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ARTICLE INFO ABSTRACT
Keywords: Neuro-inflammation occurs in numerous disorders such as multiple sclerosis, Alzheimer’s disease
Extracellular vesicles and Parkinson’s disease. However, anti-inflammatory drugs for the central nervous system have
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failed to show significant improvement when compared to a placebo in clinical trials. Our pre-
Size-exclusion chromatography

vious work demonstrated that stem cells from the apical papilla (SCAP) can decrease neuro-

Neuroinflammation . . . . . . - P
miRNA inflammation and stimulate oligodendrocyte progenitor cell differentiation. One hypothesis is
Lipidomics that the therapeutic effect of SCAP could be mediated by their secretome, including extracellular

vesicles (EV). Here, our objectives were to characterize SCAP-EV and to study their effect on
microglial cells. We isolated EV from non-activated SCAP and from SCAP activated with TNFa
and IFN-y and characterized them according to their size, EV markers, miRNA and lipid content.
Their ability to decrease pro-inflammatory cytokine expression in vitro and ex vivo was also
assessed. We showed that the miRNA content was impacted by a pro-inflammatory environment
but not their lipid composition. SCAP-EV reduced the expression of pro-inflammatory markers in
LPS-activated microglial cells while their effect was limited on mouse spinal cord sections. In
conclusion, we were able to isolate EV from SCAP, to show that their miRNA content was
impacted by a pro-inflammatory stimulus, and to describe that SCAP-EV and not the protein
fraction of conditioned medium could reduce pro-inflammatory marker expression in LPS-
activated BV2 cells.

Abbreviations: EV, extracellular vesicles; SCAP, stem cells from the apical papilla; MSC, mesenchymal stem cell; SEC, size exclusion chroma-
tography; NTA, nanoparticle Tracking Analysis; DELFIA, dissociation-enhanced lanthanide fluorescence immunoassay; TNFa, tumor necrosis factor
o; IFNy, interferon y; miRNA, microRNA; LPS, lipopolysaccharide; IL-6, interleukine-6; IL-1f, interleukine-1p; iNOS, inducible nitric oxide synthase.
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1. Introduction

Once it became apparent that extracellular vesicles (EV) were involved in local and systemic cell communication [1,2], extensive
studies have been conducted to elucidate their role in pathology development and regulation, making them potential biomarker of
various diseases, mostly cancer [3-5]. Furthermore, EV play a crucial role in physiological processes such as immune regulation,
leading to the development of therapeutic approaches using these vesicles [6]. Recently, the use of EV as a drug delivery vehicle has
also raised a lot of interest. Indeed, EV are nanoscale vesicles that can be loaded with a specific bioactive molecule (i.e. miRNA, lipid,
small molecule [7]), can cross biological barriers, including the blood brain barrier, are characterized by low immunogenicity [8] and
no toxicity [9], and are able to deliver their cargo into recipient cells [10]. EV can be isolated from diverse sources, such as eukaryotic
cell and bacteria conditioned media, biological fluids, and plants. Eukaryotic cell-conditioned medium is the preferred source of EV as
nanomedicines, as it offers the possibility to scale-up EV production processes [11], to have a better reproducibility of EV isolation
compared to other sources, to modify parent cells in order to load a bioactive molecule into EV but also to modify EV composition by
changing cell culture conditions [12].

As mesenchymal stem cell (MSC)-derived EV can present similar therapeutic properties as their parent cells [13], they have become
a source of choice to produce EV for therapeutic uses. Indeed, recent studies have shown that, like MSC, EV produced by MSC were able
to decrease inflammation in mice [14] but also to reduce neurological impairment in neurodegenerative diseases [8]. Our previous
work has shown that stem cells from the apical papilla (SCAP) can exert an anti-inflammatory and neuroprotective effect [15] via their
secretome [16], notably when subjected to a pro-inflammatory environment. This could be mediated by soluble factors but also by
their EV [17].

To the best of our knowledge, no one ever isolated EV from SCAP based on size differentiation, characterized them according to
their miRNA and lipid content, and studied their impact on the secretion of inflammatory markers in activated glial cells. We thus
optimized a protocol to obtain EV from SCAP-conditioned medium and we characterized them according to MISEV2018 recom-
mendations [18]. Then, as the secretion of immunomodulatory factors by SCAP increased upon exposure to a pro-inflammatory
stimulus, we hypothesized that their EV content could be affected as well. Since EV are known to be one of the major vehicles for
miRNA trafficking and as lipids are major components of EV membrane, we focused on those two components. Finally, we evaluated
whether SCAP-secreted EV (SCAP-EV), produced in steady state or in a pro-inflammatory environment, would have an immuno-
modulatory action on glial cells. Thus, the aim of this study was to better understand the impact of a pro-inflammatory environment on
EV composition and determine whether SCAP-EV would recapitulate SCAP anti-inflammatory effect on glial cells.

2. Materials and methods

All relevant data have been submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV220308).

2.1. Cell culture and isolation of EV

Previously characterized human SCAP from healthy tooth were used [19]. SCAP were cultured at 37 °C and 5% CO3 in minimum
essential medium Eagle (MEM, Sigma-Aldrich, St Louis, USA) supplemented with 10% fetal bovine serum (FBS), 1% r-glutamine 200
mM (Thermo Fisher Scientific, Waltham, USA), 100 U/mL penicillin and 100 pg/ml streptomycin (Thermo Fisher Scientific).
Non-activated and activated SCAP were cultured for 3 days in serum-free MEM and in serum-free MEM containing TNFa (20 ng/ml)
and IFN-y (20 ng/ml), respectively [16]. Conditioned media were then collected and EV were isolated by centrifugation and ultra-
filtration followed by size exclusion chromatography (SEC) (Fig. 1A). Briefly cells, dead cells and cell debris were removed by suc-
cessive centrifugations (300 g for 10 min, 1000 g for 20 min and 10,000 g for 30 min, respectively). The supernatant was then filtrated
on 0.22 pm filter and concentrated 200-400 times using an ultrafiltration device with a 30 kDa or a 100 kDa cut-off (Centricon®
Plus-70, Merck Millipore, Burlington, USA) until a volume lower than 500 pl was obtained. Finally, small EV (exosomes and small
microvesicles) were separated from contaminating proteins using a SEC column (qEV Original® 35 nm or 70 nm, Izon Science, Lyon,
France). Fractions from 1 to 30 (500 pl each) were collected. Endotoxin detection and quantification were performed with Tox-
inSensor™ Chromogenic LAL Endotoxin Assay Kit (GenScript, Piscataway, USA), according to the manufacturer’s instructions.

2.2. EV characterization

2.2.1. Protein quantification
Proteins in fractions 1 to 30 were quantified using a Pierce™ bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific).

2.2.2. Nanoparticle tracking analysis (NTA)

Particle concentration was quantified using a ZetaView in all fractions [1-30] (Particle Metrix, Inning am Ammersee, Germany)
with a recording video frame set at 60 s. EV were diluted (1:1000-1:2000) in ultrapure water to a concentration ranging between 107 —
108 particles/mL. Sensitivity was set to 79 and camera shutter to 100. Measurements were averaged from particles counted in 11
different positions for 2 repeated cycles with camera at medium resolution modes. Size distribution and zeta potential were also
measured by NTA.
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2.2.3. Dissociation-enhanced lanthanide fluorescence immunoassay (DELFIA®)

Fifty pL of each SEC fraction [1-30] were bound to protein-binding ELISA plate (ELISA Strip Plate, 771,261; Greiner Bio-One,
Frickenhausen, Germany). After overnight incubation at 4 °C, the plate was shaken on a tilting shaker at 30 rpm at 4 °C. Then the
plate was washed 3 times with Delfia buffer (#1244-111; PerkinElmer, Wellesley, USA) diluted to 1x in PBS and blocked for 90 min
with 1% BSA in PBS. Primary antibodies against CD9 (MAB1880, R&D Systems, Minneapolis, USA), CD81 (#349502; Biolegend, San
Diego, USA), CD63 (MCA2142; Serotec Bio-Rad), Flotillin-1 (#610821; BD Biosciences, San Jose, USA) and ApoB (sc-13538; Santa
Cruz) (1 pg/ml in 1% BSA) were then incubated for 90 min. After 3 washes in the Delfia buffer, goat anti-mouse biotinylated antibody
(NEF8232001EA; PerkinElmer) diluted at 0.2 pg/ml in 0.1% BSA was added for 60 min. After 3 washes, Europium-conjugated
Streptavidin (#1244-360; PerkinElmer) diluted at 1:1000 was added for 45 min. After 6 washes, the Delfia enhancement solution
(#1244-105; PerkinElmer) was incubated for 15 min. Quantification of the signal was performed using time-resolved fluorometry
with excitation/emission 340/615 nm, flash energy/light exposure high/medium and integration lag/counting time 400/400 ps
(Victor X4 multilabel plate reader; PerkinElmer).

2.2.4. Western blot

Proteins from 10° EV (fractions 7 to 11) and from SCAP were extracted using a RIPA buffer containing EDTA and protease in-
hibitors. Protein concentration was measured with a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific). Lysates were then
denatured with Laemmli sample buffer 6x (375 mM Tris-HCl, pH 6.8; 30% glycerol; 9% fB-mercaptoethanol; 9% SDS; 0.03% bro-
mophenol blue). Positive (CD81) and negative (Calnexin) markers were analyzed by Western blot after running 12.5 pg of proteins/
sample on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 4-20 % gradient gel (Bio-Rad). Separated
proteins were then transferred with a semi-dry method to nitrocellulose membranes (Thermo Fisher Scientific) that were blocked with
5 % dry milk dissolved in Tris-buffered saline. Membranes were then incubated with an anti-calnexin antibody (mAb2679, Cell
Signaling Technology, Danvers, USA) and an anti-CD81 antibody (sc-166,028, Santa Cruz), diluted at 1:1000. Anti-mouse and anti-
rabbit secondary antibodies conjugated to horseradish peroxidase and diluted at 1:10,000 were used for the detection. Membranes
were revealed with Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific) and images were acquired using Fusion Solo S
(Vilber Lourmat, Collégien, France).

2.3. Impact of a pro-inflammatory stimulus on SCAP-EV miRNA content

Total RNA from 5 x 10'° non-activated SCAP-EV and 5 x 10'° activated SCAP-EV was extracted using miRNeasy mini kit (Qiagen)
according to the manufacturer’s instructions. RNA concentration was measured by Qubit RNA HS assay kit (Q10211, Thermo Fisher
Scientific). Small RNA sequencing has been performed using 50 ng of RNA by Genewiz (Azenta Life Sciences, Leipzig, Germany).

Small RNA sequencing data were processed using mirdeep2 pipeline [20]. Differential expression analysis was done using DESeq2
v1.32.0 Bioconductor package [21]. miRNA with a p-adjusted value < 0.05 and showing an absolute log-foldchange >1.5 between
activated and non-activated samples were considered differentially expressed. multiMiR v1.14.0 Bioconductor package [22] was used
to predict the miRNA target genes. miRNA-target pairs predicted by at least 3 of the 4 predictions databases interrogated (DIA-
NA-microT, miRDB, PicTar, and TargetScan) were selected. Over-representation analysis were done using clusterProfiler 4.0.0 [23] on
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Raw data can be found at: https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE208577.

2.4. Influence of SCAP activation on EV lipid content

The lipid content of the different samples was analyzed by Liquid Chromatography coupled to Mass Spectrometry (LC-MS). Briefly,
lipids from EV were analyzed after liquid/liquid extraction (CH2Cl,-MeOH-H>0) in acidic condition in the presence of internal
standards (17:0-LPC, 17:1-LPE, 17:1-LPG, 17:1 LPI, 17:0 Sulfatide, 17:0 sphingomyelin, 17:0 Ceramide). A Xevo-TQS (from Waters)
coupled to an UPLC was used to analyze the samples with three different methods, according to lipid family.

e For the lysophospholipids, phospholipids, sulfatides and sphingomyelin lipids, an HSS LC-18 column 100 x 2.1 mm, 1.8 pm
(Waters) at a temperature of 40 °C was used. The mobile phase consisted in a gradient between A: MeOH-ACN (9/1, v/v) 75% - H,O
25%; B: MeOH- ACN (9/1, v/v) and C: IpOH, all containing ammonium acetate (5 mM). An ESI probe operated in negative mode
was used for sample ionization.

e For the ceramide, we used a BEH LC-18 column 50 x 2.1, 1.7 pm (Waters) at a temperature of 40 °C. The mobile phase consisted in a
gradient between A: HyO 25% - MeOH 75%; B: MeOH 100%, all containing acetic acid (0.1%). An ESI probe operated in negative
mode was also used for sample ionization.

e For arachidonic acid derivatives and related compounds, an Acquity UPLC BEH C18 (150 x 2.1 mm; 1.7 pm) column was used.
Mobile phases consisted in HoO-ACN-acetic acid (94.9:5:0.1; v/v/v) and ACN-acetic acid (99.9:0.1; v/v). An ESI probe operated in
negative mode was used for sample ionization.

For all the lipids, the relative quantification was based on the ratio between the area under the curve (AUC) of the lipid of interest
and the AUC of the respective internal standard. The data were then normalized to the number of EV in the samples.


https://www.mdc-berlin.de/content/mirdeep2-documentation
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
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2.5. Impact of SCAP-EV on BV2 cell activation

Murine microglial cells (BV2 cells) were cultured at 37 °C and 5% COs in high-glucose DMEM medium with 10% FBS, 100 U/mL
penicillin and 100 pg/ml streptomycin. BV2 cells were seeded overnight into 24-well plates (2.5 x 10° cells per well) and incubated for
1 h with fresh culture medium containing 100 ng/ml LPS and 1% EV-depleted FBS (FBS centrifuged for 1 h at 100,000 g to remove EV).
LPS concentration was chosen based on previous studies conducted in the lab [24-26]. Then, EV isolated from non-activated or
activated SCAP (5 x 10° EV/well) were added to the cells and incubated for 8 h or 24 h before RNA extraction. In a subsequent
experiment (same setting: BV2 cells activated with 100 ng/ml of LPS, EV incubated for 8 h before RNA extraction), EV isolated from
activated SCAP (Fractions 7-11) were compared to a pool of the protein fractions (Fractions 12-30) obtained from the same sample
after SEC.

Total RNA from BV2 cells was extracted using TRIzol™ reagent (Thermo Fisher Scientific) according to the manufacturer’s in-
structions. Reverse transcription was performed using the GoScript Transcription System (Promega, Madison, USA) from 1 pg of total
RNA. gPCR was performed with qPCR Master Mix (Promega) and a STEPone PLUS instrument and software (Applied Biosystems,
Foster City, USA) as [27]. Data were analyzed with the AACt method using the 60S ribosomal protein L19 (RPL19) as a reference gene.
Primer sequences are given in Table 1.

2.6. Impact of SCAP EV on mouse spinal cord activation

Animal experiments were declared to the ethical committee for animal cares (07-OTLADDB-2023-7). Spinal cord slices were ob-
tained from female C57BL/6J mice. Briefly, the spinal cords were hydro extruded, cut into 400 pm slices in a tissue chopper. The slices
(4-5 per well) were incubated in DMEM-F12 media (containing 10 % EV-depleted FBS, 100 U/mL penicillin and 100 pg/ml strep-
tomycin) overnight. They were then stimulated with LPS (100 ng/ml) for 1 h prior to incubation with EV isolated from non-activated or
activated SCAP (5 x 10° EV/well) or the vehicle (PBS) for 8 or 24 h. Slices were then recovered and stored at —80 °C until processed for
mRNA extraction. Gene expression was analyzed as described in 2.5. TNF-a and IL-6 levels were quantified in the culture medium using
respectively Mouse TNF alpha uncoated ELISA kit and Mouse IL-6 uncoated ELISA kit (Invitrogen), according to the manufacturer’s
instructions.

2.7. Statistical analysis

Statistical analysis was performed using PRISM (GraphPad Software, CA, USA). Error bars represent the standard error of the mean
(SEM) in all figures. One-way ANOVA followed by Tukey, or Kruskal-Wallis followed by Dunn’s test were performed to compare
different conditions (p < 0.05). The number of experiments and the number of replicates are indicated in the figure legends.

3. Results
3.1. Characterization of SCAP-EV

To isolate the EV secreted from SCAP, a combination of 2 methods based on the size of the vesicles was used: ultrafiltration and SEC
(Fig. 1A). Two ultrafiltration cut-offs were compared (30 kDa and 100 kDa) as well as two SEC columns (35 nm and 70 nm) to optimize
the yield of EV and the elimination of contaminating proteins.

SEC allowed to separate EV from soluble proteins and to obtain EV with a very low soluble protein contamination (Fig. 1B). The
pore size of the ultrafiltration units had an impact on the size (Fig. 1C) and on the number of isolated EV per cell (Fig. 1D). Indeed, 2.5
times more vesicles were recovered with units presenting a cut-off of 30 kDa than with units with a cut-off of 100 kDa. No impact of the
column type on particle number or size was observed (Fig. 1C & D). For further EV isolations in this work, 30 kDa ultrafiltration units
and 35 nm SEC columns have been used.

As the highest concentration of particles was observed in fractions 7 to 11 (Fig. 1B), experiments were performed on a pool of these
fractions. The mean size of EV in the pool was 137.5 nm (SD = 49.7 nm).

In order to confirm that the particles in the pool were indeed EV, samples were analyzed by DELFIA® and Western Blotting for
positive and negative EV markers (as per MISEV2018 recommendations [18]). Isolated particles from factions 7 to 11 were positive to
tetraspanins (CD63, CD81 and CD9) and flotillin (all positive markers of EV) (Fig. 1E & F) while they were negative for calnexin
(Fig. 1F) and ApoB (analyzed DELFIA®, no signal), 2 negative markers of EV.

Table 1

List of primers sequences.
Gene Forward (5-3) Reverse (5-3")
Mouse RPL19 TGACCTGGATGAGAAGGATGAG CTGTGATACATATGGCGGTCAATC
Mouse IL-6 ACAAGTCGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC
Mouse IL-1p TCGCTCAGGGTCACAAGAAA CATCAGAGGCAAGGAGGAAAAC
Mouse iNOS AGGTACTCAGCGTGCTCCAC GCACCGAAGATATCTTCATG
Mouse TNFa AGCCCCCAGTCTGTATCCTT GGTCACTGTCCCAGCATCTT
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Fig. 1. Isolation and characterization of SCAP-EV. A. EV isolation workflow B. Quantification of protein (micro BCA) and number of EV (NTA) in
each fraction after the SEC with a pore size of 35 nm (n = 3) C. Size distribution of isolated EV comparing 2 ultrafiltration cutoffs (30 and 100 kDa)
and 2 size exclusion chromatography pore sizes (35 and 70 nm) (n = 3) D. Quantification of isolated EV per cell (n = 3) E. Delfia Inmunoassay on
EV positive markers (CD9, CD63, CD81 and Flotillin 1) F. Western Blot on a negative marker of EV (calnexin) and on a positive marker of EV (CD81)
(full image in Supplementary data S1).

3.2. Identification of SCAP-EV miRNA content

As EV are thought to be one of the main miRNA transporters [28], we first analyzed the miRNA content of steady-state SCAP-EV.

Around 100,000 mapped reads were detected from non-activated SCAP-EV, while 236 miRNA were identified (Supplementary data
S2). The identified small RNAs were mainly miscellaneous small RNA, long non-coding RNA and small nuclear RNA (Fig. 2A). Among
the miRNA contained in EV isolated from non-activated SCAP, 22 had a count higher than 1000 (Supplementary data S3). A miRNA-
target prediction analysis revealed that 1868 genes are potential targets of these miRNA (Supplementary data S4). When a KEGG
enrichment analysis was performed on the targeted genes, 36 pathways that could be impacted by the 22 miRNA were identified
(Fig. 3). The 5 more affected pathways were MAPK signaling pathway, pathways in cancer, neurotrophin signaling pathway, regu-
lation of actin cytoskeleton and focal adhesion pathways.
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Fig. 3. KEEG pathway analysis of genes potentially targeted by the miRNA identified in EV from non-activated SCAP. KEGG analysis was
performed on the 1868 potential targets of the 22 miRNA identified in EV with a count higher than 1000.

3.3. Impact of SCAP activation on EV composition

Then, to study how SCAP activation would impact their EV content, miRNA and lipid from EV produced by SCAP subjected to a pro-
inflammatory stimulus (namely TNFo and IFN-y) were analyzed and compared to EV produced from non-activated SCAP.

In terms of protein concentration, no differences were observed between non-activated SCAP-EV and activated SCAP-EV (2631 +
125 pg/ml and 2483 + 237 pg/ml for 10° EV, respectively).

3.3.1. miRNA content

The proportion of the different small RNAs, including miRNA, was not impacted by the activation of SCAP (Fig. 2B). More precisely,
120,000 mapped reads were detected from activated SCAP-EV, while 248 miRNA were identified in activated SCAP-EV (Supple-
mentary data S5).
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the —log10(p-value). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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To evaluate the impact of pro-inflammatory cytokines on the miRNA content of SCAP-EV, a differential expression analysis
comparing non-activated and activated SCAP-EV miRNA was performed. Principal component analysis (PCA) showed a clear sepa-
ration between non-activated and activated samples along PC1 (78% of variance), suggesting a significant effect of SCAP activation on
the miRNA content of their EV (Fig. 4A). Among the differentially expressed miRNA, 25 and 15 were significantly up-regulated and
down-regulated, respectively (Fig. 4B). More precisely, miR-155-5p, miR-324-5p, miR-92b-3p, miR-221-3p and miR-146a-5p were the
most up-regulated in EV of activated SCAP, while let-7a-5p, miR-150-5p, miR-204-5p and miR-142-5p were the most down-regulated.
A KEEG analysis was performed on the potential targets of these 40 miRNA (Supplementary data S6) that identified 33 pathways
potentially affected by SCAP activation (Fig. 4C).

3.3.2. Lipid content

In order to study the impact of SCAP activation on their EV lipid content, the proportion of phospholipids, ceramides, sulfatides and
sphingomyelin was compared between EV isolated from activated SCAP and non-activated SCAP. The lipidomic analysis allowed the
identification of numerous lipids present in SCAP-EV (Fig. 5) but no significant difference in the lipid composition was observed
between non-activated and activated SCAP-EV (Fig. 5A-E).

The impact of SCAP activation on EV content of lipid mediators like eicosanoids or their precursor was also assessed. In our
experimental setting, only leukotriene B4, 11-hydroxyeicosatetraenoic acid, arachidonic acid and 2-arachidonoylglycerol (2-AG) were
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detected. While 2-AG tended to increase in activated SCAP-EV (Fig. 5F), while arachidonic acid (Fig. 5G) and leukotriene B4 (Fig. 5H)
tended to decrease, only 11-HETE was significantly decreased in activated SCAP-EV (Fig. 5I).

3.4. Impact of SCAP-EV on microglial pro-inflammatory cytokine expression

To assess whether SCAP-EV, non-activated and activated, would have an immunomodulatory effect, as observed for their parent
cells [16], LPS-stimulated BV2 microglial cells were incubated with EV to study their impact on pro-inflammatory cytokine gene
expression was studied.

First, EV were incubated with steady-state BV2 cells for 8 h and 24 h. Treating BV2 cells with SCAP-EV, isolated either from
activated or non-activated cells, significantly reduced interleukin (IL)-1p gene expression after 8 h of incubation but had no significant
impact on the other tested cytokines (Fig. 6A). The EV from activated SCAP induced an increase of inducible nitric oxide synthase
(INOS) gene expression after 24 h of incubation (the same tendency was observed after 8 h) (Fig. 6B).

Then, the effect of SCAP-EV was assessed on LPS-activated BV2 cells. Our data show that, regardless of the incubation time, neither
non-activated nor activated SCAP-EV were able to significantly impact the gene expression of pro-inflammatory cytokines of BV2 cells
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Fig. 6. Impact of SCAP-EV on the expression of pro-inflammatory cytokines by BV2 cells. Cells were treated with EV (5 x 10°) isolated from
non-activated or activated SCAP for 8 h (A) or 24 h (B). Alternatively, BV2 were activated by LPS (100 ng/ml) for 1 h and then treated with EV (5 x
10°) isolated from non-activated or activated SCAP for 8 h (C) or 24 h (D). The black bars show the impact of vehicle (PBS) on non-activated BV2
cells while the white bars show the influence of vehicle (PBS) on LPS-activated BV2 cells. N = 3, n = 4. *p < 0.05, **p < 0.005, ***p < 0.001.
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(Fig. 6C and D). Only TNFa was significantly affected by activated SCAP-EV after 24 h of incubation. After 8 h of incubation, activated
SCAP-EV tended to reduce pro-inflammatory gene expression but it was not significant.

3.5. Impact of SCAP-EV on pro-inflammatory cytokine expression in spinal cord sections

To study the impact of non-activated and activated SCAP-EV on a more complex model of the central nervous system, the same
experiment was conducted on mouse spinal cord sections. Spinal cord sections were activated by LPS and then incubated with EV for 8
h or 24 h. Activated SCAP-EV induced a decrease of iNOS gene expression after 8 h of incubation (Fig. 7A) but had no impact on the
expression of cytokines. Non-activated and activated SCAP-EV were not able to significantly affect the expression of pro-inflammatory
cytokines and iNOS after 24 h of incubation (Fig. 7B). TNFa and IL-6 secretion followed the same pattern (Supplementary data S7).

3.6. Impact of the protein fraction of activated SCAP conditioned medium on microglial pro-inflammatory cytokine expression

As it has been shown that the effect of contaminant proteins could be misattributed to the EV [29], we evaluated the impact of
pooled protein fractions from activated-SCAP conditioned medium on LPS-activated BV2 cells. BV2 cells were pre-activated with LPS
and incubated for 8 h with a pool of the protein fractions [12-30] or with EV from activated-SCAP. Of note, the protein pool was
concentrated to the same fold than the EV.

Here, activated SCAP-EV significantly decreased the gene expression of IL-1f, iNOS and IL-6 (Fig. 8) with the same fold than
observed in Fig. 6, confirming the impact of activated SCAP-EV on BV2 cell pro-inflammatory marker expression. The highest fold
decrease was observed with IL-6 and iNOS (fold decrease of 1.5, Supplementary data S8). However, no effect of the protein fractions
was observed, except on IL-6 mRNA expression.

4. Discussion

The interest in EV, as biomarkers, therapeutic tool or drug delivery vehicles, has constantly increased during the last decade [8]. In
our previous work, we showed that SCAP secreted immunomodulatory molecules in the presence of pro-inflammatory stimuli [16].
They also decreased the pro-inflammatory cytokine expression of LPS-activated BV2 cells when co-cultured with them [15]. Although
EV from SCAP have previously been reported [28,29] for their effect on angiogenesis and on cisplatin-induced acute kidney injury, the
objective of this work was to isolate EV based on their size and, for the first time, determine whether SCAP exposure to a
pro-inflammatory stimulus would impact the composition of their EV and their effect on activated glial cells. Our hypothesis was that
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Fig. 7. Impact of SCAP-EV on the expression of pro-inflammatory cytokines by spinal cord sections. Mouse spinal cord sections were
incubated with LPS (100 ng/ml) for 1 h before treatment with EV (5 x 10°) isolated from non-activated or activated SCAP for 8 h (A) or 24 h (B).
The black bars show the impact of vehicle (PBS) on non-activated spinal cord sections while the white bars show the influence of vehicle (PBS) on
LPS-activated spinal cord sections. N = 3, n = 4. *p < 0.05.
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the reduction of neuroinflammation observed with SCAP could be due, at least partially, to the EV they secrete. For the first time, we
demonstrated that it was possible to isolate EV from SCAP, with limited protein contaminants. Regarding the size and the positive
markers of these particles, the term EV includes exosomes and small microvesicles. We then analyzed SCAP-EV small RNA and lipid
content and showed that when SCAP were incubated with pro-inflammatory cytokines, the type but not the number of miRNA
associated to EV was affected while SCAP activation did not have a strong impact on their lipid composition. Finally, when we
compared the impact of SCAP-EV and of the protein fraction of SCAP conditioned medium on microglial pro-inflammatory markers, a
reduction of their expression was observed that was independent of the protein present in the medium. Thus, due to their intrinsic
properties, SCAP-EV seem to be an interesting cell-free nanotechnology.

A protocol was developed and optimized for the collection of EV from SCAP conditioned medium with the aim to ally the highest
recovery and the highest purity possible. We were able to obtain EV, as assessed by the presence of positive markers and the absence of
negative markers, and to separate EV quite efficiently from soluble proteins and apolipoproteins by combining ultrafiltration and SEC.
This method is quite reproducible and has been recently successfully used in our laboratory to isolate EV from other sources. Several
methods have been reported in the literature to isolate EV [30]. The specific selection of one method, or combination of methods,
strongly depends on the subsequent use of the EV. While ultracentrifugation is probably the most straightforward and historically the
most used, it tends to damage EV and to co-isolate soluble proteins with EV [30]. As for downstream characterization and functional
testing these two parameters are important, we decided to combine ultrafiltration and SEC to isolate the EV from SCAP [31]. This
combination is becoming more and more popular, but this is the first time, to our knowledge, where the cutoff and the pore size of the
ultrafiltration membrane and SEC, respectively, were directly compared and combined to reach the best compromise between yield
and purity. We obtained a suspension of EV with a very low concentration of proteins (5.6 pg/10° EV) that we hypothesized to be
EV-associated proteins. This point is particularly important as therapeutic effects attributed to EV could be due, at least partially, to
co-isolated soluble cytokines or growth factors and not due to EV themselves [29].

Among the different molecules carried by EV, miRNA is one of the most studied family as they are involved in the physiopathology
of various diseases. As such, they have a high therapeutic potential [32]. Gao et al. showed for instance that bone marrow derived
MSC-EV were able to transfer miR-21-5p to neurons and improve cognitive functions in a rat model of early brain injury [33]. The most
abundant miRNA in non-activated SCAP-EV were miR-22-3p, miR-181a-5p, miR-100-5p and miR-127-5p which all seem to play a role
in the regulation or suppression of the inflammatory response [34-37]. Moreover, Luo et al. showed that miR-100-5p was enriched in
exosomes of stem cells from human exfoliated deciduous teeth and thus were able to reduce inflammation via its action on mTOR
signaling pathway [36]. However, miRNA that are known to induce inflammation were also found in non-activated SCAP-EV such as
miR-486-5p, miR-92a-3p and miR-222-3p [38-40]. Among the 22 most expressed miRNA in non-activated SCAP-EV, 13 miRNA were
also found in Human Wharton’s Jelly MSC-EV [41]. By targeting the Notch and MAPK/ERK signaling cascades, these miRNA were able
to drive oligodendroglial maturation in the central nervous system.

As the SCAP secretome is influenced by cell exposure to pro-inflammatory cytokines [16], we hypothesized that their EV content
might also be modulated in these conditions. We compared the miRNA content of non-activated SCAP-EV and activated SCAP-EV.
MiR-155 and miR-146 were among the miRNA with the highest fold increase. This correlates with an increased expression of these
two miRNA in immune cells after an exposure to TNFo and IFN-y [42]. MiR-155 is known to inhibit the immune response mediated by
SOCS1 in macrophages while miR-146 targets IRAK1, IRAK2 and TRAF6 which are both involved in innate response via Toll-like
receptor and IL-1 receptor signalization [43,44]. However, these two miRNA seem also to have anti-inflammatory effect as
miR-155 can be a link between adaptive and innate immunity [45]. Contradictory effects for the same miRNA have been then reported
in the literature, mostly depending on the scientific question, the models used and the type of output. This highlights the limitations of
the in silico prediction of miRNA biological effects. However additional studies are needed to identify miRNA targets and their
physiological function [46]. The multiplicity of miRNA target genes also complicates the prediction of their biological impact. Thus,
understanding the effect of multiple miRNA delivered by EV remains a challenge.

The KEGG pathway analysis highlighted 33 pathways potentially affected by SCAP activation. Among them, pathways in cancer,
MAPK signaling pathway, focal adhesion, regulation of actin cytoskeleton and endocytosis pathways are the five most affected
pathways. About 500 genes are involved in pathways in cancer and 21 pathways are connected to them. The presence of miRNAs
involved in these pathways in SCAP-EV could highlight a potential role of EV in the mediation of some cancer processes, such as
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metastasis [47]. MAPK signaling pathway is the second most affected pathway and is involved in multiple cellular processes including
MSC proliferation and differentiation. As the ability of IFN-y to increase the differentiation potential of MSC has been previously
demonstrated, this could explain why this pathway is affected by SCAP activation with IFN-y and TNFa [48]. Focal adhesion and
regulation of actin cytoskeleton are two pathways involved in immunomodulatory processes. Indeed, regulation of actin cytoskeleton
is a key mediator of communication between MSC and B cells while focal adhesion regulates cell migration, including migration of cells
toward site of inflammation and homing [47]. TNFa is known to regulate MSC migration in order to lead the cells to the inflamed area.
Thus, it is not surprising that these 2 pathways are also affected by the activation of SCAP with TNFa and IFN-y. The fifth most affected
pathway is endocytosis. It could be explained by its involvement in EV generation and a modification of EV production under stress
conditions such as a pro-inflammatory environment [49].

As major components of EV envelop and as potent biological mediators, the focus on EV lipid composition increased recently, but
only a few studies on the subject have yet been published [50,51]. When looking at the lipid content of human bone marrow MSC-EV,
cells that can be considered of the same family than SCAP, Holopainen et al. detected ceramides, diacylglycerol, phospholipids,
lysophospholipids and sphingomyelin [50]. We report for the first time the lipid composition of SCAP-EV that seems quite similar to
the one reported by Holopainen et al. However, due to differences in report format, method of data analysis and standardization, it is
difficult to establish quantitative comparisons with other works. Based on the same hypothesis than for the miRNA, we also evaluated
whether the SCAP-EV lipid composition was affected by SCAP incubation with pro-inflammatory cytokines. In our setting we did not
see a major impact on EV lipid composition. Only eicosanoid 11-HETE was significantly reduced after SCAP activation. Its role in
inflammation has not been studied yet. To the extent of our knowledge, no other work has reported the impact of inflammation on EV
lipid composition.

Finally, with the objective to decipher whether SCAP-EV would recapitulate SCAP anti-inflammatory effect on microglial cells and
on spinal cord sections [15], SCAP-EV isolated from activated and non-activated SCAP were incubated with BV2 cells and mouse spinal
cord sections, treated or not with LPS. EV decreased the gene expression of pro-inflammatory cytokines in LPS-treated macrophages by
a 1.5-fold. Similar results were observed on spinal cord slices. Our results are consistent with other studies that reported an
anti-inflammatory effect of about a 2 fold-decrease of pro-inflammatory cytokines for EV of different origins [52-54]. We also assessed
the effect of the protein fraction isolated from activated SCAP conditioned medium after EV isolation. To minimize interpretation bias,
attention was paid to concentrate the pooled protein fractions to a similar extent than the pooled EV fractions. The effect of activated
SCAP-EV on pro-inflammatory cytokines expression by LPS-activated BV2 cells was similar to what we previously observed, with this
time a significant reduction of the tested pro-inflammatory cytokine expression. The protein pool had no effect on LPS-activated BV2
cells, when looking at pro-inflammatory cytokine gene expression, with the exception of IL-6.

As we chose to isolate EV from SCAP under serum starvation (72 h) to limit FBS protein content and thus protein contamination of
EV suspension, the properties of the SCAP producing the EV, and thus the EV, might be different from other protocols reported in the
literature. This could have impacted EV content [55], and anti-inflammatory potential, and thus may explain the limited effects
observed with SCAP-EV. In the future, replacing serum starvation by a synthetic serum-free medium might be an alternative worth
considering. Other optimizations of EV production with other chemical signals such as Cytochalasin-B [56] or hypoxia [57] may also
help to obtain better immunomodulatory effects.

It is also important to keep in mind that the effect of human MSC-EV could depend on the parent cells (type, source and culture
conditions), the concentration of EV and the model used [22]. Thus, some articles reported a pro-inflammatory effect of MSC-EV. Kang
et al. for example highlighted a role of EV from LPS-preconditioned periodontal ligament stem cells in M1 polarization of macrophages
while previous studies reported a M2 polarization of macrophages after treatment with LPS-preconditioned human umbilical cord
MSC. This highlighted the impact on the origin of MSC on the effect of their EV on macrophage polarization [58]. The multitude of
different protocols and settings complicates the comparison between studies, especially given that what is considered negative results
or lack of effect are unfortunately less reported in the literature.

5. Conclusion

Our aim was to fully characterize EV produced by SCAP and explore whether they would be affected by a pro-inflammatory
stimulus. We also aimed to decipher if SCAP-EV would be responsible, at least partially, for the immunomodulation observed when
SCAP are co-cultured with microglial cells or spinal cord. We thus optimized a protocol that allowed us to collect EV as free as possible
from contaminants and we analyzed their miRNA content and lipid composition. We have shown that SCAP were able to respond to a
pro-inflammatory stimulus by modifying the miRNA content of their EV but not their lipid composition. We observed a slight reduction
of the gene expression of pro-inflammatory markers in a microglial cell line, albeit in the range of what was observed by some other
studies. We thus conclude that the EV are likely not the key mediators in the reported effects of SCAP, at least in the model we used.
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