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Abstract
Background and Objectives
In multiple sclerosis (MS), immune cells invade the CNS and destroy myelin. Macrophages
contribute to demyelination and myelin repair, and their role in each process depends on their
ability to acquire specific phenotypes in response to external signals. In this article, we assess
whether defects in MS patient macrophage responses may lead to increased inflammation or
lack of neuroregenerative effects.

Methods
CD14+CD16−monocytes from patients with MS and healthy controls (HCs) were activated in
vitro to obtain homeostatic-like, proinflammatory, and proregenerative macrophages. Macro-
phage activation profiles were assessed through RNA sequencing and metabolomics. Surface
molecule expression of CD14, CD16, and HLA-DR and myelin phagocytic capacity were
evaluated with flow cytometry. Macrophage supernatant capacity to influence oligodendrocyte
precursor cell differentiation toward an astrocytic or oligodendroglia fate was also tested.

Results
We observed that MS patient monocytes ex vivo recapitulate their preferential activation
toward the CD16+ phenotype, a subset of proinflammatory cells overrepresented inMS lesions.
Functionally, MS patient macrophages display a decreased capacity to phagocytose human
myelin and a deficit of processing myelin after ingestion. In addition, MS patient macrophage
supernatant favors astrocytes over oligodendrocyte differentiation when compared with HC
macrophage supernatant. Furthermore, even when exposed to homeostatic or proregenerative
stimuli, MS patient macrophages uphold a proinflammatory transcriptomic profile with higher
levels of cytokine/chemokine. Of interest, MS patient macrophages exhibit a distinct metabolic
signature with a mitochondrial energy metabolism blockage. Transcriptomic data are further
substantiated bymetabolomics studies that reveal perturbations in the correspondingmetabolic
pathways.

Discussion
Our results show an intrinsic defect of MS patient macrophages, reminiscent of innate immune
cell memory in MS, lifting macrophage importance in the disease and as potential therapeutic
targets.
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Introduction
Multiple sclerosis (MS) is an inflammatory disease in which
peripheral immune cells infiltrate the CNS and destroy my-
elin, a neuroprotective and conduction-enhancing substance.
The infiltrating cells consist of lymphocytes andmonocytes which,
together with microglia (the tissue-resident macrophages of the
CNS), induce and maintain neuroinflammation. Infiltrating
monocytes differentiate into macrophages and along with micro-
glial cells play an important role in the disease.1 They contribute to
myelin destruction through perpetuation of the inflammatory en-
vironment, recruitment of leukocytes, antigen presentation, and
damage to neural cells through toxic effector mechanisms.2-4

Furthermore, macrophages play a role in an endogenous re-
pair process termed “remyelination.” Remyelination capacity
varies greatly between patients, and a high capacity is corre-
lated with positive outcomes.5,6 In animal models, depletion
of macrophages leads to reduced proliferation and differen-
tiation of oligodendrocyte precursor cells (OPCs), resulting
in fewer myelin-producing oligodendrocytes.7,8

Macrophages respond to cues in the environment that dictate
different activation states, which are characterized by distinct
transcriptomic and metabolic changes.9 The activation states
are typically described with terms such as “proinflammatory”
(typically induced with interferon [IFN] γ and lipopolysac-
charide [LPS] in vitro) and “anti-inflammatory” (typically
induced with interleukin (IL)-4 in vitro). While macrophages
in an organism often display features of different activation states,
simultaneously in vitro activation of macrophages with proin-
flammatory or anti-inflammatory stimuli has highlighted the ex-
tensivemacrophage response inducing this functional diversity.10,11

Proinflammatory macrophages demonstrate an increased
production of proinflammatory cytokines and cytotoxic
molecules, indicating their potentially detrimental role in MS.
In the case of effects on remyelination, in vivo and in vitro
results show that proinflammatory macrophages promote
OPC proliferation while anti-inflammatory macrophages
promote OPC differentiation.7 The same study showed that,
in vivo, the early stages of successful remyelination includes a
switch in the macrophage population from a majority of
proinflammatory cells to proregenerative macrophages. Thus,
pathologic activation of macrophages seems as a potential
culprit in both destruction and lack of repair.

In the CNS of a patient with MS, loss of homeostatic marker
purinergic receptor P2Y12 (P2RY12) is seen in both lesions
and normal-appearing white matter.12 Proinflammatory
macrophage markers are abundant in active lesions and slowly
expanding lesion rims,12,13 both of which show active de-
myelination. However, it is not known to what extent this
perturbed state is driven by a pathologic environment or by
intrinsic features of infiltrating macrophages. Emerging evi-
dence points to intrinsic features of infiltrating macrophages
in MS. For instance, patients with MS show an increase in
CD16+ monocyte subpopulations in blood14 and/or CSF,15

implying differential activation of peripheral monocytes.
Furthermore, recent study has provided insights into a dys-
regulation of bone marrow hematopoietic stem cell differen-
tiation, resulting in an augmented production of myeloid cells,
which could contribute to the accumulation of proin-
flammatory macrophages in MS.16 Intrinsic defects in MS
monocytes were also reported with a decreased capacity
for myelin phagocytosis compared with healthy control
monocytes.17,18 All these clues suggest intrinsic defects in MS
macrophages, but understanding the underlying mechanisms
would help establish whether the innate immune system
could be targeted in novel treatment strategies.

Using freshly isolated monocytes from blood samples and
differentiating them in vitro, we test the macrophage’s ability
to induce proinflammatory or proregenerative gene expres-
sion in an artificial and controlled environment. Our original
approach explores the interplay between disease status and
essential aspects of macrophage activation at the functional
and molecular levels.

Methods
Participants
A total of 47 patients with MS and 46 healthy controls (HCs)
were included in the study. Patients were recruited from
multicase families as part of a project studying the MS patient
phenotype. 6 patients were single cases while the remaining
30 were from 15 sibling pairs. All patients met MS diagnostic
criteria, and individuals with other inflammatory or neuro-
logic disorders were excluded. Clinical evaluation, including
Expanded Disability Status Scale testing and documentation
of treatment history, was conducted on the same day as blood
sampling.

Glossary
DE = differential expression/differentially expressed; EDSS = Expanded Disease Severity Scale; FBS = fetal bovine serum;GM-
CSF = granulocyte macrophage colony-stimulating factor; GO = gene ontology;HC = healthy control; IFN = interferon; IL =
interleukin; LPS = lipopolysaccharide; MGCCA = multiway regularized canonical correlation analysis; MFI = mean
fluorescence intensity; MS = multiple sclerosis; MSSS = multiple sclerosis severity score; MT = metallothionein; OPC =
oligodendrocyte precursor cell; PBMC = peripheral blood mononuclear cell; PCA = principal component analysis; ROS =
reactive oxygen species; TCA = tricarboxylic acid; Th = T helper; WGCNA = weighted gene co-expression network analysis.
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Standard Protocol Approvals, Registrations,
and Patient Consents
Approval was obtained from the French Ethics Committee
and the Ministry of Research (NCT03369106), and written
informed consent was obtained from all participants.

Macrophage Culture and Activation
Blood was sampled in acid citrate dextrose tubes. Peripheral
blood mononuclear cells (PBMCs) were isolated using Ficoll-
Paque Plus (GE Healthcare Life Sciences) and by centrifu-
gation (2200 rpm, 20 minutes) (detailed PBMC isolation and
culture given in eMethods).

Human Myelin Extraction
Human myelin was extracted from normal-appearing white
matter of a postmortem MS patient brain tissue (detailed
methods given in eMethods).

Phagocytosis Assay and Flow Cytometry
Macrophage phagocytic capacity was evaluated through flow
cytometry. After 24 hours of activation, macrophages in 24-
well plates were exposed to labeled human myelin (25 μg/
mL) in RPMI + 10% FBS for 1 hour at 37°C. Negative con-
trols were included. After incubation, cells were washed with
PBS, detached using Trypsin-EDTA, and washed again by
centrifugation. Labeling was performed with anti-HLA-DR-
PB and anti-CD16-FITC (Duraclone precoated tubes or
separate antibodies, all from Beckman-Coulter) and anti-
CD14-PEvio770 (Miltenyi) at room temperature in darkness
for 30 minutes (precoated tubes) or 45 minutes at 4°C (liquid
antibodies) in PBS + 5% FBS. After washing, cells were ana-
lyzed with MACSQuant (Miltenyi). Results were analyzed
with FlowLogic software (Inivai Technologies). Cells were
gated for size and granulosity (FSC/SCC) and singlets (FSC-
A/FSC-H).

Multiway Generalized Canonical
Correlation Analysis
Flow cytometric data were analyzed using Multiway
Regularized Generalized Canonical Correlation Analysis
(MGCCA). MGCCA was used to explore the complex
relationships between flow cytometric data measured at 3
different states of activation and the response variable
(HC vs MS) (detailed analysis methods given by
eMethods).

RNA Sequencing and Differential Expression
(DE) Analysis
Macrophage samples were processed 24 hours after activation
for RNA extraction using the Nucleospin RNA extraction kit.
Transcriptome sequencing was performed on 28 patients
and 11 HCs using a Truseq stranded mRNA kit on a
NextSeq 500 sequencer. Raw data quality was assessed with
FastQC and trimmed with Fastp. Reads were aligned to the
hg38 genome using Star v2.5.3a, and gene abundances were
quantified with RSEM 1.2.28 (detailed analysis methods
given in eMethods).

Weighted Gene Co-expression
Network Analysis
Weighted gene co-expression network analysis (WGCNA)19

was performed on batch-corrected data to identify co-
expression modules, considering overrepresented KEGG
pathways and GO terms (detailed analysis methods given in
eMethods).

Metabolomics Analysis
Metabolomics analysis was conducted on GM-CSF–exposed
macrophages from 29 patients (16 treated, 13 untreated) and
12 healthy controls (HCs). Cell preparation mirrored that of
RNASeq samples until lysis, where cells were detached with
0.25% Trypsin-EDTA, then processed, and stored. Sam-
ples were homogenized in 0.1% formic acid and methanol,
then sonicated, and centrifuged before LC-MS analysis.
LC-MS experiments were performed using a HILIC phase
chromatographic column coupled to a Q-Exactive mass
spectrometer (detailed analysis methods given in
eMethods).

Macrophage-Conditioned Medium Effect on
OPC Differentiation
Macrophage-conditioned media were collected 24 hours after
activation, conserved at −80°C, and thawed just before use.
OPC cell line CG420 was plated in 96-well plates (4 × 103 cells
per well) coated with polylysine in the N1-B104 medium.
After 1 day of culture, the medium was removed and replaced
by human macrophage–conditioned media. Cells were fixed
using 2% PFA and cold methanol after 72 hours.

Immunocytochemistry was performed usingO4 (Homemade
Hybridome) and GFAP (Dako Z0334) antibody to evalu-
ate oligodendroglial cells or astrocyte quantity. Images were
taken using a plate scanner CellInsight NXT (ThermoFisher)
and converted to TIFF for quantification when needed.
To assess CG4 differentiation, the proportion of O4+ and
GFAP+ cells on the total number of cells was evaluated using
ImageJ software.

Other Statistical Analyses
Other statistical analyses are given in eMethods.

Data Availability
The omics data used in this article are accessible on GEO at
accession number GSE269706.

Results
Generation ofMonocyte-DerivedMacrophages
Monocytes were isolated from PBMCs of a total of 47
patients with MS and 46 age-matched HCs (Table and
eTable 1) using CD14-specific magnetic separation. After
isolation, patient samples showed a slightly reduced pro-
portion of CD14+CD16− cells compared with HC, but this
was not explained by an increase in another specific pop-
ulation (eFigure 1D). Monocytes were then differentiated in
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vitro, and we refer to these samples as MGM-CSF, MIFNγ+LPS,
and MIL4, respectively.

MS Macrophages Differ From HC in Expression
of Cell Surface Markers and in Function
Having started off with a primarily CD14+CD16− monocyte
population, we examined how expression of CD14 and CD16,
as well as HLA-DR, differed between HC and MS macro-
phages after each set of activation stimuli. We also studied
their myelin-phagocytosing capacity. Using Cy5-labeled hu-
man myelin, we evaluated samples from 34 patients and 34
HCs for phagocytic and high-phagocytic cells and CD14 and
CD16 positivity.

To efficiently identify the key differences among these mul-
tiple parameters, MGCCA was performed with disease status
(HC orMS) as the target feature. The 3 activation states were
considered by constructing a 3-order tensor (individu-
als×biological markers×activation states) (in eMethods). The
first component successfully separated 88% of patients from
controls using information from all 3 activation states
(Figure 1A). This difference in the first component was not
confounded by sex, age, or family relations between individ-
uals (eFigure 2, A–C). Themajor variables contributing to the
first component indicated higher percentages of CD14−/
CD16+, CD14−/CD16−, CD16+, and highly phagocytosing
cells in MS and higher percentages of CD14+, phagocytosing
cells, and CD14+/CD16− cells in HCs (Figure 1B).

There were fewer CD14+ cells in MS samples in all 3 con-
ditions (Figure 1C), and a higher percentage of CD16+ cells in
MS was most notable in MIFNγ+LPS and MIL4, although the
CD14−/CD16+ population was more present in MGMCSF as
well (Figure 1C). There were no differences in MFI of CD14,
CD16, or HLA-DR (eFigure 3A).

The lower percentage of myelin-phagocytosing cells in MS
samples was evident in all 3 activation states (Figure 1D).
However, myelin-positive cells from MS samples were more
likely to be gated as highly positive for myelin (Figure 1D,
lower panel). Thus, while MS macrophages were less likely to
phagocytose myelin, the actively phagocytosing cells were
seemingly ingesting more myelin and/or failing to process it
after ingestion.

In addition, we tested the effect of macrophage-conditioned
media onOPCdifferentiation (Figure 2A). Conditionedmedia

of MS MIFNγ+LPS were more potent to drive cells toward an
astrocytic lineage compared with HC MIFNγ+LPS–conditioned
media (Figure 2B, quantification in Figure 2C), suggesting an
exacerbated proinflammatory phenotype of MS MIFNγ+LPS

macrophages.

Next, we examined the differences between activation states
for each individual to approximate their responses to stimuli.
For each variable analyzed above, we calculated the difference
in log2-transformed values between MGMCSF and MIFNγ+LPS

or MIL4 samples. Repeating the MGCCA (eFigure 3B), we
again saw a shift between MS and HC in the first component
(eFigure 3C) and this difference was present in both activa-
tion stimuli (eFigure 3D). This difference in the first com-
ponent was not confounded by age, treatment, or family
relations between individuals (eFigure 2, A–C). A slight dif-
ference could be seen between men and women, with male
MS and HC samples showing less separation than female
samples, although the number of men was too small to draw
reliable conclusions from this (eFigure 2, D and E). We noted
that there was a reduction of CD16+ cells in HC MIFNγ+LPS

and MIL4 compared with MGMCSF, but not in the MS equiv-
alents (eFigure 3, E and F). Instead, there was a reduction of
CD14+ cells in MS not seen in HCs (eFigure 3, E and F).
Changes in CD14, CD16, and HLA-DR MFI values were
equivalent between MS and HC samples (eFigure 3 G). We
also observed a more extensive decrease in phagocytic ca-
pacity after proinflammatory stimulation in MS compared
with HC (eFigure 3H). This suggests a more responsive
phenotype to proinflammatory stimuli in MS macrophages
with a higher antiphagocytic response. The effect of
macrophage-conditioned media on OPCs did not show sig-
nificant differences in relative changes, but a trend of in-
creased response to proinflammatory stimuli in the
promotion of astrocyte lineage differentiation could be seen
(eFigure 3I).

Transcriptomic Profiles of MS Patient
Macrophages Differ From Those of
HC Macrophages
Transcriptomic profiles were analyzed through RNASeq in
samples generated as above from 28 patients with MS and 11
HCs. The efficacy of our activation stimuli in HC macro-
phages was confirmed by the expression of known activated
genes (eFigure 4). Principal component analysis (PCA) of all
samples showed that while the major sources of variance were
the activation stimuli, MS and HC samples were significantly

Table Characteristics of Continuous Variables of Study Participants, Given as Mean ± SD

Age (y) Female sex Disease duration (y) % MS-treated % RRMS EDSS

HC 39 ± 10 23/44

MS 40 ± 12 35/44 12 ± 8 26/44 33/36 2.3 ± 1,5

Abbreviations: CIS = clinically isolated syndrome; MSSS = multiple sclerosis severity score; RRMS = relapsing-remitting MS; SP = secondary progressive.
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different in all activation states (no overlap in 95% confidence
intervals calculated by bootstrapping) along principal com-
ponents 1 and 2 (61% of variance explained) (Figure 3A, HC:
black triangles, MS: white squares). Disease status

contributed to intersample variation, but to a lesser degree
than activation stimuli. The major differences in tran-
scriptomic profiles were independent of patient sex, age,
treatment, and sibling effects (eFigure 5).

Figure 1 MS Patient Macrophages Exhibit Altered Levels of Cell Surface Marker and Functionalities Compared With HC
Macrophages

(A) PCA with the first 2 components of
MGCCA targeting the differences be-
tween MS (squares) and HC (triangles)
across all activation states and vari-
ables. The right panel represents the
weights of each activation state to the
first component of A. White bars rep-
resent variables that significantly con-
tribute to the scores of samples. (B)
Weights of each flow cytometry vari-
able to the first component of A. White
bars represent variables that signifi-
cantly contribute to the scores of
samples. (C) Distribution of CD14/
CD16 population proportions in MS
and HC for each activation state. (D)
Myelin phagocytosis capacity of HC
and MS patient macrophages. Data
are shown for myelin positivity, high
myelin positivity, and high myelin
positivity as a percentage of myelin-
positive cells. *p < 0.05, **p < 0.01,
***p < 0.001, and p < 0.0001 in the
Mann-Whitney U test between HC and
MS for each activation state. Error bars
indicate 95% CI as calculated by boot-
strapping (C and D). For box plots,
values are grouped by activation state
and disease (HC: triangles; MS:
squares; GM-CSF: green; IFNγ+LPS:
blue; IL4: pink). HC = healthy controls
(n = 34); MS = patients withMS (n = 34).
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MS Patient Macrophages Show a Globally
Proinflammatory Transcriptomic Profile
We next performed DE analyses comparing MS and HC
samples in each activation state independently (log2 fold-
change ≥0.5, q < 0.05). In MGM-CSF, MIFNγ+LPS, and MIL4,
respectively, 703, 689, and 297 genes were overexpressed in
MS, whereas 408, 964, and 273 genes were underexpressed
(Figure 3B). Several genes were differentially expressed in
more than 1 activation state (Figure 3B).

GO term analysis revealed overrepresentation of in-
flammatory pathways in all activation states (Figure 3C).
Multiple chemokine-coding genes, including CCL4
(Figure 3D), were increased in multiple activation states,
suggesting an increased capacity to attract other proin-
flammatory immune cells. Conversely, fewer chemokines
such as CCL17 and CCL22, known for their anti-
inflammatory function, were underexpressed (Figure 3D).

Proinflammatory genes such as CD14 and TLR7 were upre-
gulated in 1 or more states, along with metallothionein genes
(MT1G) (Figure 3D). Differences were also seen in
apoptosis-related genes such as CASP3 (Figure 3D), down-
regulated most notably in MIFNγ+LPS.

In MGM-CSF, the DE genes were consistently indicative of a
proinflammatory profile, with alterations of genes related to
cytokine secretion, semaphorins (SEMA4A, Figure 3D), and
extracellular matrix disassembly (MMP9, Figure 3D). Differ-
ent genes related to endocytosis (FCGR2B, Figure 3D) were
overexpressed in MS MGM-CSF and MIFNγ+LPS.

MIL4 showed a profile similar to that of MGM-CSF, albeit with
fewer significant genes and GO terms. The only terms that
were specific to MIL4 concerned response to lipid, with an
upregulation of genes such as ABCA1 (Figure 3D). However,
the overexpression of these genes was not specific to MIL4.

Figure 2MS PatientMacrophage-ConditionedMedia InduceMore Astrocytic Differentiation of OPC Than HCMacrophage-
Conditioned Media

(A) Experimental overview for the OPC differentiation assay: HC andMSmacrophage-conditionedmedia were collected after 24 hours of treatment with GM-
CSF, IFNγ+LPS, or IL4 and added to cell cultures from theCG4 ratOPC line. (B) Cell fate toward anOLor astrocytic lineagewas evaluated usingO4 (green, h) and
GFAP (red, h) antibodies, respectively. (C) Distribution of percentages of O4+ and GFAP+ cells and the ratio of the 2, grouped by disease group and activation
states. The dashed gray line corresponds to the level of O4, GFAP, and the ratio of GFAP/O4 in CG4 cells in absence of macrophage-conditioned media. *p <
0.05, **p < 0.01, ***p < 0.001, and p < 0.0001 in the Mann-Whitney U test between HC and MS for each activation state. For box plots, values are grouped by
activation state and disease (HC: triangles; MS: squares; GM-CSF: green; IFNγ+LPS: blue; IL4: pink). HC = healthy controls (n = 14); MS = patients withMS (n = 2).
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Figure 3 MS Macrophages Show a More Proinflammatory Transcriptomic Profile Compared With That of HC

(A) PCAwith eachobservation representing1 sample from1 individual (HC: triangles;MS: squares;GM-CSF: green; IFNγ+LPS: blue; IL4: pink). Ellipses indicate95%CI of
the group mean based on bootstrapping. (B) Venn diagrams showing the number of differentially overexpressed and underexpressed genes (absolute log2(fold-
change) >0.5, q < 0.05) between HC and MS samples in each activation state. (C) A selection of GO terms, sorted by broader functionality, with dots indicating a
significantoverrepresentation inagivensetofDEgenes (adjustedp<0.05). Theproportionofgenes fromthe termand thepvalueare indicatedby thesizeandcolorof
the dots, respectively. Examples of DE genes from at least 1 list of genes are provided on the right. (D) Sample distribution for a subset of genes highlighted in D.
Expression is given in log2 and grouped by activation state and disease as in C. *q < 0.05, **q < 0.01, ***q < 0.001, ****q < 0.0001, and *****q < 0.00001 in limmaDE
analysis. GO = gene ontology; HC = healthy controls (n = 11); MS = patients with MS (n = 28).
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Rather, the smaller total number of significant genes per-
mitted the lipid-response genes to emerge as significantly
overrepresented.

On the contrary, MIFNγ+LPS showed a state-specific under-
expression of a subset of inflammatory genes, including che-
mokines such as CXCL9, CXCL10, and CXCL11 (CXCL10,
Figure 3D), known to recruit Th1 cells, pattern recognition
receptors such as TLR3 and TLR7 (TLR7, Figure 3D), and
interferon response genes of the IFIT and IFITM families
(IFITM1, Figure 3D).

Overall, while MIFNγ+LPS showed the broadest dysregulation
of genes in the number of significant DE genes (Figure 3B),
the differences inMGM-CSF seemedmore cohesively indicative
of a proinflammatory state (Figure 3C). The combination of
both overexpression (Figure 3C) and underexpression
(Figure 3C) of proinflammatory genes in MIFNγ+LPS implies a
mixed phenotype with a partially incorrect response to
proinflammatory stimuli.

The major differences in transcriptomic profiles were in-
dependent of patient sex, age, treatment, and sibling effects
(eFigure 5).

Patients With MS Exhibit an Altered Response
to Proinflammatory Stimuli Compared With
HC Macrophages
We observed a weakened functional response to proin-
flammatory stimuli in MS cells, suggesting a disturbed tran-
scriptomic response. Pearson correlation coefficients of gene
expression between pairs of stimuli were lower in MS samples
compared with HC in both the MGM-CSF vs MIFNγ+LPS and
MIFNγ+LPS vs MIL4 comparisons (p < 0.01 and p < 0.05, re-
spectively, Mann-Whitney U test) (Figure 4A).

DE analyses revealed a higher number of genes specific to HC
comparisons than in MS in each pair of stimuli, particularly
noticeable between MGM-CSF and MIFNγ+LPS (Figure 4B).
Indeed, 588 genes showed stronger response in HC than in
MS, compared with 32 genes in MS than in HC. The weaker
response was not simply a saturation of proinflammatory gene
expression because the upregulated genes defined in HC
conditions showed an average expression that was both higher
in MSMGM-CSF and lower inMSMIFNγ+LPS and vice versa for
downregulated genes (Figure 4C). Response genes for each
group were enriched with genes from inflammation and
metabolism-related reactome pathways, such as inflamma-
somes and respiratory electron transport, indicating a weaker
response in patients with MS (Figure 4D).

Coexpressed Genes Involved in Migration and
Metabolism Are Dysregulated in
MS Macrophages
Next, we performed a WGCNA. To avoid that the differences
between activation states mask the effect of the disease, we
constructed the network by using the maximum correlation

for each gene pair across activation states (Figure 5A, eFig-
ure 6). After identifying modules, we analyzed their genes for
overrepresented GO terms and KEGG pathways
(eFigure 6B). The eigengene value for each module was cal-
culated, and its correlation with disease status was assessed
(eFigure 6, B and C). Modules significantly correlated with
disease (FDR-adjusted asymptotic p < 0.05) in at least 1
activation state and overrepresented GO term or KEGG
pathway are depicted in Figure 5B. 1 module, strongly cor-
related with disease, contained chemokine and metal ho-
meostasis genes, echoing DE analysis differences.

Six modules were negatively correlated with disease in
MIFNγ+LPS, including interferon-response genes and genes
involved in cell death (modules 5 and 6, Figure 5C). However,
some genes within these modules promote survival, such as
BCL2 and FAS (Figure 5D).

Two modules with several genes involved in the respiratory
electron transport chain were negatively correlated with
disease in MGM-CSF (modules 8 and 9, Figure 5C and
eFigure 6C). Although individual gene dysregulation was
modest, the collective decreased expression suggests a global
reduction of oxidative metabolism, a key feature of anti-
inflammatory cells.21

MS Homeostatic-Like Macrophages Present
Dysregulated Mitochondrial
Energy Metabolism
A metabolomic analysis was performed using liquid chroma-
tography mass spectrometry (LC-MS) on 39 samples (13
HC, 26 MS). Because the transcriptomic changes related to
metabolism were mostly noted in MGM-CSF, we focus on this
activation state. 4 samples were excluded from analysis after
being identified as outliers using robust PCA. Separating be-
tween treated (n = 13) and untreated (n = 9) patients, we
noted significant differences in several metabolites between
untreated patients and HCs as well as between treated and
untreated patients while no differences were seen between
HCs and treated patients (Figure 6 and 7).

There was a global downregulation of the included metab-
olites in patients with MS (Figure 6), including significantly
lower levels of intermediates of glycolysis (Figure 6A) and
the tricarboxylic acid (TCA) cycle (Figure 6C), multiple
fatty acids (Figure 6D), and NAD+ (Figure 6B), which is
generated by the mitochondrial electron transport chain.
This suggests a downregulation of major energy metabolic
pathways.

We combined the metabolomic data from HC and untreated
MS patient samples with the transcriptomic data to visualize 4
main pathways of energy metabolism: fatty acid oxidation, the
TCA cycle, oxidative phosphorylation, and glycolysis
(Figure 7). The reduced levels of fatty acids were accompa-
nied by a downregulation of genes encoding for 4 major en-
zymes in beta-oxidation (CPT2, HADHB, ACADM, and
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Figure 4 MS Macrophages Present a Limited Amplitude of Response When Stimulated With IFNγ+LPS

(A) Boxplots of the Pearson correlation coefficientbetweengeneexpression in 2activation states (IFNγ+LPS vsGM-CSF, IL4 vsGM-CSF, and IFNγ+LPS vs IL4), calculated for
each individual (HC: triangles;MS: squares). (B) Scatterplots showing log2(fold-change) between2states inHC (x-axis) andMS (y-axis) for eachgene that isDEbetween the2
states inMSand/orHC.Geneswith adifference inmeanandmedian log2(fold-change) greater than0.5betweenHCandMSarehighlighted inorange (larger absolute fold
change inHC)andpurple (largerabsolute foldchange inMS).Valuesrepresentnumbersofgenesspecific toeachgroupanddirectionof regulation. (C)Distributionsofmean
expressionz-scoresof IFNγ+LPSresponsegenes,definedasupregulated (toppanel)ordownregulated (bottompanel)DEGsbetweenMIFNγ+LPSandMGM-CSF inHCs.Eachdot
represents one gene for each group (activation stimuli and patient status). (D) Ridgeplots display the distribution of log2(fold-change) of differentially expressed genes
between MIFNγ+LPS vs MGM-CSF in HCs (upper densities) and patients with MS (lower densities), divided into enriched reactome pathways. HC = healthy controls (n = 11);
MS = patients with MS (n = 28). *p < 0.05, **p < 0.01, and ***p < 0.00001 in the Mann-Whitney U test (A) or Wilcoxon signed-rank test (C).
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ACAA2). Similarly, the reduction of TCA cycle intermediates
was consistent with lower expression of genes encoding for
TCA enzymes (IDH1, SUCLA2, SDHC, SDHD, andMDH1).
Finally, the lower abundance of NAD+ was accompanied by a
global downregulation of genes necessary for each of the 5
mitochondrial complexes involved in oxidative phosphoryla-
tion (Figure 7).

We also found significantly decreased levels of hexoses, glu-
cose-1-phosphate/glucose-6-phosphate, 3-phosphoglyceric
acid, and, importantly, lactate (Figure 6A and 7), under-
lining the utilization of all cellular energetic resources. Con-
versely, 4 key genes (HX1, PFKM, ALDOC, and GAPDH)
involved in glycolysis and 2 regulators of gluconeogenesis
(PCK2 and G6PC3) were significantly overexpressed in pa-
tients with MS (Figure 7), suggesting the possible activation
of compensatory mechanisms.

Strikingly, key metabolites related to glycolysis, fatty acid
oxidation, and the TCA cycle in treated patients were com-
parable with HC (Figure 6), highlighting the beneficial effect
of treatments on this cellular energy deficiency.

Discussion
Expression of CD14 and CD16 showed significant differences
between patients with MS and HCs with a larger proportion
of CD16+cells. This finding is consistent with the presence of
CD16+ monocytes in active MS lesions, participating in
blood-brain barrier breakdown and T-cell invasion of the
CNS.15

MS macrophages exhibit reduced capacity to phagocytose
and process myelin debris, as seen previously in MS
monocytes.17,22 Our study provides evidence that this
defect persists even in proregenerative conditions and
is exacerbated with proinflammatory stimuli. This exac-
erbated response to proinflammatory stimuli is fur-
ther strengthened by the preferential differentiation of
CG4 cells to an astrocytic lineage in response to MS
MIFNγ+LPS–conditioned media. Because myelin clearance
and OPC differentiation toward oligodendrocytes are
crucial for remyelination, our findings suggest that MS
macrophages inherently lack the ability to properly or-
chestrate this repair process.7,23

Figure 5Modules of CoexpressedGenes Involved in Inflammatory andMetabolic Pathways ShowAltered Expression inMS
Macrophages Compared With HC Macrophages

(A) Clustering of genes in the multidataset WGCNA, with module assignment indicated as follows. The multidataset network was produced by comparing
correlations between genes for each state individually and basing clustering on the maximum correlation for each gene pair. (B) Heatmap of correlation
between presence of disease and eigengene values of each module and set of stimuli. Only modules with significant correlation and functional annotation
terms are shown. Functional annotations were given by Enrichr from databases GO biological process, GOmolecular function, and KEGG pathways (adjusted
p < 0.05). (C) Eigengene values in 3modules, for each sample andmodule, grouped according to disease (HC: triangles;MS: squares) and activation states (GM-
CSF: green; IFNγ+LPS: blue; IL4: pink). (D) Expression of examples of genes fromeachmodule shown in C (grouped and visualized as in C, HC = healthy controls
[n = 11]; MS = patients with MS [n = 28]). *p < 0.05. Correlations were calculated with FDR-corrected default WGCNA functions (B and C), and differential
expression was tested with limma D.
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Figure 6 Boxplots of Abundance of Metabolites in HCs and MS

HC = healthy controls (blue triangle); MS = patients with MS (untreated: green squares, treated: red squares); G1P = glucose-1-phosphate; G6P = glucose-6-
phosphate; 3 PG = 3-phosphoglyceric acid. Boxes highlightmetabolites implicated, respectively, in (A) glycolysis, (C) TCA cycle, and (D) fatty acid oxidation. *p <
0.05, **p < 0.01, and ***p < 0.001 in the Mann-Whitney U test.
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Figure 7MSHomeostatic-Like Macrophages Show Several Signs of Alteration in Both the TCA Cycle and Respiratory Chain
at the Gene Expression and Metabolic Levels

Genes andmetabolites included in the KEGG pathways, glycolysis, fatty acid degradation, TCA cycle, and oxidative phosphorylation, are organized according
to pathways. Each element is colored to indicate fold change inMSMGM-CSF relative toHC (Dlog2(FC), overexpression in red, underexpression in blue). Genes
involved in oxidative phosphorylation are organized into the complexes in which their gene products take part. Genes that were not expressed in at least 1
sample were excluded from the figure. *Significantly altered genes (q < 0.05) in differential expression analysis (genes) or one-way ANOVA (metabolites). HCs
n = 12 (metabolites) or 11 (genes); patients with MS n = 13 (metabolites) or 29 (genes). 2,3BPG = 2,3-bisphosphoglyceric acid; 2 PG = 2-phosphoglyceric acid; 3
PG = 3-phosphoglyceric acid; 3PGP = 3-phospho-D-glyceroyl phosphate; AcCoA = acetyl coenzymeA; ACO = aconitate; AKG = alpha-ketoglutarate; CIT = citrate;
DHAP = dihydroxyacetone phosphate; F1,6BP = fructose-1,6-bisphosphate; FUM = fumarate; G1P = glucose-1-phosphate; G3P = 3-phosphoglycerate; G6P =
glucose-6-phosphate; HC = healthy controls; ISC = isocitrate; LAC = lactate; LCFA = long-chain fatty acid; MAL = malate; MS = patients with MS; OAA =
oxaloacetate; OXSUC = oxalosuccinate; PEP = phosphoenolpyruvic acid; PYR = pyruvate; SUC = succinate; SUC-CoA = succinyl coenzyme A; β-ox = beta-
oxidation.
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The differential expression of cell surface markers was mir-
rored by multiple transcriptomic changes. MS macrophages
overexpressed several cytokines at the gene and protein levels,
including CCL5, IL6, and IL8 (eFigure 7), promoting a
proinflammatory environment and immune cell infiltration
into the CNS. Furthermore, genes encoding for ligands of
CCR2 and CCR5 receptors (CCLs 2–5, 7, 8, and 13) were
significantly overexpressed in at least 1 activation state. This
implicates macrophages in the previously described increased
percentage of CD4+CCR2+CCR5+ cells in the CSF in MS
during relapse.24 These CD4+CCR2+CCR5+ cells in turn pro-
duced high levels of proinflammatory cytokines and were re-
active to myelin basic protein (MBP).24 In addition, CCL2 and
CCL5 induce stronger in vitromigratory capacities inmonocytes
from patients with MS than from HCs,25 implicating MS mac-
rophages in increased recruitment of infiltrating monocytes. Of
interest, MS patient macrophages underexpressedCCL17 that is
known to attract Th2 and regulatory T cells, subtypes of anti-
inflammatory lymphocytes.26 In total, these transcriptomic data
suggest that infiltration of disease-associated cell types could be
exaggerated by macrophage defects observed in MS conditions.

Another family of genes that was overexpressed in MS mac-
rophages of all activation states was MTs, which are cysteine-
rich proteins capable of binding metals. They are important
for copper and zinc homeostasis, protection against oxidative
stress, and sequestration of heavy metals.27,28 Several roles for
MT in immune regulation have been proposed (Subramanian
Vignesh and Deepe 2017), and MT overexpression has been
described in MS CNS.29 Beyond immune regulation, MT
expression could be related to the reduced concentration of
zinc observed in MS30 through sequestration. Because zinc
binds to myelin proteins such as MBP and seems important
for myelin structure and/or function,31,32 its reductionmay be
of direct importance in the degeneration of myelin.

Overall, we see that macrophages derived from peripheral
monocytes of patients with MS present a phenotype that is both
reflective of known characteristics in MS lesions and indicates a
role of macrophages in important pathologic events.

The activation as proinflammatory and anti-inflammatory
macrophages relies on specific metabolic profiles, with in-
creased anaerobic glycolysis and oxidative metabolism, re-
spectively.21 We observed that MS patient macrophages, in
absence of proinflammatory signals (MGM-CSF), exhibited an
increased expression of glycolytic genes when compared with
HC macrophages. However, we could not confirm these re-
sults at the metabolite level because we were unable to detect
several glycolysis intermediates. Perivascular macrophages with
high glycolytic capacity have been identified in MS animal
models and showed increased transmigratory functions,33 in-
volving this metabolic switch in immune cell infiltration in MS.

We found a global reduction of electron transport chain gene
expression in MS patient macrophages, which was also de-
scribed in MS postmortem tissue34 and on a protein level in

MS patient lymphocytes.35 Reactive oxygen species (ROS)
are believed to be a main instigator of oligodendrocyte al-
terations and neurotoxicity,36 and ROS production is linked
to mitochondrial energy metabolism.37 The reduced mito-
chondrial metabolism seen in MS macrophages could thus
reflect a destructive phenotype contributing to neural damage.

In addition to the changes in the electron transport chain, we
saw disturbances in the TCA cycle and fatty acid metabolism,
indicating overall reduction of oxidative metabolism in MS.
Oxidative metabolism is both a hallmark of and necessary for
the anti-inflammatory state in macrophages.38,39 The ob-
served imbalance of oxidative metabolismmay thus be a result
and/or a cause of the pro-inflammatory MS phenotype even
in the absence of pro-inflammatory signals.

A few metabolic treatment strategies have been proposed to
reduce degeneration in neural cells in progressive MS.40 It is,
however, recognized that many metabolic therapeutics could
act on macrophages as well40 and more specifically that a
metabolic switch toward oxidative phosphorylation is essential
for promotion of a proregenerative states. One of the most
common first-line treatments in MS, dimethyl fumarate, is be-
lieved to function through metabolic alterations,40 although it is
unclear which cell types are primarily implicated in this correc-
tion. It is important to note that key metabolites related to
glycolysis, fatty acid oxidation, and the TCA cycle in treated
patients with MS displayed similar levels to HCs, which suggests
some beneficial effects of the treatment on innate immune cells.

Our results importantly highlight that macrophages in patients
with MS show a predisposition toward a proinflammatory
phenotype, suggesting an intrinsic defect that may exacerbate
MS lesions. Similar features are seen in other inflammatory
diseases such as atherosclerosis and systemic lupus erythema-
tous, where monocytes/macrophages exhibit increased proin-
flammatory cytokine expression,41,42 metabolic changes,42,43 and
overrepresentation of proinflammatory CD14+CD16+ cells.42,44

This predisposition to a proinflammatory phenotype known
as trained innate immunity43 was first identified after micro-
bial infections. Increased proinflammatory cytokine pro-
duction and altered metabolism are both hallmarks of this
state.45 Although monocytes are short-lived, trained immunity is
epigenetically programmed in the bone marrow, reflecting pre-
vious antigen exposure.46 Trained innate immunity is hypothe-
sized to play a role in inflammatory diseases, contributing to
disease initiation, maintenance, or aggravation.47 Our results
support the role of innate immune memory in MS, although the
initial trigger remains unknown. Of interest, the infectious eti-
ology of MS has been considered for a long time, and numerous
studies confirm a strong correlation between Epstein-Barr virus
infection and the occurrence of MS.48 In addition to infectious
triggers, trained innate immunity has also been described in the
context of dietary factors such as a Western diet,49 a finding
potentially relevant to MS considering the correlation between
disease incidence and adolescence obesity.50
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In conclusion, our data imply a complex perturbed macro-
phage response in MS, reminiscent of innate immune mem-
ory. We propose that the predisposition to a proinflammatory
state and the response to activating stimuli must be consid-
ered in an MS-specific context when predicting how the in-
nate immune system can be targeted in treatment.
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and “Idex Sorbonne Université dans le cadre du soutien de l’Etat
aux programmes Investissements d’Avenir.”

Disclosure
The authors do not have financial interest in relation to
the paper but report some grants and personal fees from
private companies: B. Stankoff reports grants and personal
fees for lectures from ROCHE, SANOFI-GENZYME, and
MERCK-SERONO and personal fees for lectures from
NOVARTIS, BIOGEN and TEVA, all outside the submit-
ted work. E. Maillart reports grants and personal fees from
Biogen, Novartis, and Roche and personal fees from Merck-
Serono, Teva, Sanofi-Genzyme, and Ad Scientiam outside of
the submitted work. C. Louapre has received consulting or
travel fees from Biogen, Novartis, Roche, Sanofi, Teva and
Merck Serono and research grant from Biogen, none re-
lated to the present work. V. Zujovic received SANOFI
Innovation Awards program (iAwards) 2018, related to this
work. Go to Neurology.org/NN for full disclosures.

Publication History
Published previously in bioRxiv (doi.org/10.1101/2021.01.13.426327).
Received by Neurology: Neuroimmunology & Neuroinflammation
January 9, 2024. Accepted in final form August 5, 2024. Submitted
and externally peer reviewed. The handling editor was Deputy Editor
Scott S. Zamvil, MD, PhD, FAAN.

Appendix Authors

Name Location Contribution

Jennifer
Fransson,
PhD

Sorbonne Université, Institut
du Cerveau - Paris Brain
Institute - ICM, Inserm, CNRS,
APHP, Hôpital Pitié
Salpétrière Univ. Hosp., DMU
Neuroscience 6

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role
in the acquisition of data;
analysis or interpretation of
data

Corinne
Bachelin,
PhD

Sorbonne Université, Institut
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Salpétrière Univ. Hosp.,
DMU Neuroscience 6;
Laboratoire des Signaux et
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