mononuclear cells

We next explored the sex transcriptomic profiles of
peripheral immune cells in PPMS (Fig. 5A). Figure S27
reports marker gene expression, cell distribution by
group and sex, and the number of statistically significant
features, while Figures S28 to S33 summarize the results
for each cell type. We identified significant functions in
broad biological categories with similar proportions
between males and females (Fig. 5B); revealing sex altera-
tions in the immune transcriptomic profile that impact
several functional layers (Fig. 5C). While the innate sys-
tem suffered consistent proportional changes in NK cells
and monocytes, we observed more notable differences for
CD8+T cells than CD4+T cells in the adaptive immune
system. We also encountered sex differences affecting the
activation of signaling pathway effectors (Figure S34) and
the strength of interaction between ligand-receptor pairs
(Figure S35). In the latter, we noted a lack of commonly
activated pathways in MS males (vs. control males) and
MS females (vs. control females).

Marked sex differences in CD8+T cells of primary
progressive MS describe predominant cytolysis in males
and homeostasis processes in females

CD8+T cells exhibited the most pronounced sex differ-
ences as previously described (Fig. 5A-C). Genes with
increased expression in females and males in CD8+ T
cells formed significant interaction networks (p-values
of 3.84e-14 and 1.0e-16, respectively) (Fig. 5D). We infer

that female CD8+ T cells could restore cellular homeo-
stasis to a greater degree than males, as females displayed
the increased expression of genes related to the regula-
tion of protein translation (red cluster), the differen-
tiation and survival processes of T lymphocytes (ochre
cluster), and energy production through oxidative phos-
phorylation and mitochondrial maintenance (yellow
cluster). Male CD8 + T cells may exhibit a more activated
and harmful state thanks to higher cytolytic responses
through granzyme and perforin-mediated apoptotic pro-
cesses (purple cluster), calcium regulation (light green
cluster), and the formation of extracellular vesicles (park
green cluster).

Sex differences in immune system status cluster relapsing-
remitting MS and primary progressive MS cell types

After independently delineating sex differential pat-
terns in immune cells for RRMS and PPMS, we sought
to explore the significant disparities across these MS sub-
types. To this end, we clustered the immune cells from
both subtypes (CD4+ T cells, CD8+ T cells NK cells and
monocytes) based on the expression profiles of the genes
previously identified as significantly different between
sexes. We performed the clustering analysis using the
gene expression profiles with broader sex differential pat-
terns, that is, genes significantly different at least in three
of the eight cell types evaluated. This analysis revealed
an initial stratification of cells primarily by disease sub-
type (RRMS or PPMS), followed by further stratifica-
tion based on class (adaptive or innate immune system)
(Fig. 6). These findings suggest that critical disparities
in the immune system impact the clinical variability
observed between MS subtypes rather than subtle varia-
tions within a specific cell type. The 67 genes that sup-
ported clustering formed a highly connected interaction
network (p-value: < 1.0e-16, Figure S36) primarily related
to stimuli responses such as reactive oxygen species,
cytokines, lipids, and leukocyte differentiation.

RRMS significant genes displayed a more predominant
increase in females (Fig. 6, gray box), with a specific core
that does not display significant dysregulation in PPMS
(Fig. 6, green box). The RRMS female gene set reflects
an activated state (CD69) driving responses, especially
to stress and apoptosis (e.g., IER5, DDIT3, and BTG2).
Conversely, the cluster highlighted by the yellow box in
Fig. 6 comprises significant PPMS genes increased in
males, although a subset also shows increased expression
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Fig. 4 Transcriptomic landscape of sex differences in relapsing-remitting MS peripheral blood mononuclear cells. (A) Cell type distribution in PCA dimen-
sions. Each dot represents a cell, colored by the annotated cell type. Colored boxes indicate that the number of genes (G), functions (F), and signaling
pathways (S) significantly increased in females (orange) and males (blue). (B) The number of significant BP-GO terms by cell type classified under broader
biological categories. (C) Atlas of sex differences in gene expression patterns. Genes classified in general biological terms. Colored boxes indicate the sex
patterns: genes upregulated in females (orange) and males (green). (D) Upset plot of genes with increased expression in females compared to males by
cell type. Horizontal bars represent the number of significant genes in each cell type. Dots indicate the combinations of intersections evaluated, with the
top vertical bars denoting the number of significant genes of the corresponding intersection. Purple square: significant genes in at least three evaluated
cell types. (E) Protein-protein interaction networks of significant genes with increased expression in females compared to males in at least three cell types
evaluated: CD4 +T cells, CD8+T cells, NK cells and monocytes. Edge thickness indicates the structural and functional confidence of the interaction. BP-GO:

Biological processes from Gene Ontology; NK: natural killer

in RRMS females. A high proportion of PPMS genes
increased in males relate to the modulation of inflam-
mation in addition to processes not highlighted in
the RRMS female core, such as glycolytic metabolism
(LDHA and TPI1) and translation of mitochondrial pro-
teins (MTRNR2L1 and MTRNR2L12). Interestingly, the
adaptive immune system presented a gene set patterned
inversely based on disease subtype, a scenario we did
not observe in the innate immune system (Fig. 6, orange
box). Of note, ANXA1 and SRGN, which have relevance
in CNS infiltration, suffer from increased expression in
RRMS females and PPMS males.

Sex differential viral responses and antigen presentation
by MS subtype
Considering the extensive association of MS suscep-
tibility with viral responses and specifically to genetic
variants in the human leukocyte antigens (HLAs), we
investigated the potential existence of sex differences in
our data. Firstly, we identified the significant functions
associated with viral responses for each disease subtype
and cell type. RRMS females, compared to males, pres-
ent more significant functions related to viral infection,
while the opposite pattern occurred for PPMS. In detail,
RRMS females exhibited the significant functions of posi-
tive regulation by host of viral transcription and regula-
tion of viral process in CD4+T cells, cellular response
to virus in NK cells, and negative regulation by host of
viral transcription in monocytes. We found no signifi-
cant viral-related function in RRMS males. PPMS males
displayed the significant functions of positive regula-
tion of defense response to virus by host in CD8 +T cells,
response to virus in NK cells, and defense response to
virus in monocytes. The latter represents the only virus-
related function overrepresented in PPMS females (also
in monocytes). Secondly, we observed the same tendency
when evaluating the sex-differential expression pattern of
significant genes belonging to these functions (Fig. 7A).
HLA genes play a critical role in the immune response
by presenting foreign antigens to T cells; furthermore,
they influence MS susceptibility/protection by regulat-
ing the immune system’s response to self-antigens. We
observed the notably increased expression of HLA-DRB5
in RRMS male monocytes and PPMS female monocytes

(Table S6). While HLA-DRB5 represents the only HLA
family gene with increased expression in PPMS females,
we did observe increased expression of HLA-DR and
HLA-DP genes in PPMS males (Table S6).

Major histocompatibility complexes (MHCs) are the
protein products of HLA genes. Here, we identified sex
differences in their communication strengths (Fig. 7B).
We encountered the major sex difference in MHC-I
for RRMS and PPMS between the HLA-E ligand with
the CD94:NKG2A and KLRC1 receptors (Fig. 7B, top).
These interactions became significant for RRMS females
and PPMS males. We observed much stronger interac-
tions for MHC-II for female controls than male controls
at the baseline (Fig. 7B bottom). RRMS males displayed
increased interaction strengths in MHC-II to reach the
same level as RRMS females, with both sexes demonstrat-
ing significant interactions for almost all ligand-receptor
pairs (Fig. 7B, bottom). Conversely, ligand-receptor inter-
actions disappear in PPMS females compared to control
females, while in PPMS males maintain a state similar to
control males (Fig. 7B, bottom).

Atlas-MS web platform

To encourage a more comprehensive coverage of this
transcriptomic landscape, we developed the interac-
tive web tool https://irsoler.shinyapps.io/cbl-atlas-ms/.
This application offers a user-friendly interface that sup-
ports the free access and visualization of all the research
outcomes, by which users can interactively explore the
results by selecting the MS subtype, cell type, molecular
features, statistical significance, fold change, and signifi-
cant comparisons, allowing the targeted exploration of
both shared and sex-specific molecular dysregulation
across the different comparisons (Fig. 8).

Discussion

Despite the well-documented sex differences in MS
progression, the specific underlying molecular mecha-
nisms and the impact of determinant factors, such as
sex, remain underexplored. This study outlines the sex
differential single-cell transcriptomic landscape in MS
subtypes. We hope to potentiate biomarker discov-
ery and the development of personalized therapeutic
strategies by providing a better comprehension of sex
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Fig. 5 Transcriptomic landscape of sex differences in peripheral blood mononuclear cells of primary progressive MS patients. (A) Cell type distribution in
PCA dimensions. Each dot represents a cell, colored by the annotated cell type. Colored boxes indicate that the number of genes (G), functions (F), and
signaling pathways (S) significantly increased in females (orange) and males (blue). (B) The number of significant BP-GO terms by cell type classified under
broader biological categories. (C) Atlas of sex differences in gene expression patterns. Genes classified in general biological terms. Colored boxes indicate
the sex patterns: genes increased in females (orange) and males (green). D and E) Protein-protein interaction networks for (D) Female and (E) male CD8+T
cells. Edge thickness indicates the structural and functional confidence of the interaction, representing the intra-group (solid line) and inter-group (dotted
line) connections. Clusters of interest are highlighted with colors. BP-GO: Biological processes from Gene Ontology; MS: multiple sclerosis

differential molecular mechanisms within each cell type.
Representative findings were selected based on their bio-
logical relevance to each cell type, prioritizing contextu-
ally meaningful processes in the disease.

We first uncovered molecular mechanisms that may
explain differences in CNS samples from SPMS. Exci-
totoxicity, that is, neuronal damage due to exposure to
elevated glutamate levels, represents a major MS hall-
mark [13]. We suggest that female neurons increased
expression of genes that may act to compensate for such
excitotoxicity, such as glutamate and GABA receptors
(e.g., GRIA2, GRIA3, GABRBI1 and GABBR?2) and cation
transporters (e.g., CACNA1C, CACNB2, and CACNB4)
to modulate excitability, and increased activation of
GABA signaling effectors. We validated this pattern in
an independent cohort, although further complemen-
tary analyses will be required for definitive confirmation.
In contrast, male neurons appeared more susceptible
to excitotoxicity thanks to the overexpression of genes
encoding ATPases subunits that provide energy for ves-
icle biogenesis while exhibiting a higher activation of glu-
tamate signaling effectors.

The glial-driven SPMS stress response represents a
complex set of processes to different stimuli that account
for sex differences; however, studies currently differ in
describing their sex differential impact [11]. We report
that male astrocytes express increased levels of glutamate
reuptake-related genes, which could modulate excitotox-
icity in the synaptic cleft [14]. Conversely, female astro-
cytes present key genes (such as HIF3A and EGLN3) in
addressing the hypoxic stress characterizing MS demy-
elinating lesions [15].Female astrocytes also appear to
balance their profile towards neuroprotection or reactiv-
ity in SPMS by regulating the expression of multifaceted
genes via IncRNAs such as NEAT1 - a negative regula-
tor of neuronal excitability in neurodegenerative diseases
[16] - and LINC-PINT - a potential regulator of oxidative
stress in Parkinson’s disease substantia nigra [17].

Previous studies have demonstrated more effective
remyelination in aged female rodents than males [18]
and a hormonal sex-dependent regulation of myelin
repair markers in experimental autoimmune encephalo-
myelitis [19]. Expanding on these findings, our research
revealed sex differences in myelin clearance and repair
in SPMS, which could be crucial to developing effective
remyelination therapy strategies. Female oligodendro-
cytes expressed a greater number of neuronal-like genes

than males, which would be relevant in establishing
axon-myelin contacts [20]. Female OPCs also increased
the expression of QKI, a pivotal gene that promotes oli-
godendrocyte differentiation [21] and maintains myelin
sheaths by regulating lipid homeostasis [22]. To cope
with myelin damage, PDGF and FGF signaling represent
crucial signals. PDGF enhances the growth, differentia-
tion, and survival of OPCs [23]. The interaction between
PDGFA (OPCs) - PDGFRA (OPCs) emerged in SPMS
males when compared to male controls (Fig. 3A), which
represents a crucial interaction when considering recov-
ery from chronic demyelination [24]. While this interac-
tion becomes established in both control females and MS
females, the PDGFC (OPCs) - PDGFRA (OPCs) interac-
tion intensifies in SPMS females, which relates to reduced
neuroinflammation in MS [25]. For FGF signaling, which
promotes myelination, SPMS females suffered from an
increase in the proportion of OPC-neuron interactions
that could support myelin sheath establishment. Further
studies will be necessary to determine whether these
transcriptional changes translate into measurable effects
on OPC maturation and remyelination capacity. We also
found that SPMS female microglia displayed more genes
related to phagocytosis and lipid metabolism, which
could favor the clearance of myelin [26]. Meanwhile, male
microglia presented increased SCARB1 gene expression,
which clears amyloid-p deposition in Alzheimer’s disease
[27]. Of note, male astrocytes presented increased lev-
els of APOE4, which potentially promotes lipid droplet
accumulation, compromising their functionality to offer
metabolic support to neurons [28]. Interestingly, APOE4
is associated with an increased tendency of MS progres-
sion [29] and cognitive impairment [30].

Previous efforts have been made to understand the role
and status of the peripheral immune system. The Mul-
tiple Sclerosis Competence Network underscored the
importance of investigating the MS peripheral immune
system by reporting three different blood endopheno-
types linked to distinct disease outcomes [31]. How-
ever, the evidence related to sex differential disturbances
remains inconclusive. We reported a greater number of
significant features in RRMS females than males (Fig. 4).
These features participate in critical processes such as
inflammation, cell signaling, and cell-cell adhesion, which
may prompt exacerbated immune responses and induce
higher female susceptibility to MS. We interestingly
identified the genes encoding the AP-1 subunits (FOS,
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Fig. 7 Sex differences in viral responses and antigen presentation between relapsing-remitting MS and primary progressive MS. (A) Patterns of gene
expression alterations associated with viral responses by cell type and disease subtype. The magnitude of change in the SDID comparison (X-axis) for
each gene extracted from the response to the virus and viral process (Y-axis) functions. Genes selected as significant in at least one cell type. (B) Signifi-
cant ligand-receptor interactions involved in MHC-I (top) and MHC-II (bottom) signaling pathways, as inferred by CellChat analysis. Each dot represents a
ligand-receptor pair with a statistically significant interaction. Dot color reflects the probability (i.e., strength) of the inferred interaction, with reddish col-
ors representing higher probabilities. MHC: Major histocompatibility complex; NK: natural killer; PPMS: primary-progressive multiple sclerosis; RRMS: relapsing-

remitting multiple sclerosis; SDID: sex-differential impact of disease

JUN, JUNB, and JUND) forming the central hub of the
female immune network (Fig. 4E), reflecting their impor-
tance as master regulators of a broad range of immune
system processes such as proliferation, CNS infiltration,
and inflammation [32]. This set of genes could serve as
a starting point to explore immune targets differentially
regulated between sexes. We also identified the NFKBIA
and NFKBIZ genes (encoding inhibitors of the MS-asso-
ciated NF-«xB - a pathway [33] that may counteract the
proinflammatory status). Interestingly, these findings are
likely driven by sexual hormones, as estrogen promotes
AP-1 complex activation [34] and NFKBIA gene and pro-
tein expression [35].

Our findings also suggest that the adaptive immune
system of RRMS males suffers from the enhanced activity
of the mitochondrial electron transport chain (Fig. 4C).
Mitochondrial DNA variants have also been proposed
as susceptibility biomarkers of RRMS [36]. Regarding
PBMCs, RRMS patients exhibited mitochondrial dys-
function compared to controls, which becomes more
pronounced in patients experiencing a more aggressive
disease course [37]. These findings led us to hypothesize
that exploring the mitochondrial status of CNS-infil-
trating peripheral T lymphocytes may provide insight
into the more rapid neurodegeneration observed in MS
males.

The role of the peripheral immune system in PPMS
remains less well documented. PPMS differs from other
subtypes; treatments effective in RRMS have reduced
efficacy in PPMS [38], and the expression of clinical MS
biomarkers remains lower in PPMS compared to SPMS
[39]. These findings suggest the necessity to comprehen-
sively characterize the PPMS immune profile. In contrast
to RRMS, where alterations in females predominate, we
found that PPMS males and females have a similar pro-
portion of enriched functions involving broad immu-
nophenotypic features (Fig. 5B). Interestingly, a higher
number of functional and gene expression differences
according to sex occur in CD8+T cells compared to
other cell types. Intrathecal CD8+T cell subtypes rep-
resent critical elements in the immunopathogenesis of
PPMS and associate with white matter injury and tha-
lamic atrophy [40]. They hold particular interest in PPMS
due to the significant decline in peripheral CD8+ T cell
number observed with age in affected patients com-
pared to healthy controls, suggesting an accelerated aging
effect in MS [41]. We reported sex-biased CD8+ T cell

responses (Fig. 5D), with PPMS females more likely to
restore cellular homeostasis than males and PPMS males
exhibiting a more activated state characterized by height-
ened cytolytic responses. These responses may represent
an explanation for the more severe neurodegeneration
observed in MS males, triggering more rapid progression.

We identified a genetic signature composed of 67 genes
that, based on their sex differential profile, classified the
MS immune system by disease subtype (Fig. 6). This sig-
nature may enable the characterization of progression-
related biomarkers and the development of tailored
treatment approaches by identifying specific subtypes
in MS patients. 12 genes that undergo significantly
increased expression in female RRMS but remain not sig-
nificant in PPMS mainly relate to modulating inflamma-
tion, a key differentiating factor between RRMS (higher
inflammation) and PPMS (lower inflammation). Of them,
CD69 protein has been detected in MS lesions in both
brain and infiltrated immune cell types [42, 43]. There-
fore, increased CD69 expression in RRMS females holds
promise for further investigation. Meanwhile, PPMS-
associated genes primarily increase in male patients.
Although many also play roles involved in inflammation,
glycolytic metabolism stands out, particularly through
the expression of the TPI1 (catalyzes the isomerization
of glyceraldehyde 3-phosphate and dihydroxy-acetone
phosphate) and LDHA (catalyzes the reversible conver-
sion of pyruvate to lactate) genes. Peripheral immune
system cells exhibit metabolic dysfunction, partly due
to their activation during immune responses and the
mitochondrial damage they undergo [44]. This immune-
metabolic phenomenon remains a current field of inter-
est in exploring therapeutic targets. Given our findings,
we emphasize the importance of elucidating sex-specific
metabolic profiles, which may offer valuable insights for
targeted therapeutic interventions.

The strongest MS genetic associations locate to the
HLA gene loci, which encode proteins crucial for the
immune system’s ability to distinguish between foreign
organisms and our cells [45]. This gene family has been
implicated in several autoimmune conditions [46]. Fur-
thermore, distinct sex-specific differences in HLA expres-
sion have been documented across various contexts,
including peripheral immune responses to lipopolysac-
charide [47] and generalized aggressive periodontitis
[48]. MS is no exception, as we observed significant vari-
ations in HLA gene expression levels and ligand-receptor
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interaction strengths within their antigen presentation
roles (Fig. 7). We highlight expression changes in the
HLA-DRB5 gene, which increases in RRMS females and
PPMS males. Demyelinated lesions are characterized by
increased expression of HLA-DR genes [49]; HLA-DRB5
plays an intricate role in MS as it may mitigate disease
severity while actively presenting antigens derived from
myelin promoting autoimmunity [50, 51]. Addition-
ally, we found that HLA-E protein interactions with
CD8+T cells became significant in RRMS females and
PPMS males, which may play a pivotal role in present-
ing autoantigens [52]. If such interactions differ between
subtypes, ultimately they may contribute to disease pro-
gression, potentially exacerbating the relapses in females
(RRMS - subtype characterized by inflammation) and the
rapid neurodegeneration in males (PPMS - subtype char-
acterized by less inflammation but continuous neurode-
generation). Regarding HLA class II genes, which also

influence genetic susceptibility to MS [53], RRMS males
exhibited heightened interaction strengths, reaching lev-
els observed in RRMS females. In contrast, ligand-recep-
tor interactions disappeared in PPMS females compared
to female controls, while PPMS males maintained similar
patterns to control males. This loss of intensity in con-
nections in female PPMS could represent an area of fur-
ther exploration to elucidate the reason for higher RRMS
but not PPMS susceptibility in females. Moreover, this
may reflect differences in how immune responses are
regulated, such that although females have a more active
immune system in healthy conditions, this is attenuated
to have a neurodegenerative centered progression in the
PPMS subtype.

We acknowledge the strengths and limitations asso-
ciated with this study. We performed an in-silico
approach underscoring the importance of promoting
Open Science initiatives and adhering to FAIR (Findable,
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Accessible, Interoperable, Reusable) principles to encour-
age data reuse and enhance the advancement of research.
Although this strategy captured the state-of-the-art
scRNA-seq MS data in humans, the heterogeneous
characteristics among the retrieved datasets hindered
analysis. We wish for additional data to analyze novel
combinations of tissue and MS subtypes. Additional data
will also improve the robustness of our current findings,
which are limited by the low number of cells or imbal-
ance among groups in some populations like microglia,
OPCs, and oligodendrocytes. Moreover, it would enable
the inclusion of relevant cell types, such as B cells and
dendritic cells, that were excluded due to insufficient rep-
resentation. Along with differential expression and func-
tional profiling analyses, we inferred signaling pathway
activation and cell-cell communication from transcrip-
tomic data. These results offer additional insight into
the molecular landscapes, although confirmation using
complementary approaches would be valuable. Since
these analyses rely on predefined pathway databases,
future studies could explore non-canonical signaling
differences.

We previously characterized sex differences in MS by
analyzing microarray and bulk RNA-seq transcriptomic
data in brain and blood samples [54]. This research iden-
tified sex differential gene expression levels averaged
across all cells within a sample; however, our current
work can dissect cellular heterogeneity. Thus, we shed
light on cell type-specific responses. The continued dis-
section of differential expression profiles in additional
subpopulations remains of great interest to refine our
understanding of sex differential molecular mechanisms.
Although we attempted to cover diverse areas of disease
pathology in the CNS and immune system, addressing
all encountered differences within a single manuscript
remains unfeasible. To provide broader and free access to
our findings, we developed a user-friendly website based
on Shiny (https://irsoler.shinyapps.io/cbl-atlas-ms/),
enabling any interested user’s interactive exploration of
the complete results.

Overall, we hope to have contributed to the character-
ization of MS molecular pathology at the single-cell level
by facilitating the search for potential biomarkers and the
development of novel targeted therapies while consider-
ing the MS subtype and the individual’s sex. To the best
of our knowledge, we generated the first single-cell sex
differential transcriptomic atlas of MS, providing results
by tissue and disease subtype. Our investigation identi-
fied genes, functions, and pathways worthy of consid-
eration in the potential development of biomarkers and
targeted therapies.
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Conclusions

We have identified sex differences in the central nervous
system and peripheral immune cell types in the spectrum
of multiple sclerosis. The higher relapse frequency and
incidence in females during early stages (RRMS) may be
driven by an increased expression of multifaceted genes
that would exacerbate inflammatory responses. As the
disease progresses, males experience faster CNS neu-
rodegeneration. We propose it may be linked to com-
pensatory mechanisms present in SPMS females, which
would help to cope with excitotoxicity (in neurons) and
to promote myelin clearance (in glial cells), together with
the increased cytotoxic activity of male PPMS CD8+T
cells. The sex-differential profile of the immune cells also
allowed us to classify cell types based on their clinical
subtype, obtaining a transcriptomic signature that could
help to determine the status of multiple sclerosis patients.
Overall, we hope our findings could act as a valuable
resource to promote further research in understanding
multiple sclerosis considering the sex of the individuals.

Methods

Study design and resource availability

Literature screening was conducted in September 2025
following a systematic search criteria for dataset identi-
fication. Inclusion criteria were implemented using the
keywords “multiple sclerosis,” “Homo sapiens,” “single
cell” or “single nuclei” or “single nucleus” in the GEO,
ArrayExpress and UCSC Cell Browser public databases.
Web browser searching was also performed.

Of the datasets identified, three were analyzed to gen-
erate the sex-differential landscape, while the grey matter
neurons annotated in the study by Macnair et al.!> were
used for validation of CNS results. The processing of this
dataset was the same as for the others, except that we
retained the original authors’ annotation.

The identified studies were manually filtered using the
following exclusion criteria: (i) data type: not contain-
ing scRNA-seq or snRNA-seq data, (ii) disease exam-
ined: studies not based on MS, (iii) experimental design:
required MS patients as cases and healthy individuals as
controls, (iv) sex: sex as a variable not registered or not
available, (v) sample count: at least data from three dif-
ferent individuals at each condition and sex (control
females, MS females, control males, MS males), and (vi)
unavailability of the gene expression matrix or metadata
files. Finally, raw count matrices and sample metadata
were downloaded for each selected study.

Bioinformatics analyses were individually performed
for each selected study. Firstly, the data were processed
as follows: (i) quality control filtering, (ii) normalization,
(iii) highly variable gene (HVG) selection, (iv) dimension-
ality reduction, (v) cell identity clustering, (vi) cell type
annotation, and (vii) gene marker evaluation. Results
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were then obtained for each cell type in females, males,
and MS sex differences by exploring statistical changes
in gene expression patterns, functional profiles, signaling
pathways, and cell-cell communication.

The bioinformatics code was developed using R (ver-
sion 4.1.2). Table S7 provides a record of the versions of
corresponding R packages. Bioinformatic code is avail-
able at https://github.com/IrSoler/cbl-atlas-ms.

Data acquisition, preprocessing, and cell-type annotation
Gene expression matrix and metadata files were down-
loaded to develop individual analyses. Standardization
of the gene nomenclature was ensured, verifying that
Gene Symbols were available in all datasets. Next, a qual-
ity control analysis was performed to incorporate data
from viable cells/nuclei in downstream processing. This
step was adapted to suit the singularities of each data-
set, maintaining homogeneity among studies as much
as possible. The following parameters were calculated
by sample: number of cells/nuclei, library size, number
of expressed genes, and mitochondrial gene ratio. The
graphical distribution of each parameter was represented
before and after filtering to explore the need to elimi-
nate samples. Pertinent cutoffs were implemented to fil-
ter poor-quality cells/nuclei. For the UCSC-MS dataset,
nuclei with less than 1000 library size, less than 500 genes
expressed, anomalous values (outliers) for mitochondrial
gene ratio identified with isOutlier function from scuttle
R package [55,56], or nuclei aggregates detected with
scDblFinder R package (https://github.com/plger/scDbl
Finder) were removed. Quality control analysis was also
performed at the gene level, discarding genes expressed
in less than three nuclei or genes other than protein-
coding/micro/long non-coding RNAs. HUGO Gene
Nomenclature Committee guidelines were followed to
identify these gene types. The graphical distribution of
the parameters before filtering revealed that GSE144744
cohorts were previously filtered by the authors, corrobo-
rating the absence of outliers; therefore, additional filter-
ing steps were not performed.

Filtered count matrices were normalized using a
deconvolution approach [57] and transformed into a log2
scale. Each gene’s biological and technical variability was
estimated, considering the batch effects reported in the
metadata files. 20% of HVGs based on biological hetero-
geneity were selected. All steps were executed using the
scran R package [58]. HVG expression was used as input
data to implement dimensional reduction approaches
that further compact expression profiles. In detail, sum-
marization was assessed by PCA (principal component
analysis) using the scater R package [55,56]. The rel-
evant principal components were selected by applying
the elbow point method with PCAtools R package (http
s://github.com/kevinblighe/PCAtools). Moreover, the no
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n-linear dimensionality reduction strategies tSNE (T-dis-
tributed stochastic neighbor embedding) and UMAP
(uniform manifold approximation and projection) were
computed for visualization.

Cells were classified based on the similarity of the pre-
viously selected principal components. To this end, a
graph built on the Shared Nearest Neighbours algorithm
was constructed using the scran R package [58]. Groups
were defined with the walktrap algorithm (k=20) with
the igraph R package [59]. Cell type was assigned to each
cell/nucleus by comparing expression profiles to pub-
lic references. The BRETIGEA R package [68] was used
for nervous tissue (UCSC-MS dataset), and the SingleR
package [60] for peripheral blood mononuclear cells
(GSE144744 cohorts). The MonacolmmuneData refer-
ence was selected from the celldex R package [60] as a
standard reference for analyzing human peripheral blood
mononuclear samples. Unassigned cells or cells not clas-
sified as major cell types from the CNS (neurons, astro-
cytes, microglia, oligodendrocytes, OPCs) and blood
(CD4+T cells, CD8+T cells, NK cells, monocytes, B
cells, dendritic cells), respectively, were discarded. For
the CNS dataset, we next confirmed the absence of
expression of marker genes for infiltrated immune cells:
CD169 (macrophages), CD3 (T cells), CD19 and CD20 (B
cells). As an additional quality control measure, follow-
ing annotation with reference datasets, we performed
differential expression analyses of marker genes: astro-
cytes (GJA1l, PRDM16, SLCO1C1, ALDHI1L1, EYAl),
microglia (C3, CD74, C1QB, KCNK13, GPR34), neurons
(GABR2, HCN1, LPHN2, KCNJ3, PCSK2), oligodendro-
cytes (OPALIN, MAG, MOG, ERMN, ANLN), OPCs
(COL9A1, GPR17, PDGFRA, STK32A, CALCRL), B cells
(CD22, CD79A, CD79B, MS4A1, BANK1), CD4+ T cells
(IL7R, MAL, IL6ST, TCE7, AQP3), CD8 + T cells (CD8A,
CD8B, CD8B2, CD3D, CD3G), NK cells (NKGG?7,
CTSW, GZMA, FCGR3A, KLRD1), dendritic cells
(CLECI10A, IRF7, CCDCS88A, FCER1A, ITM2C), and
monocytes (CD14, CD36, S100A9, S100A8, MS4A6A).
Gene expression distributions can be consulted in Sup-
plementary Figures S5-A, S16-A, and S24-A. Then, genes
overexpressed in each cell type compared to the remain-
ing cells were screened by implementing the statistical
Wilcoxon test with the scran R package [58]. Adjusted
p-values were calculated by the Benjamini-Hochberg
method [69], considering genes significant when attain-
ing a false discovery rate (FDR) <0.05. Significantly over-
expressed genes by cell type were corroborated as marker
genes described in scientific literature, increasing the
robustness of the annotation.

To further characterize neuronal heterogeneity within
the CNS cohort, the neuronal cluster was subjected
to a reclustering procedure at two levels: (1) based on
the three subclusters visually identified in the tSNE
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representation (Fig. 1A), and (2) based on the subclusters
identified during the exploratory analysis (Figure S2F). In
both scenarios, marker genes were obtained for each sub-
cluster using the Wilcoxon test with the scran R package
[58] with adjusted p-values calculated by the BH method
[69] and a significance threshold of FDR <0.05. Neuronal
subtype annotation was performed using CellKb v2.13
(https://www.cellkb.com/).

We also accounted for potential sources of variability.
Supplementary Figures S2-S4G illustrate that the pri-
mary contributor to variation in the first principal com-
ponents is cell type assignment. Supplementary Figure
S37 presents the distribution of cells per sample (donor),
ensuring that all cell types are represented across all indi-
viduals. Covariates included in the differential expres-
sion model are described in the section Differential gene
expression analysis.

Evaluated comparisons
Differential gene expression and functional analyses were
performed to statistically identify differences in MS from
a sex perspective (see following sections), testing three
independent comparisons for each cell type analyzed.
The MS.Female - Control.Female comparison assessed
the impact of MS in females (IDF), revealing the dif-
ferences between MS females and healthy individuals.
The MS.Male - Control.Male comparison reported the
impact of MS in males (IDM), revealing the differences
between MS males and healthy individuals. The (MS.
Female - Control.Female) - (MS.Male - Control.Male)
comparison evaluated the sex differential impact of dis-
ease (SDID), which aimed to identify sex differences
among MS patients while considering inherent sex vari-
ability in healthy individuals.

Significant characteristics were selected in all three
comparisons to explore the biological results.

Differential gene expression analysis

A hurdle model was implemented using the MAST R
package [61]. A logistic regression was considered to
model if a gene would be expressed (discrete distribu-
tion), and a conditioned Gaussian linear model to repre-
sent the expression level (continuous distribution).

For each analysis, the model included a variable repre-
senting the condition and sex conforming to four groups
(control females, MS females, control males, MS males)
and another variable containing the scaled number of
expressed genes (MAST recommendation). Additional
covariables were added to control their variability mini-
mizing the effect of confounders in gene expression pat-
terns. UCSC-MS comparisons incorporated sample, age,
affected cerebral region, capture batch effect, sequenc-
ing batch effect, and cell cycle state. For the GSE144744
cohorts, the variables sample, age, previous treatments,
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batch effect, and cell cycle state were reported. The cell
cycle state represents a source of variability not provided
in corresponding metadata files in any dataset, so it was
calculated using the scran R package [62].

A likelihood-ratio test was then performed to calcu-
late each dataset’s statistical parameters by cell type and
comparison.

Functional profiling

Inference of protein-protein interaction networks.
Protein-protein interaction analyses were performed
using the STRINGdb R package [63]. Interaction net-
works were obtained by keeping default parameters
and examining the database’s total number of physical
and functional interactions. For visualization purposes,
weighted edges were represented based on the confi-
dence of the interaction (the more significant the thick-
ness, the greater the confidence), hiding disconnected
proteins.

Functional overrepresentation analysis. Altered bio-
logical processes from Gene Ontology (BP-GO) were
identified through a modular enrichment analysis imple-
mented using the weightO1 algorithm from the topGO
R package [64]. Significant genes were evaluated for the
BP-GO terms obtained from the org.Hs.eg.db R package.
Significant terms were clustered, and a word cloud was
generated for each cluster. This process was implemented
with the simplifyEnrichment and simplifyGO R pack-
ages [65]. Semantic similarity matrices were obtained
by grouping terms using the Louvain clustering method.
Word clouds were created, with the size of each word
proportional to frequency. Visual atlases were created of
significantly dysregulated genes in each cell type. Genes
were grouped into general functional categories based
on BP-GO terms and associated functional descriptions
from the literature.

Signaling pathways analysis

Statistical differences in signaling pathway activity were
identified using the hipathia R package [66]. Signal trans-
duction was calculated for each effector subpathway of
each pathway from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [67]. Differential effector activation
analysis was performed using the MAST R package [61],
following the specifications described in the differential
gene expression analysis. Suitable pathways for analy-
sis were selected. Criteria were established based on the
type of tissue sample (Table S8).

Cell-cell communication analysis

The R package CellChat [68] inferred interactions
between ligand-receptor pairs. The CellChatDB human
database screened 1939 ligand-receptor interaction pairs
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involving 546 ligands and 507 receptors. Communica-
tion probabilities were computed for each interaction
between pairs of cell types in each group of interest (con-
trol females, MS females, control males, and MS males),
with these values measuring the interaction strength. The
direction of interactions was assessed by establishing the
cell type that provides the ligand and/or the receptor.
Cellular communication networks were then calculated
by counting the total number of interactions and the
differential number of interactions among females (MS
females vs. control females comparison) and males (MS
males vs. control males comparison).

Web platform development

Our web tool (https://irsoler.shinyapps.io/cbl-atlas-ms/)
was developed using the structure of the R shiny pack-
age (https://github.com/rstudio/shiny, https://shiny.posit
.co/).

Statistical analysis

Corresponding statistics to each analysis were deter-
mined. Adjusted p-values were calculated by the Ben-
jamini-Hochberg method [69]. LogFC values were
determined to reveal the magnitude of the differential
expression (logFC absolute value) and in which direction
the genes were more significantly expressed (logFC sign).
For guidance on interpreting the logFC, refer to our web-
site’s “Help” section: https://irsoler.shinyapps.io/cbl-atla
s-ms/. Features were considered significant when attain-
ing a false discovery rate <0.05, adding the cut-off logFC
absolute value > 0.5 to differential gene expression results.

Abbreviations

BP-GO Biological processes from the Gene Ontology
CNS Central nervous system

IDF Impact of disease in females

IDM Impact of disease in males

FDR False discovery rate

FGF Fibroblast growth factor

GABA Gamma-aminobutyric acid

GEO Gene Expression Omnibus

HLA Human leukocyte antigen

HVG High variable genes

KEGG Kyoto Encyclopedia of Genes and Genomes
logFC Logarithm of fold change

INcRNA Long non coding RNA

MHC Major histocompatibility complex

MS Multiple sclerosis

OPCs Oligodendrocyte precursor cells

PCA Principal component analysis

PDGF Platelet-derived Growth Factor

PPI Protein-protein interaction network
PPMS Primary progressive multiple sclerosis
RRMS Relapsing-remitting multiple sclerosis
scRNA-seq  Single-cell RNA sequencing

snRNA-seq  Single-nucleus RNA sequencing

SDID Sex-differential impact of disease

SPMS Secondary progressive multiple sclerosis

tSNE T-distributed stochastic neighbor embedding
UMAP Uniform manifold approximation and projection
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