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ARTICLE INFO ABSTRACT

Keywords: Systemic sclerosis (SSc) is a potentially lethal disease with no curative treatment. Mesenchymal stromal cells
Exosomes (MSCs) have proved efficacy in SSc but no data is available on MSC-derived extracellular vesicles (EVs) in this
Extracellular vesicles multi-organ fibrosis disease. Small size (ssEVs) and large size EVs (IsEVs) were isolated from murine MSCs or
i;izzz‘iﬁ;nr;aal stem cells human adipose tissue-derived MSCs (ASCs). Control antagomiR (Ct) or antagomiR-29a-3p (A29a) were trans-
miR-29a fected in MSCs and ASCs before EV production. EVs were injected in the HOCl-induced SSc model at day 21 and
DNMT3A euthanasized at day 42. We found that both ssEVs and IsEVs were effective to slow-down the course of the
PDGFRBB disease. All disease parameters improved in skin and lungs. Interestingly, down-regulating miR-29a-3p in MSCs

totally abolished therapeutic efficacy. Besides, we demonstrated a similar efficacy of human ASC-EVs and
importantly, EVs from A29a-transfected ASCs failed to improve skin fibrosis. We identified Dnmt3a, Pdgfrbb,
Bcl2, Bel-xl as target genes of miR-29a-3p whose regulation was associated with skin fibrosis improvement. Our
study highlights the therapeutic role of miR-29a-3p in SSc and the importance of regulating methylation and

apoptosis.

1. Introduction

Systemic sclerosis (SSc) is a rare, life-threatening autoimmune dis-
ease for which no curative treatment is available to date [1]. Current
treatments are essentially palliative and associate symptomatic support
with organ transplantation or immunosuppressive drug therapy, which
may cause severe side effects [2]. Hematopoietic stem cell trans-
plantation has proved to be a major step forward, but here again, at the
expense of heavy side effects [3]. Promising therapeutic options include
mesenchymal stromal/stem cell (MSC)-based therapy, which has shown
efficacy in several animal models of SSc. The therapeutic interest of bone
marrow- and adipose tissue-derived MSCs has already been demon-
strated in murine models [4,5]. Moreover, clinical studies report
encouraging results (for review, see Ref. [5]).

The therapeutic effect of MSCs is mediated primarily through the
secretion of soluble factors that can be conveyed within extracellular
vesicles (EVs). EVs are classified into three major subtypes depending on
their size and biogenesis. Apoptotic bodies are the largest vesicles

(500-1500 nm) released by apoptotic cells, microvesicles/microparti-
cles are large vesicles (120-500 nm) budding from the plasma mem-
brane and exosomes are small vesicles (50-150 nm) originating from the
endosomal compartment [6]. However, because of overlapping sizes
between subtypes, current isolation procedures generally lead to the
isolation of small size vesicles (ssEVs) or large size vesicles (ISEVs) that
cannot discriminate the vesicles by their origin [7]. EVs are carriers of a
variety of bioactive factors including proteins, lipids, DNA, mRNA and
miRNAs that play important functions in intercellular communication.
Recently, the therapeutic function of MSC-derived EVs (MSC-EVs) has
gained much attention in various diseases, including autoimmune and
rheumatic diseases [8], and in various animal models of diseases (for
review, see Ref. [9]). However, to our knowledge, no data is available on
the therapeutic function of MSC-EVs for skin fibrosis and more impor-
tantly, in a multi-organ fibrotic disorder such as SSc.

Among the mediators conveyed within MSC-EVs, miRNAs are re-
ported to take a large part in their therapeutic effect. Numerous miRNAs
could have functional relevance for fibrotic diseases by modulating the
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profile of mRNAs and consequently, proteins in target cells (for review,
see Ref. [9]). One of these miRNAs, miR-29a gained interest in the
context of scleroderma. Indeed, miR-29a was shown to be decreased in
hair, serum and dermal fibroblasts from scleroderma patients [10-12]. It
was strongly down-regulated in fibroblasts and skin sections from SSc
patients as well as in the bleomycin model of skin fibrosis and an inverse
correlation between miR-29a and type I collagen was demonstrated
[13]. In addition to type I collagen, miR-29a was found to target TGFf
activated kinase 1 binding protein 1 (TAB1), thereby reducing TIMP1
expression and increasing matrix metalloproteinase 1 (MMP1) [14,15].
Moreover, miR-29a has been described as a potent inducer of apoptosis
in SSc fibroblasts by disrupting the production of anti-apoptotic factors
(Bcl-2, Bcl-XL) [16]. Therefore, miR-29a has been described as an
anti-fibrotic and pro-apoptotic factor with potential therapeutic interest
in SSc.

In the present study, we investigated the capacity of MSC-EVs to
improve skin and lung fibrosis in a multi-organ fibrotic disorder, using
the relevant HOCl-induced murine model of SSc. We determined the
respective role of ssEVs and IsEVs from murine MSCs and that of EVs
from human adipose tissue derived MSCs (ASC-EVs) in attenuating SSc
clinical course. We focused our study on miR-29a as a potential anti-
fibrotic factor conveyed within EVs, and its downstream targets to
decipher its mechanism of action in SSc. Importantly, we provide evi-
dence that miR-29a-3p targets apoptosis and methylation-related genes.

2. Methods
2.1. Murine and human cell culture

Murine MSCs were isolated from the bone marrow of C57BL/6 mice
and expanded in proliferative medium (DMEM, 10% fetal calf serum
(FCS), 2 mmol/mL glutamine, 100 pg/mL penicillin/streptomycin).
They were characterized by phenotyping and tri-lineage differentiation
potential, as reported [17] and used at passage 12-18. Human healthy
ASCs were isolated from adipose tissue. All individuals gave written
consent and approval was obtained from the French Ministry of Higher
Education and Research (DC-2009-1052). ASCs were cultured in cMEM
medium containing 10% FCS, 100 pg/mL penicillin/streptomycin, 2
mmol/mL glutamine and 1 ng/mL basic fibroblast growth factor (bFGF)
(R&D Systems), characterized as in Ref. [18] and used at passage 1-3.

2.2. Cell transfection

MSCs and ASCs were transfected with 50 nM of antagomiR-control
(ACt) or antagomiR-29a-3p (A29a) overnight (ON), using Oligofect-
amine (ThermoFisher Scientific). Supernatants were collected 48 h after
transfection.

2.3. Production and isolation of EVs

MSCs and ASCs were seeded at 7 x 10* cells/cm? and cultured for 24
h. The medium was then replaced by the production medium consisting
of DMEM or aMEM, for MSCs and ASCs respectively, containing 100 pg/
mL penicillin/streptomycin, 2 mmol/mL glutamine and 3% EV-free FCS.
This latter was obtained after ultracentrifugation of medium containing
20% FCS at 100,000 g, ON. After 48 h for MSCs or 60 h for ASCs,
conditioned supernatants were centrifuged at 300 g, 4 °C for 10 min to
eliminate cells and 2500 g, 4 °C for 25 min to remove debris and
apoptotic bodies. Subsequently, media were centrifuged at 18,000 g,
4 °C for 1 h to pellet IsEVs and, then at 100,000 g for 2 h to pellet ssEVs.
Pellets obtained at each step were submitted to a second round of
centrifugation at 100,000 g, 4 °C for 2 h and suspended in 100 pL of
phosphate buffer saline (PBS). More than 95% viability and less than
15% apoptosis of producing cells, assessed by Annexin V/7AAD label-
ling and flow cytometry, were required before EV recovery. EV prepa-
rations were kept at 4 °C ON and used as freshly prepared EV
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suspensions, except for the experiment with frozen EVs, which were kept
at —80 °C before use.

2.4. EV characterization

EVs were characterized as recommended by the International Society
of Extracellular Vesicles (ISEV) [7]. Total protein content of EV sus-
pensions was quantified using the Micro BCA Protein Assay Kit (Ther-
moFisher Scientific). Number and size of particles were determined by
nanotracking analysis (NanoSight NS300, Orsay). EV phenotype was
determined by flow cytometry after EV incubation with 2 pL of alde-
hyde/sulfate latex beads (4 pm, 4% W/V, ThermoFisher Scientific) at
4 °C ON and glycine (100 mM) addition for 30 min. EV-coated beads
were labelled with fluorophore-conjugated antibodies for murine CD9,
CD11b, CD29, CD44, CD45, CD63, CD81, Sca-1 (BD Biosciences) for 30
min. For cryoTEM analysis, EVs were applied to glow discharged Lacey
grid (Ted Pella inc.), blotted for 1s and then flash frozen in liquid ethane
using a CP3 cryo-plunge (Gatan inc.). Cryo-EM was carried out on a
JEOL 2200FS FEG operating at 200 kV under low-dose conditions in the
zero-energy-loss mode with a slit width of 20 eV.

2.5. Western blot

Samples were lysed in 50 pL of RIPA containing 1/100 protease in-
hibitor (Sigma). Ten pg of proteins were loaded on 4-12% SDS poly-
acrylamide gel (Life Technologies) and run at 200 V for 30 min. Protein
transfer to nitrocellulose membrane was performed for 7 min using
iBlot™2 Dry blotting system (ThermoFisher Scientific). Membranes
were blocked with 5% skim milk in TBS and incubated ON at 4 °C with
primary antibodies: anti-Tsg101 (1/200), anti-Alix (1/100), anti-ApoA1l
(1/200) from Santa Cruz and at room temperature for 2 h with anti-
Actin (1/5000; Sigma). Blots were revealed using WesternBright Sirius
HRP substrate (Advansta) and quantified with ChemiDoc MP imager and
Image Lab Software (Bio-Rad).

2.6. Animal experimentation

HOCl-induced SSc murine model was approved by the Regional
Ethics Committee on Animal Experimentation (APA-
FIS#53512016050919079187). Six-week-old female BALB/cJRj mice
(Janvier Labs) were cared for according to the European guidelines for
the care and use of laboratory animals (2010/63/UE). Surgery and
euthanasia were performed after anaesthesia with isoflurane gas, and all
efforts were made to minimize suffering. Mice were housed in solid
bottomed plastic cages in quiet rooms at 22° + 1 °C, 60% controlled
humidity, and 12 h/12 h light/dark cycle. Animals were used after an
adaptation period of 7 days and had free access to tap water and stan-
dard pelleted chow. Backs of mice were shaved the day before disease
induction. Skin thickness was measured with a caliper and once a week
thereafter. HOCI solutions were prepared extemporaneously by adding
NaClO (9.6%) to KH2PO4 solution (100 mM, pH 6.2) to get the desired
HOCI concentration, defined by optical density of 0.7-0.9 at 292 nm
(Nanodrop, Thermoscientific). Daily prepared HOCl (150 pL) was
injected into two sites in the back of mice, 5 days a week for 6 weeks.
Treatment groups were done at day 21 to homogenize the mean skin
thickness in each group of 7-8 mice before PBS (control group), cell or
EV intravenous injections (100 pL). Animal number in each group was
calculated using G Power software and data from previous experiments;
no criteria for exclusion/inclusion was set and none was excluded.
Treatment groups were mixed in cages to allow blinding and minimize
bias. At day 42, mice were sacrificed and blood, skin biopsies (6 mm
punchs) and lungs were recovered. Samples were stored at —80 °C for
RT-qPCR or fixed in 4% formaldehyde for histology.
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2.7. Histopathological and immunohistopathological analyses

Skin and lung samples were processed for routine histology. Masson
trichrome staining or immunostaining were performed using antibodies
specific for aSma (1/100; Abcam), TGFf (1/200; Abcam) or DAPI (1/
1000; Sigma). Histological slides were scanned with Nanozoomer
(Hamamatsu) and dermal thickness was measured with NDP.view2
software. Images of slides were acquired on a confocal laser scanning
microscope (TCS SP5-II, Leica Microsystems). Image stacks were
analyzed with Image J software.

2.8. RNA extraction and RT-qPCR

Total RNA was extracted from skin and lung samples after mechan-
ical dissociation and using the RNeasy Mini Kit (Qiagen, Courtaboeuf).
Reverse transcription was performed on 0.5 pg RNA using 100 U of M-
MLV reverse transcriptase (ThermoFisher Scientific). Real time PCR was
performed on 20 ng cDNA using specific primers (Supl. Table) and SYBR
Green I Master mix (Roche Diagnostics). Values were normalized to
TATA binding protein (Tbp) housekeeping gene and expressed as rela-
tive ecxpression or fold change using the respective formulae 272€T or
9—AACE

MiRNA extraction was performed using the miRNeasy Micro Kit
(Qiagen). Reverse transcription was performed on 150 ng RNA using
TagMan® MicroRNA Reverse Transcription Kit (ThermoFisher Scienti-
fic). Real time PCR was performed on 10 ng cDNA using Tagman
microRNA hsa-miR29a-3p (Life Technologies) and Tagman Master Mix
II no UNG (Life Technologies). Values were normalized to Ct for MSCs,
ASCs and EVs.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad 8 Prism Soft-
ware. Data were analyzed by comparing a single group with the control
group using the Student t-test for values with a normal distribution or
the Mann-Whitney test when values did not show normal distribution, as
evaluated using the Shapiro-Wilk normality test. For normalized values,
a one sample t-test or Wilcoxon test were performed when values were
parametric or non-parametric, respectively. Data are presented as mean
+ SEM.

3. Results

3.1. Both MSC-EV subtypes stop disease progression in murine HOCI-
induced SSc

Before investigating the therapeutic effect of MSC-EVs in SSc, we first
characterized the two EV subtypes recovered by differential ultra-
centrifugation. SsEVs with a mean size of 158 nm were isolated at
100,000 g while a more heterogenous population of IsEVs with a mean
size of 191 nm was isolated at 18,000 g (Fig. 1A). The median size of
ssEVs (145 nm) was significantly lower than that of ISEVs (165 nm). The
number of particles produced by MSCs was significantly higher for ssEVs
than 1sEVs (1.5-2 fold more) when reported to 10° cells or 1 pg of total
proteins (Fig. 1A). The two subtypes were characterized by a bilayer
membrane as visualized by cryoTEM (Fig. 1B). They were negative for
hematopoietic markers (CD11b, CD45), positive for MSC markers
(CD29, Sca-1, CD44) and markers of the endosomal compartment (CD9,
CD63, CD81). All endosomal markers were expressed at higher levels on
ssEVs (Fig. 1C). Western blot analysis revealed absence of ApoAl,
indicative of low contamination by serum proteins while expression of
Alix and Tsg101 was detected with ssEVs and only Alix with ISEVs
(Fig. 1D and E). These data support that ssEV and ISEV populations
released by MSCs exhibit slightly different characteristics.

We then compared the course of HOCl-induced SSc between a group
of control mice and three groups that were treated with 2.5 x 10° MSCs
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or 250 ng of ssEVs or IsEVs (the approximate quantity of particles pro-
duced by 2.5 x 10° MSCs for 48 h). Skin thickness increase was stopped
and thickness was significantly lower in all treated groups than in con-
trol group at sacrifice (Fig. 2A). Clinical data were confirmed by his-
tology as shown by representative skin sections and dermal thickness
measures that were significantly lower in all treated groups (Fig. 2B and
C). Mice treated with ssEVs exhibited less severe involvement with lower
dermal thickness than other treated groups. Immunohistological anal-
ysis revealed lower cellularity and lower expression of Tgff1 and aSma
(Fig. 2C). At the molecular level, expression of several fibrotic (Collal,
Tgfp1, TgfPR2, aSma) or inflammatory (IL1p, Tnfa) markers was signif-
icantly decreased and markers of remodeling (Mmp9, Mmpl, Timpl)
were improved (Fig. 2D). In the lungs, cellular infiltrates were smaller
and low amounts of fibrotic tissue were observed in the pulmonary
parenchyma, regardless of treatment (Fig. 2E). The molecular analysis
confirmed improvement with lower expression of fibrotic, inflammatory
and remodeling markers (Fig. 2F). Altogether, the data indicated that
both types of EVs attenuated disease symptoms.

3.2. miR-29a-3p is responsible for the therapeutic effect of MSCs in SSc

The next step was to investigate the role of miR-29a in the thera-
peutic effect of MSCs. The more predominant mature form of miR-29a is
miR-29a-3p [19]. We therefore transfected MSCs with premiR-29a-3p
and showed that transfected MSCs expressed 300-fold more
miR-29a-3p than control MSCs. However, the therapeutic effect of
miR-29a-3p-over-expressing MSCs was similar to control MSCs in the
model of HOCl-induced SSc (data not shown). We then down-regulated
miR-29a-3p in MSCs using antagomiR-29a-3p (MSC-A29a). Expression
of miR-29a-3p was down-deregulated by 80% as compared to MSCs
transfected with control antagomiR (MSC-ACt) at day 0 (Fig. 3A).
Interestingly, injection of MSC-A29a did not stop disease progression, by
contrast to MSC-ACt or non-transfected MSC (MSC-NT) (Fig. 3B).
Consistently, skin thickness at sacrifice was lower in the MSC-NT and
MSC-ACt groups than in control HOCI group but similar in the
MSC-A29a and control groups. Similar observations were obtained by
histological analysis of skin sections and measures of dermal thickness
(Fig. 3C and D). At the molecular level, expression of fibrotic, remod-
eling and inflammatory markers was not improved in MSC-A29a group
compared to HOCI control group, except for Col3al and the
TgfpRII/Tgf)1 and Mmp1/Timp1 ratios (Fig. 3E). Moreover, all markers
were significantly worsened in MSC-A29a group compared to MSC-ACt
group. High expression of Tgf1 and aSma proteins was detected in skin
sections from MSC-A29a and control groups while low expression was
detected in MSC-ACt and MSC-NT groups (Fig. 3F). Altogether, our re-
sults demonstrated that miR-29a-3p mediates the therapeutic effect of
MSCs in SSc skins.

3.3. Human ASC-EVs improve SSc clinical signs and convey miR-29a-3p

We thereafter investigated the possibility that miR-29a-3p could be
delivered by EVs that are released by MSCs. We indeed detected miR-
29a-3p in both ssEVs and IsEVs isolated from MSCs (Fig. 4A, left
panel). To explore the role of miR-29a-3p in MSC-EVs, we used a loss-of-
function approach and down-regulated the expression of miR-29a-3p in
MSCs by antagomiR-29a-3p transfection before EV recovery from two
days-conditioned supernatants. Unfortunately, similar levels of miR-
29a-3p were quantified in MSC-A29a and MSC-ACt (data not shown).
This was attributed to the dilution of A29a in proliferating MSCs. We
therefore decided to use human ASCs, which express miR-29a-3p at
similar levels as murine MSCs (Fig. 4A, middle and left panels) and
proliferate at lower rate. After transfection of antagomiR-29a-3p,
expression of miR-29a-3p was inhibited in ASCs (ASC-A29a) by 80%
at day 0 and by 50% at day 2 (Fig. 4A, right panel). These data indicated
that miR-29a-3p expression can be down-regulated in ASCs for at least 2
days allowing EV production. Total EVs were then isolated from ASCs



P. Rozier et al.

>

Concentration

C

mean size (nm)

Journal of Autoimmunity 121 (2021) 102660

B

.
£
c

£

median size

ssEV

D

4- 1.0-
- g ssevV = g ISEV
S 331 Sw
& o & o
‘§ .gz- ‘§ .go.s-
c ® c ®
[o =" o, .o
SN 0%
0 —— 0.0 —
0 200 400 600 800 0 200 400 600 800
Size (hm) Size (nm)
@ 25+ — 31 ' * |
o) 7] =)
S 207 53|
= T QO 21
% 157 £ 3
o = S
% 104 e LR
®© Qo
& 54 O o
o Z
= ' . 0 : '
ssEV  ISEV ssEV  ISEV
CcD29 Sca-1
100 1001
80 1 80 1
3
= 60 - 60 A
kS
240 40 |
20 | 20 4
o Y - ey 0 ol S
-1030 10 10* 10° -1030 103 10* 10°
cD9 CD63
100 100 1
80 4 80 1
3
= 60 1 60 1
0\240 ] 40 |
20 4 20 |
0 A - 0
-1030 10° 10* 105 -1030 103 104 10°
100 Alix
- (95kDa)
55 W
s Tsg101
40 w— (45kDa)
35 T
ApoA1
25 . (28kDa)
55 ..
T — (4’;‘;&? )
a
40 ——
PM ISEV ssEV
(kDa)

250- .
200{ ! n
1501
100
50-
0 . :
sseV IsEV
200- :
1
150
100
50-
oLl .
sseVv IsEV
CD44 CD11b
100 1004
80 80
60 60
40 | 40
20 | 20 4
0 0 LAt . .
10%0 10° 10% 108 10°0 10° 104 108
S CD45
100 100
80 4 80
60 4 60
40 ] 40
20 ] 20
0 Lot Y 0 Loramrres —
-10%0 10° 104 10° -10°0 10° 104 10
0.6+
o
T c
© 5 0.4
£8
SE
[N
> =
(@] -
2 B02
®
)
" ApoA1 Tsg101 Alix

[ ssEvVIIM IsEV

(caption on next page)



P. Rozier et al.

Journal of Autoimmunity 121 (2021) 102660

Fig. 1. Characterization of extracellular vesicles isolated from murine mesenchymal stromal cells. (A) Size distribution of small size and large size extracellular
vesicles (ssEVs and 1sEVs) assessed by NanoTracking Analysis. EV concentration is expressed as particle numbers produced by 10° cells or per g of total proteins.
Mean and median sizes of EVs are indicated (n = 3). (B) Cryo-transmission electron microscopy images of ssEVs and IsEVs (scale bar, 200 pm). (C) Immunophe-
notyping of ssEVs (red), IsEVs (blue) and isotype control (black). Expression of markers from parental cells (CD29, Sca-1, CD44), hematopoietic cells (CD11b) and
exosomes (CD9, CD63, CD81) is analyzed by flow cytometry. (D) Western blot analysis of endosomal (Alix, Tsg101) and serum (ApoAl) markers in sSEV and ISEV
protein extracts. (E) Quantification of proteins shown in (D). *: p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

<

using the same conditions as those used for MSC-EVs but suppressing the
18,000 g step. Total EVs were chosen because no differential effect of
ssEVs and IsEVs from murine MSCs was previously demonstrated. ASC-
EVs displayed a heterogeneous size profile with a median and modal size
of 129.2 + 0.88 nm and 106.9 + 10.9 nm, respectively (Fig. 4B). Pro-
duction of ASC-EVs was estimated at 307 + 15 particles/ASC and 1.74
particles/pg total proteins. Particles with a bilayer membrane were
observed by CryoTEM (Fig. 4C). ASC-EVs expressed markers of endo-
somal compartment (CD9, CD63, CD81) and parental cells (CD29, CD44,
CD73, CD90) and did not express CD45 or CD11b confirming the
phenotype of ASC-EVs (data not shown). Importantly, presence of miR-
29a-3p was detected in ASC-EVs (Fig. 4A, middle panel).

We then evaluated the efficacy of ASC-EVs in the SSc model. ASC-EVs
(4 x 107 particles) were injected either as freshly isolated suspension
(EV-fresh) or as thawed suspension after preservation at —80 °C (EV-
frozen). This amount of particles was the quantity produced by 2.5 x 10°
ASCs during 48 h. Both EV-fresh and EV-frozen efficiently stopped dis-
ease progression and reduced skin thickness as measured at sacrifice
(Fig. 4D). They also reduced fibrosis as shown on histological sections
and improved markers of fibrosis, remodeling and inflammation (Fig. 4E
and F). The data indicated that EVs from human ASCs were efficient to
attenuate clinical symptoms and reduce fibrotic, remodeling and in-
flammatory markers in murine SSc. Short-term preservation of ASC-EVs
at —80 °C did not alter their functional properties.

3.4. MiR-29a-3p delivered by ASC-EVs contributes to their therapeutic
effect

EVs were then recovered from ASCs transfected with antagomiR-
29a-3p (EV-A29a). They contained lower levels of miR-29a-3p (78%
less) than EVs from antagomiR-control ASCs (EV-ACt) (Fig. 5A). In SSc,
EV-A29a did not reverse the disease course and did not prevent the skin
thickness increase as measured at day 42 (Fig. 5B and C). Higher
collagen deposition and fibrotic lesions were observed on skin histo-
logical samples in the EV-A29a group compared to EV-ACt (Fig. 5D). In
accordance, expression levels of Tgfpl, aSma, Mmp9, IL1$ did not
improve and expression of all markers was higher in EV-A29a group
compared to EV-ACt group, even though not all reached statistical sig-
nificance (Fig. 5E). In lungs, expression of aSma and Tgf1 was signifi-
cantly higher in EV-A29a treated mice (Fig. 5F).

Finally, we focused on the potential mechanism of action of miR-29a-
3p in SSc fibrotic tissues and investigated the expression of already
validated targets. We confirmed an increased expression of Collal,
Col3al and of Mmp9, Timp1 in the skin of SSc mice treated with MSC-
A29a and EV-29a (Fig. 3E; 5E). We also detected that anti-apoptotic
markers Bcl2 and Bcl-xI were significantly up-regulated while the pro-
apoptotic marker Bax was not significantly modulated (Fig. 6A). In
addition, we found out that the DNA demethylase Ten-Eleven trans-
location methylcytosinedioxygenase 1 (Tet1), the DNA methyltransfer-
ase 3A (Dnmt3a) and platelet-derived growth factor receptor B (Pdgfrbb)
were significantly down-regulated in MSC-NT, MSC-Act and EV-ACT-
treated mice (Fig. 6B). By contrast, these factors were expressed at
higher levels in skin from MSC-A29a and EV-29a treated mice compared
to MSC-ACt or EV-ACT-treated mice. These data argued that miR-29a-3p
mediates in a large part the therapeutic effect of ASC-EVs in the murine
model of SSc by modulating the expression of multiple markers that are
deregulated in SSc.

4. Discussion

This study reports the first demonstration that EVs isolated from
murine MSCs and human ASCs exert a therapeutic effect in a relevant
systemic model of scleroderma, by halting the clinical symptoms,
limiting collagen fiber accumulation in skin and lungs as well as
improving the molecular markers of fibrosis, remodeling and inflam-
mation. We also provide evidence that miR-29a-3p is one key mediator,
responsible for EV-mediated improvement of SSc by targeting several
genes deregulated during the course of the disease.

Previous studies have reported that either total EVs or ssEVs,
frequently called exosomes, can reduce fibrosis in different organs (for
review, see Ref. [9]). Nevertheless, few studies have investigated the
therapeutic role of EVs in SSc, most of them focusing on EVs as diagnosis
and follow-up tools (for review, see Ref. [20]). They reported an
increased secretion of exosomes by SSc dermal fibroblasts and a higher
number of particles in the serum of SSc patients, even though patients
with cutaneous ulcers exhibited a significantly reduced number of ves-
icles [21]. A possible role of EVs in the pathogenesis of the disease was
therefore suggested. After internalization by target cells, EVs might
induce a pro-fibrotic molecular program and be involved in the disease
propagation/maintenance [22]. However, only one study has reported
the therapeutic interest of EVs in SSc. Indeed, exosomes isolated from
bone marrow-derived MSCs were shown to rescue the osteopenic
phenotype of tight-skin (Tsk/™) mutant mice, a genetic murine model of
SSc, characterized by osteopenia and skin fibrosis, through the transfer
of miR-151-5p [23]. Our data are in line with their findings although the
authors did not test the direct effect of exosomes on skin and lung
fibrosis but reported the beneficial role of adenovirally expressed
miR-151-5p on these organs. Here, we showed that both ssEV and ISEV
subtypes were equally efficient to protect mice from skin and lung
fibrosis through the modulation of fibrotic, remodeling and inflamma-
tory genes.

We also found that total EVs from human ASCs exert similar thera-
peutic effect as murine EV subtypes. Similar findings were previously
reported comparing murine BM-MSCs and human ASCs or BM-MSCs in
the HOCl-induced murine model of SSc [4]. This suggests similar
mechanisms of action exerted by MSCs from the two species and mainly
through the release of EVs. Of note, both freshly prepared and frozen
EVs were efficient to stop the course of the disease. This result was of
interest for manufacturing and clinical application of EVs because we
previously showed that cryopreservation of MSC-EVs may impact their
immunosuppressive properties [24]. We found that the median size of
frozen EVs was lower compared to fresh EVs suggesting a loss of the
largest size EVs and/or destabilization and reorganization of EV struc-
ture [24]. Formation of multilamellar EV structures was clearly identi-
fied by cryoTEM analysis (data not shown) and impact of
storage-induced changes on bioactivity still remains unclear [25].
Upon freezing-thawing of EV suspensions, proteins can be released
either after leakage or membrane shedding, which can lead to altered
bioactivity of EVs [26]. Bioactivity of manufactured cryopreserved EV
products will need to be checked on the long term and the HOCl-induced
SSc model is a reliable model in this therapeutic indication.

Several miRNAs whose expression is altered in SSc have been pro-
posed to be implicated in the regulation of fibrotic genes [20]. Of those,
the expression of let-7a and miR-29a was shown to be down-regulated in
fibroblasts or skin of SSc patients while miR-146a downregulation was
detected in the peripheral blood mononuclear cells of patients [13,27,
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Fig. 2. Therapeutic effect of MSC-EVs in the murine
model of HOCl-induced SSc. (A) Skin thickness in-
crease in control mice (HOCI) and mice that have
been injected with MSCs, small size or large size EVs
(ssEVs or ISEVs, respectively) on day 21 (arrow).
Mean skin thickness in the different groups of mice at
day 42 (right panel). (B) Mean dermal thickness on
histological sections from the different groups of
mice. (C) Representative histological sections of skin
after Masson’s trichrome staining (double arrow de-
lineates the dermis; scale bar, 250 pm; upper panels)
and after immunostaining with antibodies specific for
Tgfpl (green), aSma (red) and DAPI (blue) in skin
(scale bar, 100 pm; enlargement x2; lower panels).
(D) Gene expression in skin as expressed as fold
change. (E) Representative histological sections of
lungs after Masson’s trichrome staining (scale bar,
250 pum). (F) Gene expression in lung samples as
expressed as fold change (n = 13 to 18 per group from
2 separate experiments; *: p < 0.05 versus control or
$: p < 0.05 versus the indicated group of mice). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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Fig. 3. Loss of the therapeutic effect of MSCs expressing low amounts of miR-29a-3p in the murine model of HOCl-induced SSc. (A) Expression of miR-29a-3p in
MSCs transfected with 50 nM of antagomiR-control (MSC-ACt) or antagomiR-29a-3p (MSC-A29a). (B) Skin thickness increase in control mice (HOCI) and mice that
have been injected with non-transfected MSCs (MSC-NT), MSC-ACt or MSC-A29a on day 21 (arrow). Mean skin thickness in the different groups of mice at day 42
(right panel). (C) Mean dermal thickness on histological sections of skin from the different groups of mice. (D) Representative histological sections of skin after
Masson’s trichrome staining (the double arrow delineates the dermis; scale bar, 250 pm). (E) Gene expression in skin samples as expressed as fold change in treated
versus HOCI control mice. (F) Immunostaining with antibodies specific for Tgfp1 (green), aSma (red) and DAPI (blue) in representative skin samples (scale bar, 100
pm). (n = 8 per group; *: p < 0.05 versus control or $: p < 0.05 versus the indicated group of mice). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Therapeutic efficiency of fresh or frozen
human ASC-EVs in HOCl-induced SSc. (A) Expression
of miR-29a-3p in murine MSCs (MSC), ssEVs and
IsEVs, as Ct (cycle threshold) in 100 ng RNA (left
panel). Expression of miR-29a-3p in human ASCs
(ASC) and derived EVs (middle panel) and in ASCs
transfected with antagomiR-control (ASC-ACt) or
antagomiR-29a-3p (ASC-A29a) (right panel) (n = 3).
(B) Size distribution and mode-median sizes of EVs
assessed by NanoTracking Analysis (left panels). EV
concentration is expressed as particle numbers pro-
duced by 10° ASCs or per pg of total proteins (n = 3).
(C) Cryo-transmission electron microscopy photo-
graph of EVs (scale bar, 200 pm). (D) Skin thickness
increase in control mice (HOCI) and mice that
received 4 x 107 particles of freshly prepared EVs
(EV-fresh) or frozen EVs (EV-frozen) on day 21. Mean
skin thickness in the different groups of mice at day
42 (right panel) (E) Representative histological sec-
tions of skin after Masson’s trichrome staining (the
double arrow delineates the dermis; scale bar, 250
pm). (F) Gene expression in skin samples as expressed
as fold change. (n = 7-8 per group; *: p < 0.05 versus
control).
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Fig. 5. Loss of the therapeutic effect of MSC-EVs expressing low amounts of miR-29a-3p in the murine model of HOCl-induced SSc. (A) Expression of miR-29a-3p in
EVs from MSCs transfected with 50 nM of antagomiR-control (EV-ACt) or antagomiR-29a-3p (EV-A29a). (B) Skin thickness increase in control mice (HOCI) and mice
that have been injected with EV-ACt or EV-A29a on day 21 (arrow). (C) Mean dermal thickness on histological sections of skin from the different groups of mice. (D)
Representative histological sections of skin after Masson’s trichrome staining (the double arrow delineates the dermis; scale bar, 250 pm). (E) Gene expression in skin
samples as expressed as fold change in treated versus HOCI control mice. (F) Gene expression in lung samples as expressed as fold change in treated versus HOCI
control mice. (n = 8 per group; *: p < 0.05 versus control or $: p < 0.05 versus the indicated group of mice). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Regulation of several target genes of miR-29a-3p in the skin of SSc mice. (A) Gene expression of apoptotic markers in skin samples from mice that received
non-treated MSC (MSC-NT), MSC transfected with antagomiR-control (MSC-ACt) or antagomiR-29a-3p (MSC-A29a), EVs isolated from ASCs transfected with
antagomiR-control (EV-ACt) or antagomiR-29a-3p (EV-A29a). (B) Gene expression of Tetl, Dnmt3a and Pdgfrbb in skin samples from same groups of mice as in A (n =
7-8 per group; *: p < 0.05 versus control or $: p < 0.05 versus the indicated group of mice).

28]. Both let-7a and miR-29a down-regulate the expression of type I and
type III collagens and miR-29a was further shown to target TAB1
resulting in increased expression of MMP1 and reduced expression of
TIMP1 [13,14,27]. All these factors were modulated in skin and lungs of
mice treated with EVs, we therefore focused our attention on
miR-29a-3p (the mature form of miR-29a). We here demonstrated its
key role in the therapeutic effect of MSCs in the HOCl-induced SSc model
through its release within EVs. In line with previous studies, we showed
that down-regulation of miR-29a-3p in MSCs and in ASC-EVs resulted in
higher levels of type I and type III collagens and a lower Mmp1/Timp1
ratio in the skin of SSc mice. We have identified several other miRNAs in
ASC-EVs, among which miR-146a (an anti-fibrotic miRNA) and miR-21,
miR-155 (two pro-fibrotic miRNAs) [15,28,29]. However, the high
down-regulation of miR-29a-3p in EV-A29a was associated with a slight
down-regulation of these three miRNAs in ASC-EVs, independently of
their role on fibrosis (data not shown). Even though we cannot exclude
that other miRNAs might participate to the therapeutic function of
ASC-EVs in SSc, our data suggest that miR-29a-3p is one of the major
factors involved in this process.

Other targets of miR-29a-3p have been shown to be modulated in
different models of fibrosis. Indeed, an inverse correlation between miR-
29a-3p and MMP9 has been demonstrated in patients with lumbar spinal
stenosis and MMP2 was found to be a direct target of miR-29a-3p in an
experimental model of renal fibrosis [30,31]. MiR-29a is also a
pro-apoptotic factor in SSc fibroblasts by disrupting the production of
anti-apoptotic factors (Bcl2, BclXL) [16]. Another direct target of
miR-29a-3p is Tetl, a DNA demethylase, which is deregulated in the
transformation of vascular smooth muscle cells [32] and in SSc [33]. The
expression of Tetl was higher in SSc fibroblasts and increased with
hypoxia, a common characteristic of SSc. Actually, global DNA hypo-
methylation was observed in skin suggesting an aberrant DNA methyl-
ation in the pathogenesis of SSc. Another DNA methyltransferase,

10

Dnmt3A, is also targeted by miR-29a-3p [34]. In the fibrotic skin of SSc
patients, the induction of Dnmt3A by TGFp leads to the silencing of
suppressor of cytokine signaling 3 (Socs3) by promoter hyper-
methylation and the downregulation of Socs3 promotes the
fibroblast-to-myofibroblast transition and fibrosis [35]. Finally,
miR-29a-3p was reported to target Pdgfrbb, fibrillin 1, follistatin-like 1,
laminin subunit gamma 2 and other genes of the basement membrane
including type 4 collagen, perlecan and osteonectin in other disease
models [36-38]. Of interest, Sunitinib, an inhibitor of Pdgfrbb and
vascular endothelial growth factor receptor (Vegfr) phosphorylation,
reverses fibrosis in the HOCI-induced model of SSc [39]. Here, we
demonstrated for the first time an inverse correlation between
EV-mediated miR-29a-3p treatment and expression of Tetl, Dnmt3a,
Pdgfrbb, in the skin of SSc mice. These data indicate that miR-29a-3p
plays a critical role in regulating a variety of cellular processes and
balancing numerous factors whose expression is altered in SSc.

5. Conclusion

In conclusion, the present study presents evidence that MSCs can
regulate skin and lung fibrosis in SSc through the release of EVs that
exert pleiotropic functions acting on different molecular pathways that
are deregulated in the disease. One of the mechanisms of action dis-
played by MSC- and ASC-EVs is the release of miR-29a-3p that can
downregulate the expression of several pro-fibrotic, remodeling and
anti-apoptotic factors as well as methylases. This study highlights the
role of miR-29a-3p in the murine model of HOCl-induced SSc and en-
courages research focusing on this miRNA and its targeted genes,
especially Dnmt3a and Pdgfrbb, in the perspective of novel therapeutic
options for human SSc.
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