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Abstract

During the last stages of wound healing, myofibroblasts differentiate mainly from fibroblasts. Myofibroblasts from normal skin
wounds (Wmyo) can communicate with its surrounding using secreted factors. They also have the capacity to produce
microvesicles (MVs), a type of extracellular vesicles, as mediators of intercellular communication. MVs cargo are potentially
capable of regulating the behavior of targeted cells and tissues. The aim of this study is to evaluate the effect of Wmyo-derived
MVs on dermal fibroblasts and to determine the responsible signaling molecule. Microvesicles were obtained from culture media
of myofibroblasts and characterized using protein quantification, dynamic light scattering and transmission electron microscopy.
Uptake of fluorescent M Vs in fibroblasts was assessed by flow cytometry. Cytokines concentrations were quantified in MV
samples by a multiplex ELISA. Different concentration of MVs or a selected cytokine were used as treatments over fibroblasts
culture for 5 days. Following the treatments, parameters linked to the extracellular matrix were studied. Lastly, the selected
cytokine was neutralized within MVs before evaluating collagen production. We showed that Wmyo derived-M Vs were inter-
nalized by dermal fibroblasts. Cytokine array analysis revealed that a large amount of placental growth factor 1 (PLGF-1) (0.88
0.63 pg/ng proteins in MVs) could be detected in MVs samples. Cutaneous fibroblasts treated with MVs or PLGF-1 showed
significantly stimulated procollagen I level production (Fold change of 1.80+0.18 and 2.07 +0.18, respectively). Finally, the
neutralization of PLGF-1 in MVs significantly inhibited the production of procollagen I by fibroblasts. Our study shows that
Wmyo derived-MVs are involved in intercellular communication by stimulating collagen production by fibroblasts during
wound healing. This effect is possibly attained through PLGF-1 signalling. These findings represent a promising opportunity
to gain insight into how MVs and Wmyo may mediate the healing of a skin wound.
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Abbreviations MMPs Matrix metalloproteinases

Wmyo Myofibroblasts from normal skin wounds DME Dulbecco’s Modified Eagle’s medium
MVs microvesicles FBS Fetal bovine serum

PLGF-1 Placental growth factor 1 RFP-670 Red Fluorescent Protein

ECM Extracellular matrix PBS Phosphate-buffered saline

TGFB1 Transforming growth factor-3 DLS Dynamic light scattering

«-SMA Alpha-Smooth Muscle Actin PLGF-1-NAb  PLGF-1 neutralizing antibodies

A2M Alpha-2-macroglobulin LTA Lymphotoxin alpha/ tumor necrosis beta
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extracellular vesicles and release them into the extracellular
environment to act as carriers (Laberge et al. 2018). These
vesicles can be released by virtually all cell types (Yanez-
Mo et al. 2015).

Microvesicles (MVs) are a type of extracellular vesicle,
along with exosomes and apoptotic bodies (Yanez-Mo et al.
2015). These vesicles are characterized by a phospholipid bi-
layer structure and are produced following a cell stimulus.
MVs are heterogeneous spherical vesicles and are produced
by budding of the cell membrane (Yanez-Mo et al. 2015).
They can transfer their contents, composed of molecules such
as proteins, cytokines, lipids and RNAs, to other cells. The
composition of the MV membrane varies according to the
producing cell (Choi et al. 2015; Colombo et al. 2014;
Laberge et al. 2018; Raposo and Stoorvogel 2013; Yanez-
Mo et al. 2015). MVs can contribute to pathological or phys-
iological phenomena such as angiogenesis (Merjaneh et al.
2017) during normal wound healing. However, the exact com-
position and cell targets of MVs as well as their mechanisms
of action remain little known. Despite this, MVs are now
considered as vectors for the intercellular transfer of bioactive
molecules during wound healing (Laberge et al. 2018).

Wound healing is a complex process involving many bio-
logical mechanisms that occurs in four partially overlapping
interdependent stages (hemostasis, inflammation, granulation
tissue formation, and remodeling) and involves cells, extracel-
lular matrix (ECM) components and other factors (Shaw and
Martin 2009; Takeo et al. 2015). Depending on the tissue
repair environment, different cell types contribute to wound
healing by producing MVs: MVs released by platelets have
shown a therapeutic effect on wound healing by promoting
angiogenesis (Sun et al. 2017); MVs derived from human
non-diabetic adipose tissue-derived mesenchymal stem cells
alter pathological cell function by improving the migration,
survival, inflammation and angiogenesis (Trinh et al. 2016).
In addition, MVs derived from keratinocytes regulate the gene
expression of dermal fibroblasts (Huang et al. 2015).

The granulation tissue formation phase is mainly character-
ized by robust angiogenesis, ECM production, and the con-
traction of the wound edges. Wound myofibroblasts (Wmyos)
are cells that appear during this phase and differentiate mainly
from fibroblasts (Desmouliere et al. 1993; Hinz 2016) trig-
gered by environmental factors such as inflammatory cell-
secreted transforming growth factor-B (TGFRB1)
(Postlethwaite et al. 2004). Wmyos have morphological and
biochemical characteristics of both fibroblasts and smooth
muscle cells (Véronique Moulin et al. 2012). They are char-
acterized by a heightened expression of alpha-Smooth Muscle
Actin (x-SMA), which is a recognized marker of these cells
(Hinz et al. 2007). This differentiation of fibroblasts into
Wmyos allows the fibroblasts to acquire the new properties
necessary for ECM regulation following their migration and
proliferation in the damaged zone (Moulin et al. 2000).
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Wmyos synthesize a large amount of type I collagen and also
produce a large number of cytokines and growth factors
(Grotendorst et al. 2004; Moulin et al. 1998). They are also
characterized by their ability to contract the edges of the
wound (Hinz et al. 2007). Our team demonstrated that serum,
and more precisely, alpha-2-macroglobulin (A2M), does de-
pendently stimulate MV production by human Wmyos
(Moulin et al. 2010; Laberge et al. 2019). We have also dem-
onstrated that Wmyo-derived M Vs can stimulate angiogenesis
(Merjaneh et al. 2017), highlighting the importance of MVs
during wound healing.

The fibroblasts are the main producers of ECM structural
proteins (such as collagen I) and adhesion proteins (such as
fibronectin), as well as other substances (such as glycopro-
teins) (Xue and Jackson 2015). It is recognized that fibroblasts
participate in angiogenesis, granulation tissue formation and
reepithelialisation (Bainbridge 2013; Darby et al. 2014;
Stunova and Vistejnova 2018). The fibroblasts are also able
to respond to many autocrine and paracrine signals such as
cytokines and growth factors (Mehrnaz Gharaee-Kermani
2004). During the granulation tissue and remodeling phases,
fibroblasts synthesize the majority of the new ECM. They are
also the main source of the matrix metalloproteinases (MMPs)
that degrade the ECM (Xue and Jackson 2015). The activation
and differentiation of fibroblasts into myofibroblasts play a
vital role during wound healing (Kendall and Feghali-
Bostwick 2014).

The objective of this study was to evaluate whether Wmyo-
derived MVs interact with dermal fibroblasts, and whether
their contents affect one or more ECM-related parameters.
We also further characterized M Vs using a cytokine multiplex
assay. We thereby found that MVs were rich in placental
growth factor (PLGF-1), a cytokine of the VEGF family.
We also demonstrated that MVs as well as the soluble form
of PLGF-1 can stimulate collagen production. Neutralizing
PLGF-1 in MVs inhibited collagen production by fibroblasts.
Taken together, our data provide evidence that MVs can reg-
ulate ECM production during wound healing via PLGF-1.

Materials and methods
Cell culture

Populations of primary cells were isolated from normal skin
and wounds of volunteer donors aged 2040 years. All sub-
jects gave written informed consent. Wmyos (Germain et al.
1994; Moulin et al. 1999) and skin fibroblasts (Moulin et al.
1996) were isolated following a previously described method.
The numbers mentioned after each cell population or after
MVs derived from a cell population refer to the individuals
from whom the cells were isolated. Cells were grown in
Dulbecco’s Modified Eagle’s medium (DME) supplemented
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with 20% fetal bovine serum (FBS) for Wmyo and 10% FBS
for fibroblasts, 100 U/mL penicillin G and 25 mg/mL genta-
micin (Schering Inc., Pointe Claire, Canada). Both Wmyos
and fibroblast cells were grown at 37 °C in a humidified in-
cubator with 8% CO2. Wmyos were used at passages between
3 and 8, and fibroblasts between passages 3 and 6. All proce-
dures involving patients were reviewed and approved by the
Research Ethical Committee of the Centre Hospitalier
Universitaire (CHU) de Québec-Université Laval and follow-
ed the Declaration of Helsinki protocols.

Cell transduction

To generate Red Fluorescent Protein (RFP-670)-expressing
Wmyos, cells were transduced for 6 h with a third generation
self-inactivating RFP-670-encoding lentivector at a MOI of
30, being the same method used for Green Fluorescent
Protein gene transduction in previous studies (Alexandra
Laberge et al. 2019; Merjaneh et al. 2017).

Wmyo-derived MV isolation

MVs were isolated by differential centrifugation as previously
described (Merjaneh et al. 2017). FBS was depleted from
extracellular vesicles using ultracentrifugation at 100,000 x g
for 18 h at 4 °C. Confluent Wmyos were cultured during 48 h
with DME + 20% vesicle-free FBS. Conditioned medium was
collected and centrifuged at 300 x g for 10 min at 4 °C to
remove cells and large debris. The supernatant was then cen-
trifuged at 21,000 x g for 30 min at 4 °C. The pellet, contain-
ing MVs, was then washed three times with phosphate-
buffered saline (PBS) and further centrifuged at 21,000 x g
for 20 min (Fig. 1a).

Protein assay

The concentration of proteins contained in MV samples was
evaluated using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Mississauga, ON, Canada) at 280 nm.

Transmission electron microscopy

MVs were fixed with 2.5% glutaraldehyde (Canemco,
Lakefield, QC, Canada) overnight at 4 °C and then kept in a
0.1 M cacodylate buffer (Mecalab, Montreal, QC, Canada).
Samples were stained with 3% uranyl acetate (Sigma,
Oakville, QC, Canada) and processed for observation by
transmission electron microscopy (80 kV, JEOL® electron
microscope 1230, Akishima, Tokyo; Institut de biologie
intégrative et des systémes, Microscopy Platform at
Université Laval, Quebec City, QC). Multiple pictures were
taken at multiple spots, and those deemed to be representative
of all the events observed within the samples were selected.

Nanosizer technology

The size and count distribution of MVs were measured using
Nanosizer technology with the Zetasizer Nano-ZS dynamic
light scattering (DLS) measurement system (Malvern,
Montréal, QC, CA) according to the manufacturer’s
instructions.

Cytokine measurement

Cytokines were analyzed with a multiplex ELISA method
using the ProcartaPlex™ Human Cytokine/Chemokine/
Growth Factor Convenience 45-Plex Panel 1 (Invitrogen
EPXR450-12171-901, eBioscience, Carlsbad, CA) following
the manufacturer’s instructions. Detection of the relative
levels of 45 different cytokines, chemokines and growth fac-
tors were analyzed (BDNF; Eotaxin/CCL11; EGF; FGF-2;
GM-CSF; GRO alpha/CXCL1; HGF; NGF beta; LIF; IFN
alpha; IFN gamma; IL-1 beta; IL-1 alpha; IL-1RA; IL-2; IL-
4; IL-5; IL-6; IL-7; IL-8/CXCLS; IL-9; IL-10; IL-12 p70; IL-
13; IL-15; IL-17A; IL-18; IL-21; IL-22; IL-23; IL-27; IL-31;
IP-10/CXCL10; MCP-1/CCL2; MIP-1 alpha/CCL3; MIP-1
beta/CCL4; RANTES/CCLS5; SDF-1 alpha/CXCL12; TNF
alpha; TNF beta/LTA; PDGF-BB; PLGF; SCF; VEGF-A,;
VEGF-D). Analyses were done on MVs, Wmyos and their
48 h-conditioned medium (MV-free). The TGF-B1 level
was assayed using ELISA (Human TGF-beta 1 DuoSet
ELISA, R&D systems, Minneapolis, MN) according to the
manufacturer’s instructions.

Localisation of PLGF-1 in MV by flow cytometry

To evaluate any PLGF-1 association with MVs,
immunolabelling of MV was performed with PLGF-1 anti-
body (Human PLGF Antibody, MAB264, R&D systems) or
with an isotype control IgG1 (Negative control mouse IgGl,
X0931, Dako, Denmark) followed by phycoerythrin-
conjugated anti-mouse IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA). Using flow cytometry, the
immunolabelled MV relative size (FSC) was compared with
500 nm diameter beads (Fluorescent microsphere, 0.50 pm
(660/690), Bangs Laboratories, Inc., IN, USA).

Uptake of fluorescent MVs by fibroblasts

Confluent fibroblasts were treated with fluorescent and non-
fluorescent M Vs at a concentration of 150 pg of MV proteins/
mL for 6 h. After treatments, cells were washed, dissociated
with trypsin and resuspended in PBS + 2% vesicle-free FBS +
0.5 uM EDTA. The fluorescence of MVs and fibroblasts was
evaluated using flow cytometry (Becton Dickinson,
Mississauga, ON, Canada).
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Fig. 1T MYV isolation and characterization. a Wmyos were cultured with
20% vesicle-free serum during 48 h before MV isolation from condi-
tioned medium by differential centrifugation. a Protein quantity of MVs
(in pg) produced by one million Wmyos during 48 h measured using
NanoDrop 1000 spectrophotometer at 280 nm. N =3 populations of
Wmyos, n =6 samples of MVs from each population. ¢, d, e Dynamic

Cell migration

A scratch was created on confluent fibroblasts using a 1 mL
sterile pipette tip. Culture medium was immediately removed
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100 nm

light scattering (DLS) analysis of MV samples, their hydrodynamic size
distribution and their number per pg of protein. N =3 populations of
Wmyos, n =3 samples of MVs per population. f Transmission electron
microscopy (TEM) analysis of MVs. The difference in MV size observed
between DLS analysis and TEM may be related to the shrinkage of MVs
during the fixation of samples for TEM

and replaced with DME containing MVs (10 ug/mL), PLGF-
1 (10 ng/mL) (Recombinant Human PLGF-1, PeproTech,
Rocky Hill, NJ), TGF-31 (10 ng/mL) (Recombinant Human
TGF-f31, PeproTech), or DME. Phase contrast images
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(magnification of 40) were recorded on a digital camera at 0
(TO) and 24 h (T24) post-scratch. Cell migration was mea-
sured using ImageJ™ software (https://imagej.nih.gov/ij/)
and expressed as the difference of the wound surface at TO
and T24. All scratch assays were performed in triplicate.

Fibroblast treatment

Fibroblasts were plated at 5 x 10° fibroblasts/well in a six-well
plate with their usual culture medium. After 24 h, treatments
with MVs (1/5/10 pg protein of MVs/mL), PLGF-1 (10 ng/
mL) or TGFB1 (10 ng/ml) as control were performed for
5 days with medium changes every other day. All treatments
contained DME + ascorbic acid (Sigma-Aldrich) at 50 pug/mL
and 1% BSA (Bovine Serum Albumin, Sigma-Aldrich). After
treatments, the conditioned medium was centrifuged at 21,000
x g for 20 min at 4 °C and the supernatant aliquoted for further
analysis. Cells were dissociated with trypsin, counted using a
Coulter ® counter (Beckman-Coulter) and fixed with ice-cold
100% methanol.

a-SMA expression analysis

The presence of «-SMA in methanol-fixed fibroblasts was
evaluated by flow cytometry: cells were incubated for
45 min with an x-SMA antibody (monoclonal mouse anti-
human «-SMA, clone 1A4, Sigma-Aldrich) followed by
phycoerythrin-conjugated anti-mouse IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA) as previous-
ly described (Moulin et al. 2010).

MMP activity measurement

Total MMP activity was determined in the cell culture super-
natant using the SensoLyteTM 520 Generic MMP assay kit
(Anaspec, Fremont, CA, USA). The kit can simultaneously
detect the activity of MMP-1, -2, —7,—8,-9,—-12,—13, and —
14. The results reflect the overall activity of MMPs present in
the culture medium.

Procollagen | assay

Collagen type I secretion was indirectly evaluated in condi-
tioned medium using a Procollagen type I ELISA assay
(Human procollagen I a-1/COLIA1, R&D systems), follow-
ing the manufacturer’s instructions.

Cytokine neutralization

MVs (10 pg/mL) were pretreated with PLGF-1 neutral-
izing antibodies (PLGF-1-NAb) (Human PLGF
Antibody, R&D systems) at 20 ng/mL for 30 min be-
fore being added to the fibroblasts. IgG1 (Negative

control mouse IgG1l, X0931, Dako, Denmark) was used
as an isotypic control.

Statistical analysis

Statistical analysis was performed with GraphPad 6
Prism Software (GraphPad Software Inc., La Jolla, CA,
USA). The ANOVA (nonparametric) test was used for
multiple comparisons. Data were compared using
Dunnett’s test for nonparametric values. P <0.05 was
considered significant. All data are presented as the mean
of triplicates (error bars: + standard deviation). All fig-
ures are representative results of independent experi-
ments performed with fibroblasts and MVs produced by
different Wmyo (noted N in Figure legends).

Results

Wmyo-derived vesicles display the main
characteristics of MVs

MVs were isolated from the supernatant of different cultures
of Wmyo populations using differential centrifugation (Fig.
la). The concentration of proteins in MVs samples showed
that 10° Wmyos produces10.32 + 3.87 pug of proteins of MVs
(N =3) (Fig. 1b).

MV size was determined using dynamic light scattering
(DLS) analysis via NanoSizer®. MV samples presented a
unique peak corresponding to a diameter of 396.56 +
51.16 nm (N =3) (Fig. lc,e). This size range is usually char-
acteristic of large extracellular vesicles obtained from the
20,000 x g fraction (after differential centrifugation) that cor-
responds to MVs (Hromada et al. 2017; Szatanek et al. 2015).
We have previously demonstrated that Wmyos did not pro-
duce detectable amounts of the small vesicles isolated using
100,000 x g ultracentrifugation and referred to as exosomes
(Merjaneh et al. 2017).

The number of MVs evaluated using the NanoSizer® was
46,255+ 11,526 MVs/ug of MV proteins (N =3) (Fig. 1d).
The number of cells that produced MVs in each sample was
counted (not shown here), allowing us to calculate a mean of
0.85+0.26 MVs/cell. These results are consistent with our
previous study using a flow cytometry approach (Alexandra
Laberge et al. 2019).

MV samples were analyzed using TEM, which re-
vealed large, rounded vesicles with a distinct dense ap-
pearance (Fig. 1f). In TEM, MVs seem to have a smaller
diameter in comparison with the NanoSizer diameter eval-
uation because of the alteration due to sample preparation
(Hromada et al. 2017).
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Fibroblasts can uptake Wmyo-derived MVs

MVs produced by Wmyos interact with a variety of cells
including endothelial cells to contribute to angiogenesis
(Laberge et al. 2018; Merjaneh et al. 2017). Little is known
about the internalization or effect of Wmyo-derived MVs in
dermal fibroblasts during normal wound healing.

To model cell-to-cell communication between Wmyos and
fibroblasts, we studied fibroblast uptake of fluorescent
Wmyo-derived MVs. When stimulated with serum, RFP-
670-transduced Wmyos produced fluorescent MVs (Fig. 2a).
The fluorescent MVs were then added to fibroblast culture
medium for 6 h and quantification of the fibroblast fluores-
cence was performed using flow cytometry. A large propor-
tion of fibroblasts demonstrated a significant increase in their
level of fluorescence (Fig. 2b-c).

PLGF-1 cytokine was present in large amounts in
Wmyo-derived MVs

During the process of wound healing, Wmyos secrete differ-
ent elements such as cytokines in order to communicate with
cells and induce signalling (Baum and Duffy 2011; Hinz et al.
2007; Werner and Grose 2003). Wmyo-derived MVs might
thus contain cytokines that generate a more direct/focused and
specific action in order to accelerate wound healing.
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Fig. 2 Wmyo-derived MV uptake by fibroblasts. Fluorescent MVs were
added to the culture medium of fibroblasts (Fb) in order to determine the
capacity of Fb to uptake MVs. a Fluorescence evaluation of MVs pro-
duced by Wmyos (dark grey peak) or by RFP-670-transduced Wmyos
(white peak). b Fluorescence evaluation of Fb stimulated by MVs pro-
duced by Wmyos (light grey peak) or REP-670-transduced Wmyos
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Cytokine array analysis showed that Wmyo-derived MVs
contained several cytokines. PLGF-1 was the cytokine that
was present in the greatest quantity (0.88 +0.63 pg/ug pro-
teins in MVs, N =6 MVs produced by 6 different Wmyo
populations) (Fig. 3a). LTA, VEGFx and IL-23 were also
detectable in large amounts in MVs (Fig. 3a-b). Besides the
45 cytokines of the array, we also used an ELISA kit to assay
TGF-f31, a well-known cytokine that is secreted by Wmyos.
TGF-31 was not detectable in MV samples (Fig. 3b).

We also compared the quantity of cytokines in MVs, in
their parent Wmyos cells and in the medium of Wmyo culture
depleted of MVs (Fig. 3b). Results were calculated for 1 cm?
of culture surface to allow comparison between the three eval-
uations. Interestingly, LTA was only present in MVs while
VEGF-A, IL-23 and TGF-31 were detected mostly in condi-
tioned media (Fig. 3b). To further evaluate PLGF-1 associa-
tion with M Vs, we compared, using flow cytometry assay, the
size of MV detaining PLGF-1 with those of 500 nm diameter
beads (Fig.3c). MVs size matches the range of 500 nm beads
supporting the fact that PLGF-1 was bound to MVs.

MVs and PLGF-1 stimulated fibroblast growth and
migration

To study the impact of Wmyo-derived M Vs on fibroblasts, we
first evaluated growth rates following fibroblast stimulation
with MVs. Fibroblasts were incubated with MVs at different
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(white peak). ¢ Geometric mean of the fluorescence intensity of Fb in
the absence of MVs (Fb), in the presence of non-fluorescent MVs (Fb +
MV) or in the presence of fluorescent MVs (Fb + MV RFP-670+). N =2
populations of Fb stimulated with 2 different Wmyo-derived MVs. One-
way ANOVA (nonparametric), Dunnett’s test (control: Fb culture with
non-fluorescent MVs (Fb + MV)), ***P < (.0002
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Fig. 3 Cytokine distribution in MVs, conditioned media and mother
cells. a Cytokines in MV samples derived from Wmyos. Forty-five cyto-
kines were quantified. Cytokines are expressed as pg of cytokines per pg
of protein in MVs = SEM. Results are reported as protein levels in MVs
that have been previously analyzed with Nanodrop. N =6 samples of
MVs derived from 6 different Wmyo populations. b PLGF-1, LTA,
VEGF-A and IL-23 distribution in MVs, their parent cells and their con-
ditioned media depleted of MVs (CM depleted of MVs), N = 6 samples of
MVs derived from 6 different Wmyo populations. TGF-1 was

concentrations (1, 5 and 10 ug of MV proteins), PLGF-1
(10 ng/mL) or TGFB1 (10 ng/mL) for 5 days. The growth rate
of fibroblasts treated with MVs (10 png /mL) and TGFB1 in-
creased significantly with a fold change of respectively 1.46 +
0.05 and 1.62 +0.05 versus control (DME + 1% BSA), while
the soluble cytokine PLGF-1 did not stimulate cell growth
(Fig. 4a).

Migration capacity was determined using a scratch test
assay (Liang et al. 2007). The migration rate of fibroblasts
after MV or PLGF-1 treatments was found to be significantly
increased compared to the control (DME + 1% BSA) while
TGFB1 did not stimulate cell migration (Fig. 4b-c). The per-
centage of wound closure was 32.48% +2.51 in the presence
of MVs, 36.40% +10.95 with PLGF-1, 15.35% +0.80 with
TGF-31 and 8.96% +2.95 for the control. These represent a
fold change versus control of 3.67 +0.28 following MV treat-
ment and 4.11 + 1.24 after PLGF-1 treatment.

Wmyo-derived MVs did not affect fibroblast
differentiation

Fibroblasts can differentiate into Wmyos following stimula-
tion by secreted molecules such as TGF-1 (Stunova and
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quantified by a separate ELISA and was not detected (ND) in either
Wmyos or MV samples (N =3 samples of MVs derived from 3 different
Wmyo populations). ¢ PLGF-1 association with MVs was evaluated by
comparing, using flow cytometry assay, the size of PLGF1-associated
MVs with 500 nm diameter beads. 500 nm beads dot plot analysis region
were gated and were merged with M Vs in the presence of PLGF-1 anti-
body or with an isotype control (N =2 samples of MVs derived from 2
different Wmyo populations, n =4). *P < 0.05, ***P <0.0001, One-way
ANOVA (nonparametric), Dunnett’s test with MVs as control

Vistejnova 2018). Fibroblast «-SMA expression following
MYV or cytokine treatment was analyzed using flow cytome-
try. The treatment of cells with MVs or PLGF-1 for 5 days did
not modify the phenotype of fibroblasts (Fig. 5a) while
TGF-B1 treatment significantly increased the expression of
this marker.

MVs stimulated ECM production rather than its
degradation

Throughout normal wound healing, the ECM undergoes re-
newal that occurs by a concomitant degradation (especially by
MMPs) and production (mostly collagen I). Dermal fibro-
blasts can participate in both processes by secreting either
MMPs or collagen (Xue and Jackson 2015).

The secretion of MMPs was evaluated using an enzymatic
assay, which indicates the global matrix degradation capacity
of the cells. Treatment with either MVs or PLGF-1 did not
significantly modify MMP activity (Fig. 5b).

The level of collagen I secretion can be determined by the
detection of its pro-peptides in culture supernatants (Cutroneo
2003). Treatment of fibroblasts with MVs significantly stim-
ulated the level of procollagen I production with a fold change
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Fig. 4 Effect of MVs and cytokines on cell growth and migration. a
Fibroblasts were grown for 5 days with different treatments
(DME1%BSA, different concentrations of MVs (1, 5 or 10 pg/mL),
PLGF-1 (10 ng/mL) and TGF-31(10 ng/mL) during the entire 5 days
with media replacement. Treatments with MVs at 10 pg/mL significantly
stimulated cell growth (fold change of 1.46+0.05 versus control). b, ¢
Fibroblasts were plated to 100% confluence then scraped with a 1 mL
pipette tip. Cells were washed with PBS then treated with different con-
ditions (DME, MVs at 10 ng/mL, PLGF-1 at 10 ng/mL and TGF-f31 at
10 ng/mL). Pictures were taken right after the scratch (T0) and 24 h after
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Fig.5 MYV effect on ECM parameters. a Alpha-SMA study. Comparison
of the geometric mean of fluorescence of the cells treated with
DME1%BSA, different concentrations of MVs (1, 5 or 10 pg/mL),
PLGF-1 (10 ng/mL) and TGF-31 (10 ng/mL). b MMP activity level of
fibroblast-conditioned medium following stimulation with DME1%BSA,
5 pg of MVs/mL, PLGF-1 (10 ng/mL) or TGF-31 (10 ng/mL). Results
were reported as fluorescence unit/min/mL. (¢) Procollagen I evaluation
in fibroblast-conditioned medium following stimulation with
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treatment (T24). MVs and PLGF-1 significantly enhanced migration as
compared with the control (DME). The migration rate is represented as
percentage of wound closure. Results are representative of N = 3 samples
of MVs derived from 3 different Wmyo populations, and N = 3 different
populations of fibroblasts in triplicate. Black lines represent the scratch
delimitation for time 0 h of the scratch, red represents the scratch delim-
itation for time 24 h after the scratch and the last row represents the merge
of both lines of the scratch after 24 h of treatment. *P < 0.05, **P < 0.001,
##*P <0.0002 One-way ANOVA (nonparametric), Dunnett’s test with
DME1%BSA or DME as control
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DME1%BSA, different concentrations of MVs (1, 5 or 10 ug/mL),
PLGF-1 (10 ng/mL) or TGF-f1 (10 ng/mL). Results were expressed as
pg of procollagen I per cell. All data are expressed as mean + SD, aver-
aged from three separate experiments. Results are representative of N =3
different populations of fibroblasts treated with 3 different samples of
MVs derived from 3 different Wmyo populations. *P <0.05, ***P <
0.0001, One-way ANOVA (nonparametric), Dunnett’s test with
DME1%BSA as control
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of 1.80+0.18 when 10 ug of MVs were added to the culture
medium (Fig. 5¢) while PLGF-1 (10 ng/mL) and TGFB1 in-
creased collagen secretion with a fold change of 2.07 +0.18
and 3.11+0.95, respectively.

Neutralization of PLGF-1 inhibited collagen produc-
tion induced by MVs

When PLGF-1-Neutralizing antibodies (PLGF-1-Nab) were
added along with soluble PLGF-1, the action of PLGF-1 on
procollagen secretion was neutralized (Fig. 6b). Pre-
incubation of MVs with PLGF-1-NAb before adding them
to fibroblasts also neutralized the positive effect of MVs on
procollagen secretion (Fig. 6a) while the use of a correspond-
ing isotypic control of PLGF-1 NAb, an IgG1 antibody type,
had no effect.

Discussion

Wmyos appear in wounded tissues during the late stages of
healing. In skin, they differentiate mainly from fibroblasts
following stimulation by environmental factors such as
TGF-31. Wmyos are characterized by their expression of -
SMA, which is a recognized marker of these cells (Hinz et al.
2007). They play a central role during wound healing by con-
tributing to ECM formation and wound contraction (Hinz
2016; Moulin et al. 2012, 1998, 1999). Their actions in the
different wound healing mechanisms are well studied but the
means by which they can communicate with other cells re-
main poorly known.

Our laboratory has previously demonstrated that these differ-
entiated cells can produce MVs following stimulation with
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Fig. 6 Neutralization of PLGF-1 and the aftermath on collagen produc-
tion. Procollagen I production in fibroblast-conditioned medium follow-
ing stimulation. a Cells were treated with MVs, PLGF-1-neutralizing
antibodies (NAb) (PLGF-1-NAb), MVs that were preincubated with
PLGF-1-neutralizing antibodies (MVs + PLGF-1-NAb), an isotypic con-
trol antibody (igG1), or MVs preincubated with an isotypic antibody
(IgG1 +MVs). b Fibroblasts were treated with the soluble form of
PLGF-1, PLGF-1-Nab, the soluble form of PLGF-1 treated with its

serum proteins or A2M (Alexandra Laberge et al. 2019;
Merjaneh et al. 2017; Moulin et al. 2010). These MVs have been
shown to alter some characteristics of target cells, such as endo-
thelial cells, during wound healing (Merjanch et al. 2017). The
proteomic analysis has also unveiled elements that could be
present in MVs and that are linked to the ECM, which suggests
that MVs could intervene in the regulation of the ECM by com-
municating with cells such as fibroblasts (Merjaneh et al. 2017).
We therefore undertook a first comprehensive study of cytokine
association with MVs in an attempt to determine which cyto-
kines are detected in MVs, and if fibroblast action on ECM
homeostasis can be modulated by MVs. We thus analyzed the
action of MVs on fibroblasts that affect five parameters linked to
ECM homeostasis: cell growth, migration and differentiation as
well as MMP and collagen production.

We first completed the characterization of the MVs by
evaluating their size and morphology. All of our data were
consistent with those reported in the literature: MVs are ho-
mogeneous and well-defined vesicles with a 400 nm diameter
(Burger et al. 2011; Laberge et al. 2018). We then evaluated
cytokine patterns in MVs. We have demonstrated that several
cytokines can be detected in MV samples, but the most abun-
dant cytokine was PLGF-1, a member of the VEGF family.
PLGF-1 was first identified in the placenta but is also known
to be present in other organs (Roy et al. 2006). This cytokine is
known to be pro-angiogenic and can positively regulate
wound healing (Roy et al. 2006), (Carmeliet et al. 2001;
Freitas-Andrade et al. 2012). In the skin, PLGF-1 is expressed
by keratinocytes and endothelial cells and is involved in in-
flammation (Hattori et al. 2002) and angiogenesis (Adini et al.
2002; Nagy et al. 2003). It has also been shown that PLGF-1
can directly stimulate the migration of fibroblasts (Barrientos
et al. 2008).
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neutralizing antibody, or an isotypic control. Results are expressed as
pg of procollagen I per cell £SD. Results are representative of N=2
different populations of fibroblasts treated with 3 different Wmyo-
derived MV samples. *P < 0.05, ***P < 0.0002 One-way ANOVA (non-
parametric), Dunnett’s test with DME1%BSA as control. Newman-Keuls
multiple comparison test was also used after one-way ANOVA
(nonparametric) for (A) to compare MVs with the other columns
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To further ensure that PLGF-1 was not an impurity in the
sample, it is to mention that differential centrifugation rate
(21,000 x g followed by three PBS washes) used to isolate
MVs could not precipitate soluble cytokines in the pellet. The
diameter of PLGF-1-associated particles was around 500 nm,
further supporting the fact that PLGF-1 was bound to MVs (Fig.
3c). In parallel, MVs were treated with proteinase K and PLGF1
presence on MVs was then evaluated using flow cytometry. PK
treatment resulted in the decrease of surface-bound cytokines on
MVs (data not shown). This suggests that PLGF-1 is, at least
partially, membrane-bound to MVs as also previously conclud-
ed by Fitzgerald et al. (2018) for other cytokines.

By demonstrating the uptake of Wmyo derived MVs by fi-
broblasts, we simulated an indirect interaction/communication
between Wmyo and dermal fibroblasts. Thus, additional studies
will be required to determine the intracellular mechanisms in-
duced by these extracellular vesicles, whether it be endocytosis
(Costa Verdera et al. 2017), membrane fusion (Parolini et al.
2009) or by binding interaction (via integrins for example
(Chen et al. 2018)) depending on the target cell.

In this study, we noticed that MVs significantly stimulated
cell migration as well as collagen I secretion, but not cell
differentiation or MMP secretion. We also evaluated whether
the effect of the MVs could be mimicked by soluble PLGF-1.
Then, we determined that the MVs positive effect on collagen
secretion could be inhibited by PLGF-1 neutralizing antibod-
ies, further demonstrating the role of this cytokine in MVs and
in ECM homeostasis. To our knowledge, this is the first dem-
onstration of the action of this cytokine on ECM production.
This result can explain the increase in granulation tissue for-
mation in the presence of PLGF-1 (Barrientos et al. 2008) in
parallel with the increase in fibroblast migration shown by
these authors and by our results.

Other cytokines have been detected in MVs, such as LTA,
VEGF and IL-23. These cytokines could also have an impact
on wound healing mechanisms. VEGF and PLGF-1 are both
cytokines involved in the stimulation of angiogenesis (Ferrara
et al. 2003; Roy et al. 2006; Nagy et al. 2003), which could
explain the pro-angiogenic role of MVs, previously demon-
strated by our laboratory (Merjaneh et al. 2017). LTA and IL-
23 are mostly pro-inflammatory cytokines (Mehrnaz Gharaee-
Kermani 2004; Parham 2005) that could be involved at the
end of the inflammation phase, when Wmyos appear.

The evaluation of cytokines in MVs versus conditioned
media or their reference cells shows that the distribution of
cytokines can be highly variable. While LTA was exclusively
present in MVs, others were similarly present in MVs and
conditioned media, such as PLGF-1, or mainly in conditioned
medium, such as IL-23 or VEGF. These results are in accor-
dance with the results obtained by Fitzgerald et al. demonstrat-
ing that cytokine distribution in MVs versus conditioned me-
dium is variable according to the cytokines and strongly asso-
ciated with the parent cell type (Fitzgerald et al. 2018).

@ Springer

It is becoming increasingly apparent that extracellular ves-
icles are an important topic for the understanding of intercel-
lular communication, whether it be pathological or physiolog-
ical phenomena. The discovery of the mechanisms of action of
MVs on the synthesis and remodeling of ECM would be a
great advance in the field of tissue regeneration. Our work is
the first study that has demonstrated the role of Wmyo-derived
MYVs, and more precisely, of PLGF-1 associated with M Vs, in
collagen production during wound healing. Although studies
on PLGF-1 mainly focus on angiogenesis, it seems that we are
the first to report its action on the production of collagen I.
MYV production by Wmyos could thus be an important means
of modulating granulation tissue formation, from angiogene-
sis to the formation of new ECM. Wmyos have thus a central
role during this healing phase.
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