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Abstract

Objectives: Mesenchymal stem cells (MSCs) release extracellular vesicles (EVs) that d

isplay a

therapeutic effect in inflammatory disease models. Although MSCs can prevent arthritis, the role of
MSCs-derived EVs has never been reported in rheumatoid arthritis. This prompted us to compare
the function of exosomes (Exos) and microparticles (MPs) isolated from MSCs and investigate their

immunomodulatory function in arthritis.

Methods: MSCs-derived Exos and MPs were isolated by differential ultracentrifugation.
Immunosuppressive effects of MPs or Exos were investigated on T and B lymphocytes in vitro and in

the Delayed-Type Hypersensitivity (DTH) and Collagen-Induced Arthritis (CIA) models.

Results: Exos and MPs from MSCs inhibited T lymphocyte proliferation in a dose-dependent
manner and decreased the percentage of CD4" and CD8" T cell subsets. Interestingly, Exos

increased Treg cell populations while parental MSCs did not. Conversely, plasmablast differe

ntiation

was reduced to a similar extent by MSCs, Exos or MPs. IFN-y priming of MSCs before vesicles
isolation did not influence the immunomodulatory function of isolated Exos or MPs. In DTH, we
observed a dose-dependent anti-inflammatory effect of MPs and Exos, while in the CIA model, Exos
efficiently decreased clinical signs of inflammation. The beneficial effect of Exos was associated with

fewer plasmablasts and more Breg-like cells in lymph nodes.

Conclusions: Both MSCs-derived MPs and Exos exerted an anti-inflammatory role on T and B
lymphocytes independently of MSCs priming. However, Exos were more efficient in suppressing
inflammation in vivo. Our work is the first demonstration of the therapeutic potential of

MSCs-derived EVs in inflammatory arthritis.
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INTRODUCTION

Mesenchymal stem or stromal cells (MSCs) are  tissue, synovium or Wharton’s jelly [1]. MSCs are

multipotent progenitor cells, which can be isolated
from many tissues, such as bone marrow, adipose

characterized by a multilineage differentiation
potential and paracrine function through the release
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of multiple growth factors, chemokines and cytokines.
One major role of MSCs is to suppress proliferation
and function of cells of both innate and adaptive
immunity [2]. We and others have demonstrated that
MSCs priming by the inflammatory environment
(interferon (IFN)-y with interleukin (IL)-1a, IL-1p or
TNEF-a) is required for their immunomodulatory
effect [3-6]. Thanks to this property, they are widely
investigated for their therapeutic properties in a
variety of inflammatory and autoimmune diseases,
including type 2 diabetes, experimental autoimmune
encephalomyelitis or rheumatoid arthritis (RA).
Among inflammatory models, the collagen-induced
arthritis (CIA) murine model is of particular interest
since it reproduces the main symptoms of RA both at
clinical and biological levels [7]. It is a widely used
model of arthritis, easily reproducible and useful for
therapies evaluation. However, the model is time
consuming, requiring 45 days for full arthritis
development, and incidence is not 100%. Another
model of  inflammation is  delayed-type
hypersensitivity (DTH) model, which is highly
reproducible and induced in one week. This is
therefore a rapid, easy to manipulate and useful
model for anti-inflammatory treatment evaluation [6].
A number of molecules secreted by MSCs have been
shown to mediate their immunoregulatory function,
including  indoleamine-2,3-dioxygenase  (IDO),
inducible nitric oxide synthase (iNOS), prostaglandin
E2 (PGE2), TNF stimulated gene (TSG)-6, and human
leukocyte antigen (HLA)-G. Indeed, MSCs that were
deficient for IL6, IL1 receptor antagonist (IL1RA) or
glucocorticoid-induced leucine zipper (GILZ) had
partly lost their immunosuppressive capacity in the
murine collagen-induced arthritis (CIA) model [8-11].
In addition to being released in the extracellular
milieu, a number of factors are proposed to be
packaged into extracellular vesicles (EVs) and migrate
throughout the body via the bloodstream. EVs are
small vesicles produced by virtually all cell types,
characterized by a phospholipid bilayer and
containing a large variety of proteins, mRNAs, and
miRNAs [12]. Two main types of EVs are exosomes,
or small vesicles (diameter below 150 nm), produced
in the endosomal compartment in so-called
multivesicular bodies, and microvesicles, or
microparticles (ranging from 150 to 1000 nm in
diameter), released by budding of the plasma
membrane. In addition to size, the International
Society of Extracellular Vesicles recently proposed
minimal criteria to define EVs, including morphology,
mechanism of cellular release and biochemical

parameters  [13].  Therapeutic  efficacy  of
MSCs-derived EVs (MSCs-EVs) has been reported in
different disease models, such as myocardial

infarction and reperfusion injury, liver and kidney
injury, hind limb ischemia and inflammatory diseases
(for review, see [14]). While much interest in
MSCs-EVs for the treatment of many diseases has
been shown, little is known on their exact function.
Moreover, no study has evaluated the role of
MSCs-derived EVs in pre-clinical models relevant for
rheumatoid arthritis [15]. In inflammatory conditions,
an inhibitory function of MSCs-EVs on immune cell
activation has been claimed in some studies while
others reported absence of immunomodulatory effect
[16]. Such discrepancies between studies might be due
to differences in isolation protocols, but also to the
activation state of MSCs during EVs production.
Moreover, the respective roles of different subtypes of
EVs are poorly investigated. Indeed, the first objective
of this study was to compare the immunosuppressive
function of small vesicles/exosomes (Exos) versus
larger microparticles (MPs), both in vitro and in vivo in
a model of inflammatory arthritis. The second
objective was to determine whether pre-activation of
MSCs during preparation of conditioned media might
impact the immunomodulatory effect of EVs.

MATERIALS AND METHODS

Mesenchymal stem cell culture

Bone marrow MSCs were isolated from C57BL/6
mice and characterized by phenotyping and trilineage
differentiation potential [17]. They were maintained
in proliferative medium consisting in DMEM,
100 pg/mL penicillin/streptomycin, 2 mM glutamine
and supplemented with 10% foetal calf serum (FCS).

Mesenchymal stem cell-derived extracellular
vesicle production and characterization

MSCs were seeded at 6x104cells/cm? in
proliferative medium for 24 h and then with
production medium for 48 h. Production medium
consisted of proliferative medium supplemented with
3% EVs-free FCS, obtained by overnight
ultracentrifugation of DMEM plus 20% FCS at
100,000 x g. When indicated, MSCs were activated
with 20 ng/mL IFN-y. Using an anti-viral functional
assay, activity of the recombinant protein was
measured to be 0.3-0.9 ng/mL (R&D systems, France).
MSCs-conditioned medium (CM) was recovered from
150 mm diameter culture dishes containing 3-5x10°
MSCs in 12 mL. The number of apoptotic MSCs was
checked by Annexin 5 labelling and flow cytometry
quantification and was always below 5% before
ultracentrifugation. MSCs-CM (distributed in 6 tubes
containing 38.5 mL each) was centrifuged at 300 x g
for 10min and 2,500 x g for 25min to remove
detached cells and debris/apoptotic bodies,
respectively. CM was used pure in some experiments
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or further centrifuged for EVs isolation. For total EVs,
CM was centrifuged at 100,000 x g for 2 h in
polyallomer tubes using a SW28 Ti Swinging-Bucket
rotor (k factor 246; Beckman Coulter, Villepinte). Total
EVs pellets were rinsed in phosphate-buffered saline
(PBS), centrifuged at 100,000 x g for 2h and
suspended in 100 pL of PBS. For MPs, CM was
centrifuged at 18,000 x g for 1h; the pellet was
washed and finally suspended in PBS. For Exos,
supernatant from the MPs fraction was filtered
through a 0.22 pm porous membrane and centrifuged
at 100,000 x g for 2 h. The pellet was washed and
suspended in PBS. EVs preparations were normalized
to total protein content as quantified by BCA assay
(Sigma, Saint-Quentin Fallavier, France).

Size distribution of EVs was determined by
Nanoparticle Tracking Analysis (NTA) using a
NanoSight LM10-12 instrument as advised by the
manufacturer (NTA 3.1 build 3.1.54; Malvern
Instruments, Orsay) using the following parameters:
camera level 13; threshold 5; 22.4°C; 3 videos per
analyzed sample. Visualization of EVs was assessed
by transmission electron  microscopy. EVs
suspensions were loaded on Formvar-coated grids
and negatively stained with uranyl acetate for 15 min.
Grids were observed using a Tecnai F20 FEI 200KV
microscope.

Flow cytometry analysis

For apoptosis, MSCs were labelled using the
Annexin V-PE apoptosis detection kit following the
manufacturer’s instructions (eBioscience). For EVs,
1 pg equivalent protein was incubated with 4 pm
aldehyde/sulfate  latex beads  (ThermoFisher
Scientific) at 4°C overnight and free reactive sites on
the beads were filled by adding 100 mM glycine.
EVs-coated beads were centrifuged at 3000 x g for 20
min and washed 3 times in PBS. EVs-coated beads
were stained using 1 pL of fluorophore-conjugated
specific antibodies (0.2mg/mL) for CD9, CD29,
CD44, CD81, SCA-1 (BD Biosciences, Le Pont de
Claix) for 30 min and data acquisition was performed
using FACS Canto II cytometer (BD Biosciences, Le
Pont de Claix). For cell analysis, total splenocytes or
isolated cell subsets were incubated in PBS containing
0.2% bovine serum albumin (BSA) and 1pL of
fluorophore-conjugated  antibodies (0.2 mg/mL)
specific for CD4, CD8, CD19, CD25, CD138, B220 or
respective isotype controls (BD-Bioscience) at 4 °C for
20 min. For intracellular staining, cells were
stimulated with PMA (50 ng/mL), ionomycin (1
pug/mL) and brefeldin A (10 pg/mL) for 4 h. Then,
cells were stained with specific Abs against mouse
CD4 and CD25 before being fixed and permeabilized
with Perm/Fix solution (eBioscience). Finally, 1 pL of

fluorophore-conjugated  antibodies (0.2 mg/mL)
specific for IL10, IL17, IFN-y, isotypic controls
(BD-Bioscience) or FOXP3 (eBioscience) was added
for 30 min in the dark. Flow cytometry analyses were
done with Diva software (BD Pharmingen, Le
Pont-de-Claix, France).

T lymphocyte proliferation assay and immune
cell subset isolation and differentiation

Murine splenocytes were isolated as described
[10]. CD4* or CD8&* T lymphocytes were isolated from
spleen using the Dynabeads Untouched Mouse CD4
or CD8 cells kit (ThermoFisher Scientific). After
magnetic  separation, supernatants containing
untouched CD4* or CD8* T cells were recovered. T
cells were cultured in activation medium consisting of
IMDM  (Life Technologies) containing 10%
heat-inactivated FCS, 2 mM L-glutamine, 100 U/mL
penicillin, 100 pg/mL streptomycin (Lonza), 0.1 mM
non-essential amino acids, 1 mM sodium pyruvate,
20 mM HEPES and 50 pM of beta-mercaptoethanol
(Life Technologies). A proliferation assay was
performed with 2x10° immune cells stimulated with
5pg/mL of concanavalin A (ConA) and CM from
MSCs (100 uL), MSCs or EVs was added for 3 days.
When indicated, IFN-y (20 ng/mL)-primed MSCs
were added to the proliferation assay. Cell
proliferation was measured using CellTiter-Glo®
Assay (Promega).

B lymphocytes were isolated from spleen using
the CD43 Microbeads kit (Miltenyi Biotech) and
plated (10° cells/well) for activation as described [10].
Briefly, B cells were labeled with 2 pM of Cell Trace
Violet™ (CTV; Molecular Probes, Eugene, OR, USA) at
37°C for 10 min. B cells were cultured in activation
medium (see above) without beta-mercaptoethanol. B
cells were activated with 25pg/mL  of
CpG-containing oligodeoxynucleotide (CpG-ODN)
1826 (5'TCC-ATG-ACG-TTC-CTG-ACG-TT-3") (Enzo
Life Science, Villeurbanne, France), 2.5pug/mL
unconjugated goat F(ab”)2 anti-mouse IgM (Jackson
Immunoresearch, Suffolk, UK), 25 ng/mL CD40L and
1000 U of IL2 (R&D Systems). When indicated, MSCs
(ratio: 1 MSC/5 cells) or different MPs or Exos
amounts were added for 3 days.

ELISA assays

Cytokines  were quantified in culture
supernatants or sera by ELISA (R&D Systems, Lille).
For cytokine production, 2x10¢ splenocytes were
stimulated with 25 pg/mL of bovine collagen II (bCII)
and supernatants were collected after 48 h. Total Ig
from B lymphocyte supernatants or mice sera was
quantified as described [10]. MPs and Exos
preparations were resuspended in PBS and submitted
to 4 cycles of 5 s of sonication (XL2020 Sonicator
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Ultrasonic liquid processor, Misonix, Delta Labo,
Avignon) before protein quantification.

Delayed-T hypersensitivity model

Experiments were conducted in accordance with
the Ethical Committee for animal experimentation of
the Languedoc-Roussillon (Approval CEEA-LR-
2016050918509993). BALB/ ¢ mice were immunized by
injection of chick ovalbumin (cOVA) emulsified in
100 pL complete Freund’s adjuvant at the base of the
tail. The recall was done at day 5 with 30 ug cOVA in
30 uL saline solution or 30 pL of increasing quantities
of EVs mixed with the cOVA solution in fat pad as
described [18]. The left footpad was injected with
30 uL saline solution as a negative control. At day 6,
the thickness of the footpads was measured using a
caliper before euthanizing the mice. Thickness
increment was calculated as the difference between
the immunized footpads at day 6 (right-left) and the
unimmunized footpads at day 0 (right-left).

Collagen-induced arthritis model

Arthritis was induced in 9-week-old DBA/1
mice in accordance with the Ethical Committee for
animal experimentation of the Languedoc-Roussillon
(Approval APAFIS#5347-2016050917427820). Briefly,
bCII (2 mg/mL) was diluted in acetic acid (0.05 M)
and emulsified in Freund’s complete adjuvant
(Thermoscientific, Rockford, IL, USA) as described
[10]. The suspension (100pL) was injected
intradermally at the base of the tail at day 0. At day 21,
a boost with bCII in Freund’s incomplete adjuvant
was administered. EVs were injected intravenously at
day 18 and 24. Clinical signs of arthritis were scored
as reported [19]. At euthanasia, blood, draining
lymph nodes and spleens were collected for immune
cell analysis. Hind limbs were fixed in 4%
formaldehyde for X-ray micro-computed tomography
(nCT).

Bone parameter analyses

After fixation of hind limbs in 4% formaldehyde,
paws were scanned in a pCT scanner SkyScan 1176
(Bruker, Belgium) using the following parameters:
50 kV, 500 pA, 0.5 mm aluminium filter, 180°. Scans
were reconstructed using NRecon software (Bruker)
and bone parameters were quantified with CTAn
software (Bruker) on the cuneiform bone of ankles.

Statistical analyses

Statistical ~analysis was performed with
GraphPad 6 Prism Software. In experiments where
number of replicates was under 7, we assumed that
data distribution was not Gaussian and we used a
nonparametric Mann-Whitney test for comparing

data between two groups (control versus treated). For
paired multiple groups, we used non-parametric
Kruskal-Wallis test followed by Dunn’s multiple
comparison test. For comparing data between 3
groups and two variables where replicates were > 15,
normality was checked and we used a two-way
ANOVA followed by Tukey’s multiple comparison
test. The statistical test used is indicated in the figure
legend. A p value < 0.05 was considered significant.

RESULTS

Cryopreserved EVs lose their
immunosuppressive function

In the present study, we aimed to investigate the
immunosuppressive function of total EVs recovered
after serial ultracentrifugation (Fig. 1A). We first
compared the effect of IFN-y-primed MSCs versus
naive MSCs on T cell proliferation and observed a
tendency to higher immunosuppressive effect of
primed MSCs in the proliferation assay (Fig. 1B). We
then tested the CM of naive or IFN-y-primed MSCs

before and after centrifugation. Like MSCs,
pre-centrifugation supernatants exerted an
immunosuppressive  function on  splenocytes.

Supernatants from primed MSCs tended to be more
suppressive (Fig. 1C). Post-centrifugation super-
natants lost their immunomodulatory effects. This
indicated that the immunosuppressive components
were retained in the EVs-containing pellets. Indeed,
EVs incubated on activated splenocytes displayed a
dose-dependent immunosuppressive effect when EVs
were isolated from primed MSCs (Fig. 1D).
Importantly, we found that the immunomodulatory
activity of EVs was lost after freeze-thawing (Fig. 1E).
We therefore characterized EVs preparations kept at
4°C overnight or after freeze-thawing at -80°C. By
TEM analysis, the major difference observed was
aggregation or fusion of a fraction of EVs after
freezing (Fig. 1F). The immunophenotype of EVs was
positive and similar for Sca-1, CD44, CD29 (Fig. 1G).
By contrast, both EVs preparations were positive for
CD81 but a second CD81bright EVs population was
detected at 4°C. By NTA analysis, we observed an
overall similar distribution of EVs and a tendency for
a lower total number of vesicles after thawing, which
was however not significantly different from EVs kept
at 4°C (Fig. 1H). By contrast, the median size of EVs
was significantly lower when submitted to a
freeze-thaw cycle. Therefore, due to the loss of
immunosuppressive function after EVs freezing, all
subsequent analyses were performed using freshly
prepared EVs kept at 4°C less than 24 h.
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Figure 1. Freshly isolated extracellular vesicles from murine MSCs exert
immunosuppressive functions. (A) Experimental protocol for isolation of total
extracellular  vesicles (EVs) using differential ultracentrifugation. (B)
Proliferation of Concanavalin A-activated murine splenocytes cultured alone for
3 days (Ctrl) or incubated with naive or IFN-y (20 ng/mL)-primed MSCs (n=3
biological replicates). (C) Proliferation of Concanavalin A-activated murine
splenocytes cultured alone for 3 days (C) or incubated with ultracentrifuged
production medium (UM) or naive MSCs or MSCs-conditioned medium (CM)
pre (Pr)- or post (Po)-100,000 x g centrifugation according to (A). CM was
depleted in cells and debris (by 300 x g and 2500 X g centrifugation steps). MSCs
were naive or primed with 20 ng/mL IFN-y (n=3 biological replicates). (D)
Proliferation of Concanavalin A-activated murine splenocytes cultured alone for
3 days (Ctrl) or incubated with increasing amounts of EVs (n=4 biological
replicates). (E) Proliferation of Concanavalin A-activated murine splenocytes
cultured alone for 3 days (Ctrl) or incubated with 50 ng of freshly isolated or
freeze-thawed EVs (n=4 biological replicates). (F) TEM analysis of freshly
isolated (4°C) or freeze-thawed EVs (-80°C). Bar is 100 nm. (G) Expression of
MSCs membrane markers (Sca-1, CD44, CD29) and of CD81 exosomal marker

on freshly isolated (4°C) or freeze-thawed EVs (-80°C) analyzed by flow
cytometry. (H) Number and median size of freshly isolated (4°C) or
freeze-thawed EVs (-80°C) by Nano Tracking Analysis. Statistical analysis used a
non-parametric Kruskal-Wallis test with Dunn’s multiple comparison post-test
(B, C, D, E) or a Mann-Whitney test (H). *: p<0.05.

Characterization of exosomes and
microparticles

To better characterize MSCs-derived EVs, we
used serial ultracentrifugation steps as described [20]
and different techniques to analyse the isolated
vesicles as were recently recommended by the
International Society for Extracellular Vesicles [13].
We recovered MPs and small size EVs (Exos) at
18,000 x g and 100,000 x g, respectively (Fig. 2A). EVs
preparations were normalized to the quantity of total
proteins: 0.7£0.2 pg and 1.08+0.1 pg proteins/10°
MSCs in Exos and MPs fractions respectively, with no
difference between EVs from naive and primed MSCs
(Fig. 2B). TEM analysis of MPs and Exos confirmed
the presence of round shaped vesicles surrounded by
a bilayer membrane with heterogeneous sizes of MPs
(Fig.2C). By NTA analysis, we observed
heterogeneity of MPs ranging from 152+1.5 nm to
572+40 nm and from 163+5.9 nm to 524420 nm in
diameter for naive and primed MSCs, respectively
(Fig. 2D, F). EVs concentration was ~1-2x10° EVs/pug
of proteins for MPs and Exos (Fig. 2E). No difference
in size was noticed between naive and primed MSCs.
Importantly, small size EVs (fractions A/B in Fig. 2D,
right) accounted for 75% of MPs (Fig. 1G). In Exos, a
homogeneous population of EVs measuring 121+2 nm
(naive MSCs) and 111+4.5 nm (primed MSCs) was
detected. Flow cytometry analysis detected
expression of CD9 and CDS81 in Exos, while
expression of MSCs-derived membrane markers
Sca-1, CD44, CD29 was detected in MPs,
independently of priming (Fig. 2H). Using Western
blotting analysis, preferential expression of the
exosome-associated proteins Hsp70, Tsg101 and Alix
was detected in Exos (not shown). The enrichment of
Exos and MPs preparations was illustrated by the
presence of the vast majority of Exos (~120 nm) in the
100,000 x g fraction, while MPs (>150 nm) were in the
18,000 x g fraction.

Exos and MPs exhibited similar
immunosuppressive effects on T lymphocytes

We next investigated the immunosuppressive
properties of MPs and Exos in a proliferation assay.
Both fractions decreased the proliferation of
ConA-activated splenocytes to a similar extent and in
a dose-dependent manner, independently of MSCs
priming (Fig.3A). Among affected lymphocyte
subpopulations, MSCs, MPs and Exos tended to
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Figure 2. Isolation and characterization of exosomes and microparticles isolated from murine
MSCs. (A) Experimental protocol for isolation of microparticles (MPs) and exosomes (Exos) from
MSCs-conditioned medium using differential ultracentrifugation. (B) Quantification of EVs
produced by 106 MSCs and expressed as equivalent protein. MSCs were naive or primed with
20 ng/mL IFN-y (n=5 biological replicates). (C) Representative pictures of MPs (18K) and Exos
(100 k) by transmission electron microscopy. Bars represent 200 nm in large pictures and inserts
for MPs; for Exos, bars are 200 nm for large pictures and 100 nm for inserts. (D) Number and size
of Exos (left) and MPs (right) detected in 1 mL (corresponding to | pg EVs equivalent protein) by
Nano Tracking Analysis. Letters (A to E) indicate various population peaks (n=3 biological
replicates). (E) Quantification of Exos and MPs particle numbers related to the quantity of protein
(n=3 biological replicates). (F) Mean size of Exos (left) and MPs (right) in the fractions represented
in (D) (n=3 biological replicates). (G) Percentage of MPs in each fraction (A to E) related to total
MPs (n=3 biological replicates). (H) Expression of MSCs membrane markers (Sca-1, CD44, CD29)
and of exosomal markers (CD9, CD81) on Exos (top) and MPs (bottom) isolated from naive MSCs
analyzed by flow cytometry.

CD4*IFN-y* T lymphocytes (Fig. 3B). Increase of the

Trl regulatory cell population was
observed with MSCs, MPs and Exos,

although this was not statistically
significant. Interestingly, the
CD4*CD25*Foxp3*  Treg  population

tended to increase only when Exos and
MPs were added. We then isolated CD4+
or CD8* T cells and measured their
proliferation rate in the presence of EVs.
Both MPs and Exos were unable to reduce
the proliferation of CD8* or CD4* T

lymphocytes,  indicating that the
inhibitory effect of MPs and Exos on T
lymphocytes was indirect (Fig. 3C).

Altogether, our data indicated that MPs
and Exos exerted an indirect inhibitory
effect on T Ilymphocyte proliferation
through Trl and Treg induction,
respectively.

Exos and MPs exhibited similar
immunosuppressive effects on B
lymphocytes

We then investigated the role of EVs
on B lymphocyte differentiation as in [10].
Plasmablast generation tended to be
inhibited in the presence of MSCs, MPs
and Exos (Fig.4A). Inhibition of
plasmablast differentiation was associated
with lower levels of total IgG produced in
coculture supernatants (Fig. 4B).
However, addition of Exos and MPs on
differentiating plasmablasts did not
change cytokine production.

We next looked for the presence of
factors known to be involved in the
immunosuppressive effect of MSCs, in
particular those known to impact T and B
lymphocytes differentiation and function.
While Exos or MPs did not convey IL-6,
both conveyed TGF-p1 and PGE2 with no
difference between naive and primed
MSCs (Fig. 4C). ILIRA was the most
abundant factor in both types of EVs.

Prevention of CIA and DTH by Exos
and MPs

First, we wanted to evaluate in vivo
the anti-inflammatory effects of EVs in a
relatively simple model of inflammation,
the DTH model. This experiment was
designed to determine the most efficient
dose of Exos or MPs in vivo. As with MSCs
administration, infusion of MPs tended to
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reduce inflammation, as measured by paw swelling,
and a dose of 250 ng Exos or MPs was the most
efficient (Fig. 5A). The dose of 250 ng (corresponding
to the production of ~2.5x105 MSCs) was defined as
our standard condition. We then compared the effects
of total EVs, MPs and Exos injected IV at day 18 and
24 after immunization in the CIA model. We
previously demonstrated efficacy of MSCs injection in
this model at these time points [8-11, 21]. The rationale
of evaluating EVs was that MPs and Exos might exert
different anti-inflammatory potencies in vivo and EVs

I=

Exo MP

100 100

50

Proliferation (%)
=]

1 naive
B primed

preparations might display intermediate effects.
Indeed, complete protection from arthritis was
observed with total EVs. 5% incidence and very low
clinical scores were obtained with Exos (Fig. 5B-C). In
contrast, MPs did not significantly reduce arthritis
symptoms but still tended to decrease both score and
incidence. Analysis by pCT imaging revealed less
bone degradation, as indicated by lower bone surface
erosion (area/volume) and higher bone thickness, in
mice treated with Exos or MPs (Fig. 5D-F). These
findings with DTH and CIA studies supported an
anti-inflammatory role of both Exos and
MPs, with Exos being more potent than
MPs at equal quantity, to suppress
arthritis signs.

Exos were more efficient than MPs
in preventing mice from developing
CIA

To further investigate whether Exos

0 0 populations display higher immuno-
Ct502510 1 502510 1 Ctr1502510 1 502510 1 modulatory effects than MPs, we

B performed a second study injecting
w 1004 w 1004 250ng of Exos and 600ng of MPs.
T o Because MPs did not significantly
J:;,_" +§ decrease arthritic signs in the previous
L 504 T x a0+ experiment, we decided to inject 2.4-fold
a =2 more MPs than Exos in order to firmly
3(:), 0 ;—é 0 conclude the absence of MPs effects. Exos
ol MSC  Exo MP ol MSC Exo MP 1nfus1.on significantly refigced paw
swelling and global clinical score

@ 109 R compared to CIA control or MPs (Fig.
ﬁ =B . E o 44 6A). Although MPs decreased the fore
2 54 T c S 34 paw swelling score, they did not
= 44 % g ) 24 1 significantly protect from arthritis, as
& 7. 5 E 14 shown by the global arthritis clinical
B(j% 0. -_i W\ ES D-.-i A score. .Looki.ng at immune cell
Ctl MSC Exo  MP Ctl MSC Exo  MP populations in  lymph nodes, ~we
observed no difference in  the

C percentages of Thl, Th17, CD4*Foxp3*
= 1504 100+ - _ Treg cell subsets. However, a significant
= decrease in CD4*IL-10* Trl cells was
E 1004 noticed in mice receiving Exos or MPs
g 504 (Fig. 6B). Interestingly, we detected a
£ 504 significant decrease in plasmablast
o0 0 0. % percer}tage and iflcrease in CD19+*IL-10*
orl MSC Exo MP orl MSC Exo MP Breg-like populations. We also measured

Figure 3. MPs and Exos exert immunosuppressive functions on T lymphocyte subsets. (A)
Proliferation of Concanavalin A-activated murine splenocytes cultured alone for 3 days (Ctrl) or
incubated with increasing amounts (ng) of Exos (left) or MPs (right) from naive or IFN-y primed
MSCs (n=5 biological replicates). (B) Percentage of CD8+IFN-y* cytotoxic T cells, CD4*IFN-y* Thl
cells, CD4*IL-10* Tr1 cells and CD4+*CD25*Foxp3* Treg cells in splenocytes (n=4) when incubated
alone or with naive MSCs and 25 ng of Exos or MPs. (C) Proliferation of Concanavalin A-activated
sorted CD4+ (left) and CD8* (right) T lymphocytes cultured alone for 3 days (Ctrl) or incubated
with naive MSCs and 50 ng of Exos or MPs from naive or IFN-y primed MSCs (n=3 biological
replicates). Statistical analysis used a non-parametric Kruskal-Wallis test with Dunn’s multiple

comparison post-test. *: p<0.05 compared to Ctrl.

cytokines in culture supernatants of
lymph node cells. Upon ConA activation,
levels of IL-6 and IL-1p were
significantly down-regulated in lymph
nodes from Exos-treated mice, but only
IL-6 was after MPs infusion (Fig. 6C). Of
interest, IL-10 did not change when
lymph node cells were stimulated with
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ConA, whereas IL-10 was significantly up-regulated
when cells from Exos-treated mice were stimulated
with type II collagen. Finally, we did not detect IL-6 in
mouse sera but type II collagen-specific IgG2a/IgG1
antibodies ratios were significantly decreased at all
time points in Exos-treated mice (Fig. 6D). These data
indicated a shift from a Thl-type toward a Th2-type
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immune response in Exos-treated mice as compared
to control arthritic mice. These results indicated that
in  wvivo, MSCs-derived Exos exerted an
antigen-specific anti-inflammatory effect on arthritic
mice, which was likely due to decreased plasmablast
differentiation and generation of Breg cells.
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Figure 4. MPs and Exos exert immunosuppressive functions on B lymphocytes. (A)
Percentage of CD138* plasmablasts obtained after activation (Ctrl) or culturing with
naive MSCs or 50 ng Exos or MPs from naive or IFN-y primed MSCs (n=5 biological
Representative flow cytometry pictures are shown below. (B)
Concentration of total IgG, TNFa, IL6, IL10 in supernatants from plasmablasts in (A) as
expressed in arbitrary unit (a.u.) or pg/mL (n=5 biological replicates). (C) Amounts of
TGF-B1, PGE2, IL-6, ILI1-RA in | ug of Exos or MPs as evaluated by ELISA (n=5

replicates).

MPs-treated mouse (middle) and Exos-treated mouse (right). (E) Mean
thickness of cuneiform bone from Ctrl mice or mice treated with MPs or
Exos as evaluated by histomorphometric uCT analysis. (F) Mean bone
degradation of cuneiform bone as evaluated by area/volume parameter by
uCT. Statistical analysis used a nonparametric Kruskal-Wallis test
followed by Dunn’s multiple comparison test (A, E, F) or a two-way
ANOVA followed by Tukey’s multiple comparison test (C). *: p<0.05 or
**: p<0.01 compared to Ctrl.

biological replicates). Statistical analysis used a non-parametric Kruskal-Wallis test with

Dunn’s multiple comparison post-test. *: p<0.05compared to Ctrl.
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Figure 6. Exos are efficient immunosuppressive agents in CIA by decreasing plasmablast differentiation and generating Breg cells. (A) Effect of 250 ng Exos or 600 ng
MPs on inflammation in the CIA model as measured by hind paw swelling, fore paw score and global clinical score until day 30 at euthanasia. (B) Determination of the
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DISCUSSION

This study provides the first evidence that
MSCs-derived EVs exert an immunomodulatory
effect in an inflammatory arthritis model. Moreover,
this is one of the few studies reporting a differential
functional role in vivo for MPs and Exos isolated from
the same MSCs-conditioned medium.

Here we showed for the first time that in vitro,
MSCs-derived MPs and Exos exert similar
immunosuppressive functions by decreasing T and B
lymphocyte proliferation and inducing Treg cell
populations. However, the inhibitory effects of both
Exos and MPs on T lymphocyte proliferation were not
direct, indicating that other immune cell subsets were
responsible for this inhibition. We have shown that
Exos and MPs can impact maturation of macrophages,
expressing lower levels of TNFa and higher levels of
IL10 [38]. Whether Exos and MPs-dependent
macrophage polarization might be involved in T
lymphocyte  proliferation is currently under
investigation. Importantly, Exos and MPs were
efficient at inducing Treg cell subsets. These results
were obtained with EVs isolated from murine MSCs,
while a number of studies previously reported
immunosuppressive effects for EVs isolated from
human MSCs [22-25]. Most studies used either total
EVs or Exos. Only one compared MPs and Exos using
murine and human MSCs-derived EVs in allogeneic
or xenogeneic settings but it failed to show any
anti-inflammatory effect [26]. Other studies reported
no or low functional effects of EVs on T cell
proliferation but reported an indirect inhibition of B
and NK cell proliferation [22, 24, 27]. These
discrepancies may be attributed to isolation protocols,
MSCs sources, culture conditions during MSCs
expansion and/or the use of freeze-thawed EVs. Of
interest, we clearly demonstrated here that
freeze-thawing of EVs at -80°C was detrimental for
their functional role. By TEM analysis, we observed
images of aggregation or fusion of EVs and a fraction
of vesicles with disrupted membranes after
freeze-thawing of EVs, suggesting that release of
active biomolecules likely occured. The number of
vesicles also tended to decrease after freezing. This
may be related to loss of vesicles after membrane
rupture, or aggregation or fusion as has already been
reported [28]. Finally, we noticed a decrease in the
median size of EVs, which may reflect preferential
loss of large EVs. Whether these differences play a
role on the function of EVs is however unclear.
Another possibility could be the alteration of proteins
at the EVs membrane surface, preventing binding to a
specific receptor on target cells. Further investigation
is needed to understand how freeze-thawing impacts

the immunosuppressive effect of EVs. This is of
importance for clinical translation where the use of
EVs would rely on preconditioned standardized
batches and it highlights the need for evaluating other
means of EVs preservation, such as lyophilisation.
Other authors reported no alteration of
immunomodulatory effects of thawed MSCs-derived
MPs or Exos [26]. This suggested that other
parameters influence the functionality of EVs.

Priming human MSCs before EVs isolation has
been shown to increase the immunomodulatory
functions of EVs [24], while another report indicated
that MSCs priming did not enhance the
immunomodulatory effects of MSCs-derived EVs
[25]. Our results are in line with the latter study. We
did not observe any increased function of MPs or Exos
from primed murine MSCs although CM from primed
MSCs exerted a slightly higher anti-inflammatory
effect on T cell proliferation, suggesting that soluble
factors not packaged inside EVs might be involved.
One factor that has been shown to participate to the
immunomodulatory function of murine MSCs is
inducible nitric oxide synthase (iNOS) [8]. iNOS is
involved in the production of nitric oxide (NO) that
suppresses T cell responsiveness [6]. Whether iNOS
protein or mRNA can be packaged inside EVs from
naive or primed MSCs and released inside target cells
to exert a functional role is unlikely but warrants
investigation. Conversely, release of NO by MSCs in
the extracellular milieu could explain the higher
immunomodulatory effect of primed MSCs-CM.

Both types of EVs behaved differently from
parental MSCs, even though they exerted a similar
role on immune cells. Exos and MPs were less efficient
in suppressing Thl cell proliferation but we found,
intriguingly, that they were more potent in inducing
CD4*CD25*Foxp3* Treg and CD4*IL-10* Trl cell
populations in vitro. The reason for this differential
activity is not known but preliminary analyses
detected TGF-p1 within EVs cargo. Although the
quantities detected are rather low and may not be
relevant for a functional effect of MSCs-derived EVs,
the presence of TGF-p1 as mRNA and protein in
MSCs-derived EVs has already been reported [29]. In
this study, depletion of EVs from culture supernatants
reduced the number of TGF-p transcripts in
co-incubated peripheral blood mononuclear cells and
TGF-f1 mRNA transfer was proposed to be
responsible for Treg cell generation. Also detected in
MPs and Exos were PGE2 and IL1RA, which have
been shown to be important mediators in the in vitro
anti-inflammatory effects of MSCs and in
inflammatory arthritis [8, 10]. Further analysis of EVs
cargo is needed to help answer whether these factors
or others mediate the therapeutic efficacy of EVs.
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The  second key  finding is  the
immunomodulatory functions of MSCs-derived EVs
in inflammatory diseases. We have previously
reported that MSCs can exert anti-inflammatory
effects at a dose of 2.5x105 in the DTH model, and they
protect mice from arthritis when injected at a dose of
106 cells at day 18 and 24 after immunization [8-11, 21,
30]. MSCs-mediated protection from inflammation
was estimated to be ~50% in terms of paw swelling
increase in both models. The quantity of MPs and
Exos produced by 10® MSCs is ~1 ug. In the DTH
study, we used the same quantity of Exos or MPs as
that produced by 2.5x105 MSCs in 48 h and observed
similar efficacy. In the CIA study, we used 3-fold or
2-fold less Exos or MPs, respectively, than the
quantity produced by 10¢ MSCs in 48 h. Paw swelling
and clinical score were decreased by 35% as compared
to CIA control. We may therefore assume that the
quantity of MPs or Exos produced by a defined
number of MSCs in 48 h reproduce most of the
anti-inflammatory functions of the same number of
injected cells.

We demonstrated in vivo that Exos, but not MPs,
were able to significantly decrease signs of arthritis.
To firmly conclude that MPs are less
immunosuppressive, we increased the quantity of
MPs injected by 2.4-fold as compared to Exos, but did
not observe a therapeutic effect. This confirmed that
MPs were less efficient than Exos at suppressing
inflammation in this model. One possible explanation
is that the in vivo biodistribution of Exos and MPs may
differ. While EVs from MSCs were shown to
preferentially home to spleen, lungs and liver where
they were taken up by patrolling macrophages [31],
the respective homing of MPs and Exos has not been
investigated. However, it has been reported that small
nanoparticles (under 100nm) are less prone to
opsonisation and preferentially accumulate in liver
and in spleen [32]. Indeed, differential homing of the
two types of vesicles to spleen and liver could help
elucidate their differential functional effects on
inflammation.

The therapeutic efficacy of Exos was not related
to a significant decrease of Th1l and Th17 lymphocytes
or increase of CD4*CD25*Foxp3* cells although there
was a trend. We even observed a significant decrease
of Tr1 cells. The reason for this is not known but we
can hypothesize that in vitro conditions do not reflect
the in vivo environment, which is much more
complex, or that timing of analysis was not
appropriate. Indeed, it has been reported that Trl
expansion in vivo can be transient and correlates with
the intensity of inflammation [33]. Analysis of the
immune response at euthanasia might have missed
Trl cell expansion. Importantly, the main role of Exos

was to inhibit plasmablast differentiation while
inducing IL-10-expressing Breg cells. This result is
supported by previous reports that EVs bind
preferentially to B lymphocytes and less effectively to
other immune cells in vitro [24, 34]. Although our
results are the first demonstration of the therapeutic
efficacy of MSCs-derived Exos in experimental
arthritis, a recent report has shown that MSCs-derived
Exos can decrease osteoarthritic symptoms in an
inflammatory model of osteoarthritis [35]. Indeed,
EVs isolated from dendritic cells, neutrophils or
artificial vesicles have shown therapeutic potential in
osteoarthritis or RA [12, 36, 37], the present study
uncovers new therapeutic opportunities for
MSCs-derived EVs in the treatment of rheumatic
diseases.
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