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ABSTRACT

Failure of remyelination underlies the
progressive nature of demyelinating diseases,
such as multiple sclerosis (MS), which is a
devastating autoimmune disease affecting the
central nervous system (CNS). Macrophages are
abundantly present in active MS lesions and
play a pivotal role in disease progression and
resolution. To date, however, it remains largely
unknown how macrophages contribute to CNS
repair. Here we demonstrate that extracellular
vesicles (EVs) released by macrophages with a
repair-promoting phenotype promote
oligodendrocyte  progenitor cell (OPC)
maturation in vitro, and enhance remyelination
in an ex vivo cerebellar brain slice and the in vivo
cuprizone model. Furthermore, we demonstrate
that the pro-regenerative impact of repair-
associated  macrophage-derived EVs s
attributed to increased cholesterol levels present
in these EVs, but does not rely on increased
activation of the cholesterol-sensing liver X
receptors in OPCs. Collectively, our results
highlight that EV-associated cholesterol is a key
determinant of the regenerative properties of
EVs released by lesional macrophages, thereby
highlighting the diagnostic and therapeutic
potential of EVs in MS and other demyelinating
diseases.

INTRODUCTION

Demyelinating diseases, such as multiple
sclerosis (MS), are characterized by loss of the
protective myelin sheath and neurodegeneration,
often accompanied by overt neuroinflammation (1,
2). Progressive demyelination, axonal damage, and
neuronal loss, which are initiated by an

autoimmune response developed against CNS-
derived antigens, are typical for MS (3, 4). A major
pathological hallmark of the disease is the
accumulation of peripheral- and CNS-derived
macrophage subsets within the CNS lesions (5, 6).
For a long time, it was thought that macrophages
solely acquire a disease-promoting phenotype.
More specifically, disease-associated macrophages
(DAMs) promote  neuroinflammation  and
neurodegenerative events by releasing
inflammatory mediators and stimulating leukocyte
activity and infiltration into the CNS (7, 8).
However, we and others recently found that
macrophages can also acquire a protective
functional =~ phenotype, = which  suppresses
neuroinflammation and enhances CNS repair (9-
11). Disease-resolving effector functions of these
repair-associated macrophages (RAMs) are the
release of neurotrophic factors and clearance of
inhibitory myelin debris (10, 12, 13).

Early in the disease course, endogenous repair
processes are apparent as oligodendrocyte
progenitor cells (OPCs) migrate to the lesion site
and differentiate into mature, myelinating
oligodendrocytes (14-16). However, with MS
disease progression, these endogenous repair
mechanisms frequently fail, resulting in chronically
demyelinated axons (17-19). Several studies
indicate that impairment of OPC maturation is
largely responsible for this remyelination failure
(20-22). To date, however, the mechanisms that
underlie perturbed OPC maturation remain poorly
understood.

Few studies indicate that the secretome of
RAMs promotes the differentiation process of
OPCs. For instance, IL-4 stimulated macrophage
subsets promote remyelination through the release
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of the neurotrophic factor activin A (23).
Additionally, it was recently demonstrated that
extracellular vesicles (EVs) derived from repair-
associated microglia have a crucial role in driving
the differentiation of OPCs into mature
oligodendrocytes. In contrast, EVs secreted by
disease-associated microglia appear to prevent
remyelination (24). In support of the latter study,
the role of EVs has gained significant interest as
they seem to play a crucial role in intercellular
signaling in many physiological and pathological
processes (25). EVs are nanosized particles
surrounded by a lipid bilayer membrane able to
transport diverse biologically active molecules,
such as proteins, nucleic acids, and lipids, from
donor cells to neighboring and distant recipient
cells. By doing so, they markedly affect recipient
cell physiology (26, 27). To date, it remains unclear
how macrophages contribute to endogenous repair
processes and to which extent EVs are involved in
the intercellular = communication  between
macrophages and OPCs, thereby activating
molecular pathways that promote CNS repair
during MS. We hypothesize that EVs derived from
RAMs promote OPC maturation and consequently
enhance remyelination in different experimental
set-ups. Identifying the molecular mechanisms that
promote remyelination is essential for our
understanding of CNS  regeneration in
demyelinating diseases such as MS, and to develop
potential therapies to treat these diseases.

Here we report that EVs produced by RAM-
like  IL-4-stimulated bone  marrow-derived
macrophages (BMDMs) promote OPC
differentiation in vitro and enhance remyelination
in ex vivo and in vivo models mimicking
remyelination. These beneficial effects are
orchestrated by elevated cholesterol levels present
in these EVs. Furthermore, we demonstrate that
depleting cholesterol from IL-4-BMDM-derived
EVs impairs remyelination, while replenishing
cholesterol in DAM-like LPS-stimulated BMDM-
derived EVs promotes CNS repair processes. The
reparative impact of EVs released by RAMs did not
rely on increased activation of liver X receptor
(LXR), a nuclear cholesterol-sensing receptor that
plays a key role in remyelination. Our findings
highlight the importance of cholesterol present in
macrophage-derived EVs in driving remyelination
in the brain, which can be the basis for novel
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therapies to treat MS and other demyelinating
diseases.

EXPERIMENTAL PROCEDURES

Animals — Wild-type (WT) C57BL/6J mice
were purchased from Envigo. Mice were housed on
a 12 h light/dark cycle with ad libitum access to
water and standard chow diet or specific
formulations as indicated. All animal procedures
were conducted in accordance with the institutional
guidelines and approved by the Ethical Committee
for Animal Experiments of Hasselt University.

EV production, isolation, and purification —
Bone marrow-derived macrophages (BMDMs)
were isolated from femoral and tibial bone marrow
from 12 wk-old female WT C57BL/6J mice and
differentiated as described previously (28). After
7 d, BMDMs were seeded in RPMI1640 medium
(Gibco) enriched with 10% Fetal Calf Serum (FCS;
Biowest), 0.5% penicillin/streptomycin  (P/S;
Lonza), and 5% 1.929-conditioned medium (LCM;
in house production as described by Weischenfeldt
et al. (29)) at a density of 0.5 x 10° cells/mL in T175
culture flasks (13.5 x 10° cells in total).
Subsequently, cells were either left unstimulated
(naive; MO) or stimulated with LPS (100 ng/mL,
Sigma-Aldrich) or IL-4 (20 ng/mL, PeproTech) for
6 h to skew BMDMs towards a disease- or repair-
associated phenotype, respectively. Next, BMDMs
were cultured in EV depleted culture medium
(RPMI1640 supplemented with 10% FCS, 0.5%
P/S, and 5% LCM, centrifuged overnight at
100,000 g at 4°C, followed by 0.2 pm filtration)
and collected after 1 h (repeated four times). Next,
EVs were pelleted using a differential
centrifugation ~ method. Briefly, collected
supernatant was first centrifuged at 300 g for
10 min, then 10 min at 2,000 g, and finally 30 min
at 10,000 g (all at 4°C). The supernatant was
collected and centrifuged for 3 h at 115,000 g at
4°C using the XPN-80 ultracentrifuge equipped
with a Ti70 rotor (Beckman). EV pellets were
resolved in 1 mL ice-cold PBS (Gibco) and further
purified by means of size exclusion
chromatography (SEC). SEC was performed using
chromatography columns (Bio-Rad Laboratories)
filled with 10 ml Sepharose CL-2B beads (GE
Healthcare). Sequential fraction 3.5 until 5.5 mL
was collected from the flow-through and further
upconcentrated using the Amicon Ultra 0.5 mL 10
kDa filter (Merck Millipore).
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EV characterization — Western blotting and
Nanoparticle Tracking Analysis (NTA) were used
to characterize the BMDM-derived EVs. Detailed
characterization procedure can be found in
supplementary experimental procedures (SEP).

OPC isolation & culture — Cortices were
isolated from WT C57BL/6J mouse pups (postnatal
day 0-2; P0-P2) and enzymatically dissociated by a
20 min incubation with papain (3 U/mL, Sigma-
Aldrich) diluted in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco) supplemented with
1 mM L-cysteine (Sigma-Aldrich) at 37°C. Next,
isolated mixed glial cells were cultured in DMEM
enriched with 10% FCS and 1% P/S in poly-L-
lysine (PLL, 5 pg/mL for 1h at 37°C; Sigma-
Aldrich) coated T75 culture flasks. Culture medium
was changed on day 3, 7, and 10. From day 7,
culture medium was supplemented with bovine
insulin (5 pg/mL, Sigma-Aldrich) to promote OPC
formation within mixed glial cell cultures. After
14 d, OPCs were isolated and seeded at a density of
300,000 cells/mL in differentiation medium as
described by Tiane et al. (30), and treated daily with
vehicle (PBS) or 4 x 10® EVs/mL for 6 d.

LC-ESI-MS/MS — Lipid extraction of LPS- and
IL-4-stimulated BMDM-derived EVs  was
performed based on a Bligh and Dyer protocol, as
described in Bogie et al. (31). Detailed instructions
can be found in SEP.

Cholesterol measurements EVs — Cholesterol
levels of EVs were determined using the Amplex
Red Cholesterol Assay kit (Invitrogen) according to
the manufacturer’s instructions. Fluorescence was
measured using the CLARIOstar PLUS microplate
reader (BMG Labtech).

Cholesterol  depletion/repletion  IL-4/LPS
EVs — IL-4-stimulated BMDM-derived EVs were
depleted of cholesterol by incubation with 2.5% and
5% m/v methyl-B-cyclodextrin (MBCD; Sigma-
Aldrich) for 1 h at 37°C. LPS-stimulated BMDM-
derived EVs were repleted of cholesterol by
incubating the EVs with 2.5% and 5% m/v
MBCD:cholesterol complexes (molar mass 8:1)
overnight at 37°C while shaking at 250 rpm. After
cholesterol depletion/repletion, EVs were purified
to remove unincorporated MBCD and/or
cholesterol and upconcentrated by means of SEC
and Amicon filters, respectively.

EV internalization by OPCs — EVs were
fluorescently labeled with 1,1°-dioctadecyl-
3,3,3’,3’-tetramethylindo-carbocyanine perchlorate
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(Dil; Sigma-Aldrich) for 30 min at 37°C and
further purified to remove unincorporated Dil and
upconcentrated, as described above. OPCs, either
cultured on coverslips or not, were exposed to 4 x
10%/mL Dil-labeled EVs for 3 h and subsequently
washed with PBS to remove unincorporated Dil-
labelled EVs. OPCs covered on coverslips were
fixated with 4% paraformaldehyde (PFA; Sigma-
Aldrich) for 30 min at room temperature (RT),
counterstained with DAPI (Sigma-Aldrich) for
10 min, and imaged using the Leica DM2000 LED
fluorescence microscope (Leica Microsystems).
Similarly, OPCs not cultured on coverslips were
collected and analyzed for fluorescence intensity
using the FACSCalibur (BD Biosciences).

Cerebellar brain slice cultures — Cerebellar
brain slices (BSCs) were obtained from P9-P10 WT
C57BL/6 mouse pups and cultured as described
previously (32, 33). After 3d, BSCs were
demyelinated with lysolecithin (0.5 mg/mL,
Sigma-Aldrich) for 16 h. Next, BSCs were allowed
to recover in culture medium for 1d and treated
daily with vehicle or 2 x 10° EVs/mL for 6d,
followed by immunohistochemical analysis.

Cuprizone-induced acute demyelination in
vivo model — 8 wk-old male WT C57BL/6 mice
were fed ad libitum a diet of 0.3% (w/w) cuprizone
(bis[cyclohexanone]ox-aldihydrozone; Sigma-
Aldrich) mixed in powdered standard chow for
5 wk to induce acute demyelination. Subsequently,
mice were stereotaxically injected with MO, LPS-,
or [L-4-stimulated BMDM-derived EVs. Briefly,
the skull surface and the bregma served as the
stereotaxic zero points. The cranium was perforated
at ML -0.7 mm, AP 1.1 mm, and DV -2.0 mm.
Using a Hamilton precision syringe (26G needle),
2 uL of MO, LPS, or IL-4 EVs, 1 x 10° EVs in total,
was injected into the lateral ventricle as described
in Facchinetti et al. (34). Next, mice were fed a
normal chow for 1 wk and subsequently sacrificed.
Tissue was collected for immunohistochemical
analysis.

Immunofluorescence staining and image
analysis — OPCs were cultured on glass cover slides
and fixed in 4% PFA for 30 min at RT. BSCs were
fixed in 4% PFA for 15 min at RT. Brain tissue of
the cuprizone mice was isolated, snap-frozen, and
sectioned with a Leica CM1900UV cryostat (Leica
Microsystems) to obtain 10 um slices. To stain
OPCs, cells were first blocked for 30 min in
blocking buffer (1% BSA in 0.05% PBS-Tween-
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20; Millipore) at RT. Next, OPCs were incubated
with relevant primary antibodies (Suppl. Table 1)
diluted in blocking buffer for 4 h at RT. After
washing, OPCs were incubated with relevant
secondary antibodies (Suppl. Table 1) diluted in
PBS for 1h at RT. Finally, nuclei were
counterstained with DAPI for 10 min, and
coverslips were mounted with fluorescent
mounting medium (Invitrogen). Immunostainings
of BSCs and brain tissue were performed as
described previously (28, 31). OPCs and
cryosections were imaged using the Leica DM2000
LED fluorescence microscope, while an LSM 880
confocal microscope (Zeiss) was used to analyze
BSCs. Imagel was used to perform quantification
of immunofluorescent images and to assess
oligodendrocyte morphological complexity using
the Sholl analysis. Representative images shown
are digitally enhanced.

Luciferase-based nuclear receptor reporter
assay — To determine the activation of LXRa or
LXRB, a luciferase-based reporter assay was
performed using the ONE-Glo Luciferase Assay
System kit (Promega), as described previously (35).
Briefly, COS7 cell lines were seeded in 60 mm
dishes at a density of 550,000 cells/dish and
transfected with 1.8 pg of plasmid DNA, including
0.2 pg pGAL4hLXRa or pGAL4hLXRp, 1 pg
pG5-TK-GL3, and 0.6pg of pCMV-B-
galactosidase, using JetPEI (Polyplus-transfection
SA) as transfection reagent. After overnight
incubation, 10,000 cells/well were seeded in a 96-
well plate in DMEM medium enriched with 1%
P/S. Next, cells were stimulated with vehicle (PBS)
or 4 x 10%, 8 x 10%, or 4 x 10° EVs/mL for 24 h.
Afterward, cells were lysed using lysis buffer, and
luminescence was measured using the CLARIOstar
PLUS microplate reader.

Statistical analysis — Data were statistically
analyzed using GraphPad Prism v9 (GraphPad
Software Inc.) and are reported as mean + S.E.M.
The D’Agostino and Pearson omnibus normality
test was used to test for normal distribution. When
the datasets were normally distributed, an ANOVA
(Tukey’s post hoc analysis) or two-tailed unpaired
Student’s #-test (with Welch’s correction if
necessary) was used to determine statistical
significance between groups. When datasets are not
normally distributed, the Kruskal-Wallis or Mann-
Whitney analysis was performed. P-values < 0.05
were considered to indicate a significant difference
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between two groups (*, P <0.05; **, P <0.01; ***,
P <0.001; **** P <0.0001).

RESULTS
EVs released by RAMs promote OPC
differentiation and maturation in Vvitro —

Macrophages are abundantly found in MS lesions
and can acquire both detrimental and beneficial
phenotypes that suppress or promote OPC
maturation  and  therefore remyelination,
respectively (23, 31). Given that extracellular
vesicles (EVs) are a significant component of
specific cell-derived secretome and are shown to be
associated with intercellular communication in
disease pathology (36-38), we reasoned that repair-
associated macrophages (RAM)-derived EVs could
promote OPC maturation. First, EVs were isolated
from naive (MO EV), LPS-stimulated (LPS EV),
and IL-4-stimulated (IL-4 EV) bone marrow-
derived macrophages (BMDMs) and characterized
according to the 2018 MISEV guidelines (39).
Nanoparticle Tracking Analysis (NTA) was
performed to identify the concentration and size of
the BMDM-derived particles (Fig. 1A-B). The size
of the EVs was 153.2+23, 141.6+5.7, and
157.8+ 3.9 nm for MO EVs, LPS EVs, and IL-4
EVs, respectively. These results reveal that the size
and concentration distribution were similar for the
isolated particles of all BMDM phenotypes and fit
into the size range of small EVs (<200 nm).
Immunoblotting demonstrated the presence of the
EV markers Flotillin 1, Annexin A2, and CD81 in
MO EVs, LPS EVs, and IL-4 EVs. Further, the
endoplasmic marker GRP94, which is a marker
underrepresented in EVs, was rather not expressed
in all EVs (Fig. 1C). To summarize, these results
confirm the successful isolation of EVs derived
from BMDM cell culture media.

To establish the effect of BMDM-derived EVs
on the maturation process of OPCs, in vitro OPC
cultures were exposed to MO EVs, LPS EVs, and
IL-4 EVs. By using flow cytometry, we observed
that the three EV types were efficiently internalized
by OPCs (Fig. S1A). The uptake of EVs was
confirmed using fluorescence microscopy (Fig.
S1B). Next, immunostaining demonstrated that IL-
4 EVs enhance OPC maturation compared to
vehicle-, MO EV-, and LPS EV-treated OPCs, as
evidenced by an increased ratio of the mature
oligodendrocyte marker MBP over the pre-
oligodendrocyte marker O4 (Fig. 1D-E).
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Fig. 1-EVs released by RAMs promote OPC differentiation and maturation in vitro. A-C: Characterization of extracellular
vesicles (EVs) produced by bone marrow-derived macrophages (BMDMs) with different phenotypes. Particle size profile
distribution (A) and mean size (B) of particles isolated from naive (MO EV), LPS-stimulated (LPS EV), and IL-4-stimulated
(IL-4 EV) BMDM culture medium as measured by Nanoparticle Tracking Analysis (NTA). Western blot analysis (C) of EV
markers Flotillin 1, Annexin A2, CD81, and underrepresented EV marker GRP94 of MO EVs, LPS EVs, and IL-4 EVs. D-E:
Representative immunocytochemical images (D) and relative quantification of the MBP/O4 ratio (E) of oligodendrocyte
progenitor cells (OPCs) stimulated with vehicle (PBS), MO EVs, LPS EVs, and IL-4 EVs (4 x 108 EVs/mL) for 6 d (n = 5 wells;
scale bar, 15 um). F-H: Morphological analysis by means of Sholl analysis of OPCs treated with vehicle, MO EVs, LPS EVs,
or IL-4 EVs (4 x 108 EVs/mL) for 6 d with ending radius (F), sum of intersections (G), and mean intersections per Sholl ring
(H) as read-out parameter (n = 5 wells; 15-30 cells per condition). All data are represented as mean + S.E.M. ** P <0.01; ***,
P <0.001; **** P <0.0001; one-way ANOVA.

To confirm increased maturation of OPCs upon IL-
4 EV exposure, cell morphology was studied by
means of the Sholl analysis. Here, we observed that

IL-4 EV-stimulated OPCs acquired a more complex
morphology as indicated by an increased ending
radius, sum of intersections, and mean intersections
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Fig. 2 — EVs released by RAMs promote remyelination in an ex vivo cerebellar brain slice model. A-B: Representative
images (A) of immunofluorescence MBP and neurofilament (NF) staining of ex vivo cerebellar brain slice cultures treated with
vehicle (PBS) or extracellular vesicles (EVs) derived from naive (M0 EV), LPS-stimulated (LPS EV), or IL-4-stimulated (IL-4
EV) bone marrow-derived macrophages (2 x 10° EVs/mL) for 6 d (scale bar, 50 um). Normalized quantification of MBP* NF*
axons out of total NF' axons in ex vivo cerebellar brain slices (B) treated with vehicle, MO EVs, LPS EVs, or IL-4 EVs (2 x 10°
EVs/mL) for 6 d (n= 6 slices). C-D: Representative images (C) of immunofluorescence Olig2 and CCl1 staining of ex vivo
cerebellar brain slice cultures treated with vehicle, MO EVs, LPS EVs, or IL-4 EVs (2 x 10° EVs/mL) for 6 d. Quantification of
percentage Olig2* CC17 cells out of Olig2* cells in ex vivo cerebellar brain slices (D) treated with vehicle, MO EVs, LPS EVs,
or IL-4 EVs (2 x 10° EVs/mL) for 6 d (n = 6 slices; scale bar, 50 um). All data are represented as mean = SEM. *, P < 0.05; **,
P <0.01; *** P <0.001; one-way ANOVA.

per Sholl ring, which is associated with more
mature oligodendrocytes (Fig. 1F-H). Of interest,
LPS EVs did not prevent OPC differentiation

compared to vehicle-treated and M0 EV-treated
OPCs (Fig. 1D-H). Overall, these results
demonstrate that RAM-like IL-4-stimulated
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Fig. 3 — EVs released by RAMs promote remyelination in the in vivo cuprizone model. A-B: Representative images of
immunofluorescence MBP staining (A) of the corpus callosum (CC) from mice stereotaxically injected with vehicle (PBS) or
extracellular vesicles (EVs) derived from naive (M0 EV), LPS-stimulated (LPS EV), or IL-4-stimulated (IL-4 EV) bone marrow-
derived macrophages (1 x 10° EVs) after five weeks of cuprizone-induced demyelination (5wk) and analyzed after one week of
subsequent remyelination (5+1wk). The outer border of the CC is lined with a dotted line (scale bar, 150 um). Quantification of
the MBP* area (B) of the CC from vehicle-, MO EV-, LPS EV-, or IL-4 EV-treated mice after 5+1wk (n = 5-6 mice/group) C-
D: Representative images of immunofluorescence Olig2 and CC1 staining of the CC from mice stereotaxically injected with
vehicle, MO EVs, LPS EVs, or IL-4 EVs (C) after five weeks in an in vivo cuprizone model and analyzed after one week of
subsequent remyelination (5+1wk). The outer border of the CC is lined with a dotted line (scale bar, 75 pm). Quantification of
the percentage Olig2* CC17 cells out of Olig2* cells (D) of the CC from M0 EV-, LPS EV-, or IL-4 EV-treated mice after 5+1wk

(n = 5-6 mice/group). All data are represented as mean + SEM. ** P <(0.01; **** P <0.0001; one-way ANOVA.

BMDMs promote the differentiation of OPCs in
vitro by secreting EVs.

EVs released by RAMs promote remyelination
ex vivo and in vivo — To investigate the effect of
BMDM-derived EVs on remyelination, ex vivo
cerebellar brain slice cultures (BSCs) were
demyelinated with lysolecithin and subsequently
treated with vehicle, MO EVs, LPS EVs, or 1L-4
EVs (Fig. S2A). Immunostaining demonstrated that
IL-4 EVs promote remyelination ex vivo, as
indicated by an increased colocalization of myelin
(MBP) and axons (neurofilament; NF) (Fig. 2A-B).
Accordingly, a higher percentage of CC1" cells
(mature oligodendrocytes) within the Olig2”
oligodendroglial lineage cells was found in BSCs
treated with IL-4 EVs (Fig. 2C-D). Interestingly,

similar to in vitro OPC cultures, BSCs stimulated
with LPS EVs did not show impaired remyelination
compared to vehicle- or MO EV-treated BSCs. (Fig.
2A-D).

To evaluate the significance of these ex vivo
results, the cuprizone-induced de- and
remyelination model was used. Cuprizone is a
copper-chelating agent that induces
oligodendroglial cell death, resulting in
demyelination in distinct brain regions such as the
corpus callosum (CC). After termination of
cuprizone administration, spontaneous
remyelination occurs, as demonstrated by an MBP
immunostaining of the CC of animals after
demyelination (5wk) and after remyelination
(5+1wk) (Fig. S2B-D). Animals that were
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Fig. 4 — EVs derived from RAMs contain elevated cholesterol levels. A: Liquid chromatography-electrospray tandem mass
spectrometry (LC-ESI-MS/MS) analysis of extracellular vesicles (EVs) derived from LPS-stimulated (LPS EV) or IL-4-
stimulated (IL-4 EV) bone marrow-derived macrophages of the most common lipid species present in BMDM-derived EVs of
sphingomyelin (SM), cholesterol ester (CE), triglycerides (TG), phosphatidylserine (PS), and phosphatidylcholine (PC) (n =3
isolations). B: Quantification of relative total cholesterol, free cholesterol, and cholesterol ester levels by means of the Amplex
red cholesterol assay of MO EVs, LPS EVs (dotted line), and IL-4 EVs (n = 4 biological replicates). All data are represented as
mean + SEM. *, P <0.05; ** P <0.01; *** P <0.001; one-way ANOVA.

stereotaxically injected into the lateral ventricle
with IL-4 EVs show markedly increased MBP
abundance in the CC during remyelination
compared to animals that were injected with
vehicle, MO EVs, or LPS EVs (Fig. 3A-B).
Consistent with these findings, immunostaining for
Olig2 and CCl demonstrated enhanced OPC
differentiation and maturation in the CC of mice
exposed to EVs released by IL-4-stimulated
BMDMs, as reflected by a significant increase in
the percentage of Olig2”™ CC1" cells/Olig2" cells
(Fig. 3C-D). LPS EVs did not affect OPC
maturation and remyelination in the in vivo
cuprizone model compared to vehicle- or MO EV-
treated mice. Altogether, these findings indicate
that EVs released by BMDMs with a RAM-like
phenotype enhance remyelination in the ex vivo
cerebellar BSC and in vivo cuprizone model by
stimulating OPC differentiation and maturation.

Increased cholesterol levels underlie the
reparative impact of EVs released by RAMs in
vitro — So far, we have demonstrated that IL-4 EVs
promote OPC differentiation and maturation in
vitro, and enhance remyelination ex vivo and in
vivo. However, it remains unknown which factors
are responsible for these repair processes.
Emerging evidence indicates that lipids control
OPC maturation and remyelination (40-43).
Therefore, we defined the lipid profile of the EVs
produced by DAMs and RAMs. Liquid
chromatography-electrospray ionization tandem
mass spectrometry (LC-ESI-MS/MS) demonstrated
no significant differences in sphingomyelin (SM),
triglycerides (TG), phosphatidylserine (PS), and
phosphatidylcholine (PC) levels in EVs released by
LPS- and IL-4-stimulated BMDMs. Interestingly,
when comparing the cholesterol ester (CE) levels in
both EV types, a marked increase was observed in
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Fig. 5 — Increased cholesterol levels underlie the reparative impact of EVs released by RAMs in vitro. A-B: Representative
immunocytochemical images (A) and relative quantification of the MBP/O4 ratio (B) of oligodendrocyte progenitor cells (OPCs)
stimulated with vehicle (PBS), or EVs produced by naive (M0 EV), LPS-stimulated (LPS EV), IL-4-stimulated (IL-4 EV) bone
marrow-derived macrophage-derived, and cholesterol depleted IL-4 EVs (Chol depl IL-4 EV) or cholesterol repleted LPS EVs
(Chol repl LPS EV) (4 x 108 EVs/mL) for 6 d (n = 7 wells; scale bar, 10 pum). C-E: Morphological analysis by means of Sholl
analysis of OPCs treated with vehicle, MO EVs, LPS EVs, IL-4 EVs, cholesterol depleted IL-4 EVs, or cholesterol repleted LPS
EVs (4 x 108 EVs/mL) for 6 d with ending radius (C), sum of intersections (D), and mean intersections per Sholl ring (E) as
read-out parameter (n="7 wells; 15-30 cells per condition). All data are represented as mean + SEM. Non-significant (ns),

P>0.05; *, P <0.05; ** P <0.01; *** P <0.001; **** P <0.0001; one-way ANOVA.

IL-4 EVs (Fig. 4A). Increased levels of CE in IL-4
EVs were confirmed using the Amplex Red
cholesterol assay. Additionally, our results reveal
that the CE levels and the amount of total
cholesterol are elevated in IL-4 EVs compared to
MO EVs and LPS EVs (Fig. 4B).

Several studies indicate that cholesterol is
essential for efficient OPC maturation and proper
remyelination (40, 44-47). To verify the essential
role of cholesterol associated with EVs released by
RAMs in OPC differentiation, we next aimed to
define whether depletion of EV-associated
cholesterol impairs the reparative features of EVs
released by RAMs. To this end, IL-4 EVs were first
incubated with different concentrations (0%, 2.5%,
5% m/v) of the cholesterol removing agent methyl-
B-cyclodextrin - (MBCD). 2.5% m/v MBCD

appeared to be the most efficient to achieve
cholesterol-depleted IL-4 EVs without affecting
cellular uptake (Fig. S3A-C). Next, in vitro OPC
cultures were treated with vehicle, MO EVs, LPS
EVs, IL-4 EVs, and cholesterol-depleted 1L-4 EVs
(Chol depl IL-4 EV). Immunofluorescence analysis
demonstrated that cholesterol depletion nullifies the
pro-regenerative impact of EVs released by RAMs
in OPC cultures (Fig. 5A-B). Mirroring these
findings, Sholl analysis demonstrated that OPCs
treated with cholesterol-depleted IL-4 EVs show a
reduced morphological complexity as
demonstrated by a decreased ending radius, sum of
intersections, and mean intersections per Sholl ring
(Fig. 5C-E). As a proof-of-concept, we next aimed
to verify whether cholesterol replenishment of LPS
EVs (Chol repl LPS EV) induces OPC maturation.
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*kxx P <0.0001 one-way ANOVA.

Fig. 6 — Increased cholesterol levels underlie the reparative impact of EVs released by RAMs in ex vivo cerebellar brain
slice model. A-B: Representative images (A) of immunofluorescence MBP and neurofilament staining of ex vivo cerebellar
brain slice cultures treated with vehicle or extracellular vesicles (EVs) derived from naive (M0 EV), LPS-stimulated (LPS EV),
or IL-4-stimulated (IL-4 EV) bone marrow-derived macrophages, and cholesterol depleted IL-4 EVs (Chol depl IL-4 EV) or
cholesterol repleted LPS EVs (Chol repl LPS EV) (2 x 10° EVs/mL) for 6 d (scale bar, 50 um). Normalized quantification of
MBP" NF" axons out of total NF* axons in ex vivo cerebellar brain slices (B) treated with vehicle, MO EVs, LPS EVs, IL-4 EVs,
cholesterol depleted IL-4 EVs, or cholesterol depleted LPS EVs (2 x 10° EVs/mL) for 6 d (n = 6 slices). C-D: Representative
images (C) of immunofluorescence Olig2 and CCI1 staining of ex vivo cerebellar brain slice cultures treated with vehicle, MO
EVs, LPS EVs, IL-4 EVs, cholesterol depleted IL-4 EVs, or cholesterol repleted LPS EVs (2 x 10° EVs/mL) for 6 d.
Quantification of percentage Olig2™ CC1™ cells out of Olig2™ cells in ex vivo cerebellar brain slices (D) treated with vehicle, MO
EVs, LPS EVs, IL-4 EVs, cholesterol depleted IL-4 EVs, or cholesterol repleted LPS EVs (2 x 10° EVs/mL) for 6d (n=6
slices; scale bar, 50 um). All data are represented as mean £ SEM. Non-significant (ns), P > 0.05; *, P < 0.05; *** P <0.001;

LPS EVs were exposed to 2.5% and 5% m/v
MBCD:cholesterol complexes. In line with
cholesterol depletion of IL-4 EVs, 2.5% m/v
MBCD:cholesterol successfully replenished LPS
EVs with cholesterol without affecting cellular
uptake (Fig. S3D-F). In contrast to LPS EVs and
cholesterol-depleted IL-4 EVs, OPCs stimulated
with cholesterol-repleted LPS EVs showed
increased differentiation and maturation to the same
degree as IL-4 EV-treated OPCs, as reflected by a
higher MBP/O4 ratio and increased morphological
complexity as determined by the Sholl analysis
(Fig. 5A-E). Taken these results together, EVs
derived from RAM-like BMDMs promote OPC
differentiation and maturation in vitro in a
cholesterol-dependent manner.

Increased cholesterol levels underlie the
reparative impact of EVs released by RAMs ex
vivo — Next, we investigated the pro-regenerative
impact of cholesterol transported by IL-4 EVs in ex
vivo cerebellar BSCs. In line with OPC cultures,
cholesterol depletion of IL-4 EVs markedly
decreased endogenous remyelination in BSCs, as
indicated by a decrease of myelinated axons (MBP"
NF" axons/NF" axons) (Fig. 6A-B). In support of
the latter finding, cholesterol-repleted LPS EVs
enhanced remyelination compared to LPS EVs and
cholesterol-depleted IL-4 EVs and even to the same
degree as IL-4 EVs (Fig. 6A-B). To further
demonstrate the ability of OPCs to differentiate into
mature  oligodendrocytes  contributing  to
remyelination, BSCs were stained with Olig2 and
CC1 antibodies. Immunohistochemical analysis
revealed a significant reduction in the percentage of
Olig2" CC1" cells/Olig2" cells for BSCs treated
with cholesterol-depleted IL-4 EVs compared to
BSCs treated with IL-4 EVs (Fig. 6C-D). In
addition, LPS EVs or cholesterol-depleted IL-4
EVs did not promote differences in OPC

differentiation and thus remyelination ex vivo,
while cholesterol-repleted LPS EVs do stimulate
OPC maturation and remyelination (Fig. 6A-D).
Altogether, these results indicate that cholesterol
present in EVs produced by RAM-like BMDMs is
a crucial factor in promoting OPC differentiation
and enhancing remyelination in an ex vivo
cerebellar brain slice model.

EVs released by RAMs do not promote OPC
maturation by activating LXRs — By using ligand-
binding luciferase reporter assays, we next aimed to
investigate whether IL-4 EVs and cholesterol
repletion of LPS EVs promote ligation of LXRa
and/or LXRB in OPCs, which are nuclear receptors
that sense cellular cholesterol levels and are closely
associated with OPC maturation and remyelination.
Therefore, COS7 cells were exposed to 4 x 10°,
8 x 10%, and 4 x 10° EVs/mL. While the synthetic
LXR agonist T0901317 (10 uM) showed an
increased LXRo/B activity, none BMDM-derived
EVs activated LXRa or LXRB (Fig. 7A-B).
Consequently, we suggest that IL-4 EVs promote
OPC differentiation and maturation in an LXR-
independent way.

DISCUSSION

Macrophages are abundantly present in active
MS lesions and can have detrimental or beneficial
functions during disease course (6, 8, 10). To date,
however, the communication between
macrophages and OPC:s still remains to be clarified.
Here, we demonstrate that EVs released by RAMs
promote OPC differentiation and enhance
remyelination. Importantly, cholesterol levels were
found to be a key determinant of the reparative
impact of RAM-associated EVs, with high
cholesterol  levels being associated with
remyelination. Vice versa, cholesterol
replenishment of DAM-derived EVs stimulates
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(different concentrations of EVs, indicated in the figure), and the
data are represented as mean = SEM. **** P <(.0001; Student’s

Fig. 7 — EVs released by RAMs do not promote OPC maturation by activating. A-B: Luciferase-based reported assay
assessed to investigate LXRa (A) and LXRB (B) activity in COS7 cells stimulated for 24 h with vehicle (PBS) or extracellular
vesicles (EVs) derived from naive (MO EV), LPS-stimulated (LPS EV), IL-4-stimulated (IL-4 EV) bone marrow-derived
macrophages, and cholesterol depleted IL-4 EVs (Chol depl IL-

4 EV), cholesterol repleted LPS EVs (Chol repl LPS EV)
selective LXR agonist T0901317 (10 pM) (n = 6 wells). All
t-test (T0901317), one-way ANOVA.

OPC differentiation and accompanying
remyelination. Thus, our findings show that
cholesterol in macrophage-derived EVs drives
remyelination in the brain by stimulating OPC
differentiation towards mature, myelinating
oligodendrocytes.

We demonstrate that RAMs induce a repair-
permissive microenvironment by secreting EVs.
Failure of OPC differentiation and remyelination is
a typical characteristic of the progressive nature of
demyelinating diseases, such as MS (48, 49).

Remyelination relies on the proper proliferation and
migration of OPCs towards MS lesions, where they
differentiate into mature oligodendrocytes and
subsequently synthesize new myelin sheaths (50).
This process can be influenced by various factors
present in the lesion microenvironment, such as
neurotrophic factors and inhibitory molecules (16,
51, 52). In MS, macrophages are known to
contribute to disease progression and resolution
depending on their phenotype. In particular, Miron
et al. show that OPC proliferation and migration
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were increased by the secretome of both DAMs and
RAMs. However, only the RAM-derived secretome
promoted OPC differentiation, thereby assisting in
CNS repair (23). More specifically, the reparative
effects of RAMs are at least partly dependent on the
release of neurotrophic factors such as TGF-8,
IGF1, and CNTF (23, 53). Miron et al. further
demonstrated that the capacity of OPCs to
differentiate towards myelinating oligodendrocytes
is promoted by activin A, a glycoprotein secreted
by RAMs (23). Another recent study shows that
repair-associated  microglia  stimulate OPC
maturation in part via the production of IGF-I and
downregulation of TNF-a (54). Together, these
studies emphasize that the secretome of lesion-
associated macrophages and microglia controls
their disease-promoting and -resolving properties.
Recently, EVs have gained significant interest
since they appear to play an essential role in the
pathophysiology and resolution of several diseases
(26, 36, 37, 55). For instance, in prostate cancer,
AKTl-containing cancer cell-derived EVs
facilitate tumor progression by modulating
complex signaling networks, such as the MYC
pathway, thereby affecting neighboring healthy
cells (56). In contrast, dendritic cell (DC)-derived
EVs prevent tumor growth as they contain major
histocompatibility complex class I (MHC-I) and
class II (MHC-II) proteins that induce cytotoxic T
cell activation upon exposure to tumor peptides
(57). Additionally, EVs are shown to be detrimental
to the pathology of the autoimmune disease
systemic lupus erythematosus (SLE). The number
of T cell-derived EVs was found to be increased in
serum samples derived from SLE patients
compared to healthy controls, thereby contributing
to chronic immune activation via type I IFN-
signaling and excessive cytokine/chemokine
response (58). Finally, the role of EVs in the
pathophysiology of CNS disorders is growing
rapidly. More specifically, in prion disease,
misfolded prion proteins are transported to
neighboring cells via EVs, thereby stimulating a
cascade of further production of affected prion
proteins (59, 60). In demyelinating disorders, the
importance of EVs is illustrated by an altered ability
to induce remyelination upon differentially
conditioned microglia-derived EV stimulation (24).
Likewise, our results now provide a new
understanding of macrophage-derived EV-
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associated communication contributing to CNS
repair in demyelinating disorder.

By using in vitro and ex vivo models, we
demonstrate that the pro-regenerative impact of
RAM-derived EVs is at least partly attributed to
increased cholesterol levels present in these EVs. It
has previously been reported that lipids are key
mediators of remyelination, which is not surprising
as the dry weight of myelin consists of
approximately 70-85% of lipids (61). Furthermore,
according to Dimas et al., fatty acid synthesis by
fatty acid synthase (FASN) is essential for efficient
OPC differentiation and proper remyelination (41).
In addition, Berghoff et al. show that cholesterol
synthesis in neuronal cells is indispensable to
induce proper CNS repair (45). Other research
reports that oligodendrocyte formation is driven by
8,9-unsaturated sterols (40). However, lipids can
also be transported via EVs functioning as transport
vehicle between donor and recipient cells (62). EV-
associated lipids provide an emerging diagnostic
and potential therapeutic value and insight into the
pathology of several peripheral diseases such as
cancer and asthma (63-65). For instance, Nishida-
Aoki et al. defined that EVs derived from highly
metastatic cancer cells contain more unsaturated
diacylglycerols (DG) compared to EVs from lower-
metastatic cells. In addition, they demonstrated that
DG-enriched EVs can activate the protein kinase D
signaling pathway in endothelial cells leading to
increased angiogenesis (64). Given the importance
of lipid metabolism in cellular processes in the
brain (66, 67), it is not surprising that EV-
associated lipids can exert a detrimental or
beneficial role in CNS disorders, e.g., Alzheimer’s
disease, Parkinson’s disease (PD), and MS (68-70).
As demonstrated by Grey et al., EV-associated
lipids released by N2a neuroblastoma cells impact
the formation of a-synuclein plaques during PD by
boosting a-synuclein oligomerization (68). Of the
most prevalent lipids classes present in EVs, we
defined that EV-associated cholesterol is at least
partly responsible for enhanced remyelination in
demyelinating diseases (71, 72). Cholesterol is a
major component of myelin - up to 40% of all
myelin lipids is cholesterol - and is essential to
induce proper remyelination (42, 61). Of interest, in
a recent study, it is observed that a dietary
cholesterol intake increases OPC maturation and
subsequently enhances remyelination in a
cuprizone-induced demyelination mouse model.
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Notably, dietary cholesterol supplementation did
not affect inflammation in vivo, as defined using the
experimental  autoimmune  encephalomyelitis
(EAE) mouse model (44). Given that EVs also
carry other bioactive molecules than lipids, such as
nucleic acids and proteins (25), we cannot exclude
that the cargo of EVs produced by macrophages
with a repair-promoting phenotype has synergetic
effects to stimulate remyelination. Activin A, for
instance, is secreted by RAMs (23) and might be
present in RAM-derived EVs assisting in CNS
repair. In addition, the anti-inflammatory cytokine
IL-4 can also have beneficial effects during CNS
repair when present in the EVs released by RAMs
(73). However, by depleting and repleting
cholesterol from DAM- and RAM-derived EVs,
respectively, we show that cholesterol is the rate-
limiting factor in promoting remyelination upon
disease- and repair stages in demyelinating
diseases.

Cholesterol depletion is a well-established
method to investigate the impact of cholesterol on
different molecular mechanisms in health and
disease. MBCD is the most commonly used tool to
extract cholesterol from cells (74, 75). When
incubating the DAM-derived EVs with a higher %
m/v MBCD, the cellular uptake of EVs by OPCs
decreases dramatically. Given that MBCD forms an
MBCD-dimer, integrates into the cell membrane,
and extracts the cholesterol from the membrane
(74), the decreased cellular uptake might be due to
reduced EV membrane stability. MBCD cannot
only be used to deplete cholesterol from the cell
membrane; however, in a mixture with cholesterol,
it is also capable of enriching cell membranes with
cholesterol (76). Depleting and even to further
extend repleting cholesterol in EVs is rather novel
and has not been performed in the past. Eventually,
we successfully depleted cholesterol from RAM-
derived EVs and replenished cholesterol in DAM-
derived EVs using MBCD as a membrane-
modulating tool.

Cholesterol homeostasis is regulated by a feed-
forward system that LXRs provide by activating
genes involved in cholesterol efflux (77, 78).

Specific oxysterols and sterols, e.g., 24S-
hydroxycholesterol, 25-hydroxycholesterol, 27-
hydroxycholesterol, positively regulate the

transcriptional activities of LXRs (79, 80). Several
studies indicate that activation of LXRa and LXRf
1s correlated with enhanced OPC differentiation and
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remyelination (81-83). Surprisingly, in our study,
we observe that macrophage-derived EVs with high
cholesterol levels (e.g., IL-4 EVs, cholesterol-
repleted LPS EVs) do not activate LXRs in vitro.
Therefore, our results suggest there are other
possible routes how EV-associated cholesterol
derived from RAM-like macrophages improve
OPC differentiation and remyelination. Given the
fact that uptake of EVs by recipient cells is
mediated by different mechanisms (84), it might be
that RAM-derived EVs directly fuse with the cell
membrane of OPCs, directly providing cells with
cholesterol needed for efficient differentiation and
myelin sheath formation. Another study reports that
cholesterol facilitates signal transduction within
cells to promote remyelination. More specifically,
Mathews et al. showed that distinct signaling
cascades downstream of Akt enhance myelin gene
expression and axon myelination (85). Further, the
authors demonstrate that cholesterol is necessary to
promote mTOR kinase activity, which stimulates
cholesterol synthesis (85). This way, RAM-derived
EV-associated cholesterol might upregulate
cholesterol synthesis in OPCs in a positive
feedback loop. Altogether, more research is
warranted to define how EV-derived cholesterol
can promote OPC  differentiation  and
remyelination.

Currently, there is no cure for MS. The
available therapies reduce disease burden but are
unable to stop neurologic decline as the disease
advances (86). Therefore, there is an urgent need
for novel therapies that are not only effective in the
early inflammatory disease stage but also capable
of inducing CNS repair in chronic disease stages.
Given the pro-regenerative effect of RAM-derived
EVs, our results open a window for a treatment
based on EVs. In the past years, EV-based therapies
have gained significant interest, as the therapeutic
implications of EVs have several advantages over
cell-based treatments. While cell-based therapies
can often induce unwanted immunogenic
responses, EVs are stable in biological solutions
and have low immunogenicity (87). Currently,
multiple clinical trials are ongoing to evaluate the
application of EVs in several diseases, such as acute
respiratory distress syndrome (ARDS; phase 1/2)
and cancer (phase 1/2) (88-91). For example, a
phase 1 study shows the feasible and safe
immunization of stage III/IV metastatic melanoma
patients with autologous DC-derived EVs. In this
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clinical trial, EVs were isolated from DCs and
loaded with MHC-I and MHC-II peptides, thereby
promoting T cell immune responses and tumor
rejection (90). Even during the global COVID-19
pandemic, EVs got the attention as a therapy for
COVID-19-associated ARDS patients (92). More
specifically, in a phase 2 clinical trial, bone
marrow-derived mesenchymal stem cell-derived
EVs were intravenously administered to patients
with severe COVID-19 infection to alleviate
inflammatory responses and restore the injured
tissue. As promising results were obtained, the EV-
based therapy will proceed to a phase 3 clinical trial
(93), demonstrating the vast potential of EV-based
treatments to treat various diseases. Furthermore,
our results indicate that cholesterol plays a crucial
role in promoting remyelination in the brain. As
much research has already been performed on the
beneficial effects of cholesterol on CNS repair, our
results confirm the possibility of novel cholesterol-
based therapies. For example, with the use of
liposomes, which are spherical vesicles consisting
of at least one lipid bilayer, cholesterol delivery to
OPCs can be enhanced (94). However, further
research is warranted to evaluate whether
cholesterol-loaded liposomes can be a therapeutic
approach of treating demyelinating diseases.

CONCLUSION

In summary, our findings indicate that RAMs
promote OPC differentiation and remyelination
through the release of EVs. The pro-regenerative
impact of RAM-derived EVs was attributed to
increased cholesterol levels present in these EVs.
More research is needed to unravel the molecular
mechanism that underlies the regenerative impact
of EV-associated cholesterol. Taken together, our
findings demonstrate that both EV's and cholesterol
potentially have broad implications for therapeutic
strategies aimed at promoting CNS repair.
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES (SEP)

Nanoparticle Tracking Analysis — To determine the size and concentration of BMDM-derived EVs
with different phenotypes, Nanoparticle Tracking Analysis (NTA) was performed using the NanoSight NS
300 system (Malvern Panalytical), equipped with a 532 nm laser. Samples were diluted in 1x PBS over a
concentration range between 20 and 50 particles per frame. All settings were manually set at the beginning
of the measurements and kept constant during all acquisitions: camera level 14, camera gain 1, pump rate
80, viscosity 1. A minimum of three recordings of 60 s were recorded and analyzed using the NTA software
3.0 with default settings.

Western blot — EVs were lysed on ice for 30 min in ice-cold RIPA buffer (ThermoFisher Scientific)
and pelleted at 17,000 g at 4°C for 15 min. Protein concentrations were determined using the Pierce BCA
protein assay kit (ThermoFisher Scientific) according to the manufacturer’s protocol and by using the
CLARIOstar PLUS microplate reader (BMG Labtech). Proteins were denatured using a 5X sample buffer
followed by heating the sample at 95°C for 5 min. Afterwards, the samples were loaded on a 12% SDS-
PAGE gel and transferred to the polyvinylidene difluoride blotting membrane (Merck). Blocking was
performed using 5% dried skimmed milk powder (Marvel) in 1X PBS-0.1% Tween-20 (PBS-T). The
blotting membranes were incubated overnight with specific primary antibodies at 4°C. The next day,
horseradish peroxidase conjugated (HRP) secondary antibodies (Dako), at a dilution of 1/2000, were added
to the blotting membrane for 1 h at room temperature. WesternBright Sirius HRP substrate (Advansta) was
used to generate chemiluminescent signals which were detected with the Amersham Imager 680 (GE
Healthcare Life Sciences). Primary antibodies used: Flotillin 1 (1:1,000; ab232405; Abcam), CDS81
(1:1,000; ab109201; Abcam), Annexin A2 (1:1,000; ab178677; Abcam), GRP94 (1:1,000; ab238126;
Abcam).

LC-ESI-MS/MS — LPS- and IL-4-stimulated BMDM-derived EV pellets were diluted in 700 ul 1x PBS
with 800 ul 1 N HCI:CH3OH 1:8 (v/v), 900 pl ChCI3 and 200 pg/ml of the antioxidant 2,6-di-tert-butyl-4-
methylphenol (BHT; Sigma-Aldrich). 3 ul of SPLASH LIPIDOMIX Mass Spec Standard (Avanti Polar
Lipids) was added into the extract mix. The organic fraction was evaporated at room temperature using the
Savant Speedvac spd111v (ThermoFisher Scientific), and the remaining lipid pellet was reconstituted in
100% ethanol. Lipid species were analyzed by liquid chromatography-electrospray ionization tandem mass
spectrometry (LC-ESI-MS/MS) on a Nexera X2 UHPLC system (Shimadzu) coupled with hybrid triple
quadrupole/linear ion trap mass spectrometer (6500+ QTRAP system; AB SCIEX). Chromatographic
separation was performed on a XBridge amide column (150 mm x 4.6 mm, 3x5 pm; Waters) maintained at
35°C using mobile phase A [1 mM ammonium acetate in water-acetonitrile 5:95 (v/v)] and mobile phase
B [1 mM ammonium acetate in water-acetonitrile 50:50 (v/v)] in the following gradient: (0-6 min: 0% B
= 6% B; 6-10 min: 6% B = 25% B; 10-11 min: 25% B = 98% B; 11-13 min: 98% B = 100% B; 13-19
min: 100% B; 19-24 min: 0% B) at a flow rate of 0.7 ml/min which was increased to 1.5 ml/min from 13
minutes onwards. Sphingomyelin (SM) and cholesteryl esters (CE) were measured in positive ion mode
with a precursor scan of 184.1, 369.4. Triglycerides (TG) were measured in positive ion mode with a neutral
loss scan for one of the fatty acyl moieties. Phosphatidylcholines (PC) and phosphatidylserines (PS) were
measured in negative ion mode by fatty acyl fragment ions. Lipid quantification was performed by
scheduled multiple reactions monitoring, the transitions being based on the neutral losses or the typical
product ions as described above. The instrument parameters were as follows: Curtain Gas = 35 psi; Collision
Gas = 8 a.u. (medium); lonSpray Voltage = 5500 V and -4500 V; Temperature = 550 °C; lon Source Gas
1 =50 psi; Ion Source Gas 2 = 60 psi; Declustering Potential = 60 V and -80 V; Entrance Potential = 10 V
and -10 V; Collision Cell Exit Potential = 15 V and -15 V. Peak integration was performed with the
Multiquant TM software version 3.0.3. Lipid species signals were corrected for isotopic contributions
(calculated with Python Molmass 2019.1.1) and were quantified based on internal standard signals and
adhere to the guidelines of the Lipidomics Standards Initiative. Only the most prevalent lipid classes present
in EVs are reported.
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SUPPLEMENTARY FIGURES
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Fig. S1 — Internalization of BMDM-derived EVs by OPCs. A-B: Quantification of cellular (oligodendrocyte progenitor cell;
OPC) uptake of Dil-labeled extracellular vesicles (EVs) derived from naive (MO EV), LPS-stimulated (LPS EV), IL-4-
stimulated (IL-4 EV) bone marrow-derived macrophages by means of flow cytometry (A) and immunocytochemistry (B) (n=
4 biological replicates; scale bar, 5 um). All data are represented as mean + SEM. **** P <(.0001; one-way ANOVA.
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Fig. S2 — Ex vivo and in vivo experimental setup. A-B: Experimental setup of the ex vivo cerebellar brain slice model (A) and
the cuprizone-induced acute demyelination in vivo model (B). C-D: Representative images of immunofluorescence MBP
staining (C) of the corpus callosum (CC) from mice analyzed (D) after five weeks of cuprizone-induced demyelination (Swk) or
stereotaxically injected with vehicle (PBS) and analyzed after one week of subsequent remyelination (5+1wk). The outer border
of the CC is lined with a dotted line (scale bar, 150 pm). All data are represented as mean + SEM. **** P <(.0001; Student’s
t-test.
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Fig. S3 — Cholesterol depletion and repletion of EVs secreted by RAMs and DAMS, respectively. A-C: Cholesterol
depletion of extracellular vesicles (EVs) derived from IL-4-stimulated (IL-4 EV) bone marrow-derived macrophages (BMDMs).
Quantification of total cholesterol, free cholesterol, and cholesterol esters (A) in IL-4 EVs incubated with 0 (dotted line), 2.5, or
5% m/v methyl-B-cyclodextrin (MBCD) for 1h at 37°C (n= 1 biological replicate). Quantification of cellular uptake of
oligodendrocyte progenitor cells (OPCs) exposed for 3 h to 0, 2.5, or 5% m/v MBCD-treated Dil-labeled IL-4 EV by means of
flow cytometry (B) and immunocytochemistry (C) (5% m/v MBCD IL-4 EV not shown) (n = 4 biological replicates; scale bar,
5 um). D-F: Cholesterol replenishment of extracellular vesicles (EVs) derived from LPS-stimulated (LPS EV) BMDMs.
Quantification of total cholesterol, free cholesterol, and cholesterol esters (D) in LPS EVs incubated with 0 (dotted line), 2.5, or
5% m/v MBCD:cholesterol mixture (MBCD:cholesterol) overnight while shaking at 37°C (n= 1-2 biological replicate(s)).
Quantification of cellular uptake of OPCs exposed for 3 h to 0 or 2.5 m/v MBCD:cholesterol-treated Dil-labeled LPS EV by
means of flow cytometry (E) and immunocytochemistry (F) (n =4 biological replicates; scale bar, 5 um). All data are represented
as mean + SEM. Non-significant (ns), P > 0.05; **** P <0.0001; one-way ANOVA (B), Student’s t-test (E).

Suppl. Table 1 — List of antibodies used for immunofluorescence.

Antigen Company (reference number) Dilution
MBP (in vitro and in vivo) Millipore (MAB386) 1152%% ((lil; ‘;gg;
04 R&D systems (MAB1326) 1:1,000
MBP (ex vivo) Bio-Rad (MCA409S) 1:250
NF Abcam (ab8135) 1:1,000
Olig2 R&D systems (AF2418) 1:50
CCl1 Abcam (ab16794) 1:50
Dil Sigma-Aldrich 1:100
DAPI Sigma-Aldrich 1:10,000
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1:600 (in vitro)

Goat anti-rat IgG Invitrogen (A21434) 1:400 (ex vivo)
1:500 (in vivo)
Goat anti-mouse IgM Invitrogen (A21042) 1:600
Goat anti-rabbit [gG Invitrogen (A11008) 1:500
Donkey anti-goat [gG Invitrogen (A11055) 1:400
Donkey anti-mouse IgG Invitrogen (A31570) 1:400
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