
ORIGINAL PAPER

Pro-angiogenic capacities of microvesicles produced
by skin wound myofibroblasts
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Abstract Wound healing is a very highly organized pro-

cess where numerous cell types are tightly regulated to

restore injured tissue. Myofibroblasts are cells that produce

new extracellular matrix and contract wound edges. We

previously reported that the human myofibroblasts isolated

from normal wound (WMyos) produced microvesicles

(MVs) in the presence of the serum. In this study, MVs

were further characterized using a proteomic strategy and

potential functions of the MVs were determined. MV

proteins isolated from six WMyo populations were sepa-

rated using two-dimensional differential gel electrophore-

sis. Highly conserved spots were selected and analyzed

using mass spectrometry resulting in the identification of

381 different human proteins. Using the DAVID database,

clusters of proteins involved in cell motion, apoptosis and

adhesion, but also in extracellular matrix production (21

proteins, enrichment score: 3.32) and in blood vessel

development/angiogenesis (19 proteins, enrichment score:

2.66) were identified. Another analysis using the functional

enrichment analysis tool FunRich was consistent with these

results. While the action of the myofibroblasts on extra-

cellular matrix formation is well known, their angiogenic

potential is less studied. To further characterize the

angiogenic activity of the MVs, they were added to cul-

tured microvascular endothelial cells to evaluate their

influence on cell growth and migration using scratch test

and capillary-like structure formation in Matrigel�. The

addition of a MV-enriched preparation significantly

increased endothelial cell growth, migration and capillary

formation compared with controls. The release of

microvesicles by the wound myofibroblasts brings new

perspectives to the field of communication between cells

during the normal healing process.
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Introduction

Virtually all cell types release extracellular vesicles (EVs),

a common term for both microvesicles (MVs; diameter

100–1000 nm) and exosomes (diameter 30–100 nm).

Exosomes are derived from endosomes, whereas MVs are

shed from the cell membrane [1]. EVs are considered an

important intercellular communication mechanism partici-

pating in cell-to-cell communication transferring proteins,

lipids and nucleic acids from one cell to another [2].

EVs play significant role in normal and pathological

processes such as vascular dysfunction [3], inflammation

[4], cancer [5] and fibrosis [6]. Their increased detection in

blood in numerous pathologies strengthens the idea that
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EVs can play a role in disease development. For instance,

tumor cells shed EVs that stimulate cancer cell invasion

and support angiogenesis to enhance cell exchanges and

growth [5, 7] and portal myofibroblasts EVs promote

vascular remodeling in cirrhosis [8]. EVs from stem cells

but also from blood cells in inflammatory response may act

on target cells and modify the response to injury [9].

Even if EVs can be detected in healthy subjects, their

role in physiological mechanisms such as wound healing

remains poorly studied [1, 10] although an increasing body

of evidence indicates that they are capable of mediating

tissue repair in models of acute kidney and liver injury

[9, 11].

Wound healing is a complex physiological process that

involves numerous cell types. Its mechanism is strictly

organized via cell interactions [12]. During the formation of

new tissue, fibroblasts and myofibroblasts play a crucial

role, secreting and remodeling the extracellular matrix [13]

while endothelial cells support tissue repair via angiogen-

esis. Myofibroblasts, which are associated with wound

healing, secrete a large quantity of extracellular matrix and

have the capability of contracting the wound edges [13]. We

have previously demonstrated that myofibroblasts, when

cultured with serum or plasma, produce MVs that can

stimulate mesenchymal growth [14], a key step during

healing to enhance the number of cells producing new

matrix. In the absence of serum or plasma, MV production

by these cells is very modest in contrast to other cells that

need stress such as serum starvation to produce MVs

[8, 15, 16]. As MVs have been implicated in many mech-

anisms as immune modulation, metastasis, cell–stroma

interactions and angiogenesis [2, 9, 17, 18], we have further

studied the possible action of MVs during wound healing.

Our hypothesis was that myofibroblasts can play a central

role during healing and that the orchestration of these

effects uses MVs. In the present study, we used a proteomic

approach to identify the proteins of the MVs produced by

the wound healing myofibroblasts and we study their effect

on wound healing-associated mechanisms. We show that

myofibroblastic MV-enriched preparation promotes angio-

genesis by stimulating endothelial cell growth, migration

and tube formation, which are crucial steps for tissue repair.

Materials and methods

Cell culture

All procedures involving patients were reviewed and

approved by the Research Ethical Committee of the Centre

Hospitalier Universitaire de Québec and followed the

Declaration of Helsinki protocols. The cells were grown at

37 �C in a humidified incubator with 8% CO2.

Populations of primary cells were isolated from normal

skin and wounds of volunteer donors aged 20–40 years.

Normal wound myofibroblasts called WMyos were isolated

from experimental granulation tissues made with implants

(polyvinyl alcohol sponge inserted into perforated silicone

tubes) inserted subcutaneously into the arms of volunteers

[19, 20]. Numbers given after each cell population refer to

the individuals from which the cells were isolated. The

cells were grown in Dulbecco’s modified Eagle’s medium

supplemented with 20% fetal bovine serum (FBS; Hyclone,

Flow Lab, Mississauga, ON, Canada), 100U/ml penicillin

G and 25 mg/ml gentamicin (Schering Inc., Pointe Claire,

Canada). Confluent cell cultures between passages 3 and 6

were used in this study.

Human microvascular endothelial cells (HMECs) were

isolated from skin biopsies obtained during myofibroblast

implant surgery [14]. HMECS between passages 3 and 6

were cultured with EGMTM-2MV (EBM-2 with additives

and 5% FBS) (Lonza Clonetics, San Diego, CA, USA).

Microvesicle- and exosome-enriched preparations

Confluent WMyos were cultured during 48 h with

DMEM ? 20% MV-free FBS (achieved by ultracentrifu-

gation at 100,0009g for 18 h at 4 �C). Conditioned media

were collected and centrifuged at 3009g for 10 min at

4 �C to remove cells and large debris. The supernatants

were centrifuged at 21,0009g for 30 min at 4 �C. Pelleted
MVs were washed with phosphate-buffered saline (PBS)

and further centrifuged at 21,0009g, 20 min three times.

Each supernatant containing exosomes was separately

further centrifuged at 100,0009g for 18 h at 4 �C, pelleted
and washed with PBS three times. The size distribution of

the two subgroups overlapping, differential centrifugation

processing only allows obtaining enriched MV and exo-

some-enriched preparations but not pure preparations. The

protein concentration of the MV- and exosome-enriched

samples was measured using a NanoDrop 1000 spec-

trophotometer (Thermo Fisher Scientific, Mississauga, ON,

Canada) at 280 nm. MVs and exosomes were separately

isolated twice from two different populations of WMyos.

Each protein evaluation has been performed in triplicate. A

similar volume of non-conditioned medium was prepared

simultaneously as a control (named con-MV or con-exo).

2D-DIGE experimental design and sample labeling

A total of six independent MVs preparations coming from

six different WMyo populations were used for 2D-DIGE

analyses. After isolation, one aliquot of each MV prepa-

ration was immediately labeled with Cydye to identify

extravesicular proteins. Other aliquots were quickly frozen

in liquid nitrogen and stored at -80 �C during 10 days

386 Angiogenesis (2017) 20:385–398

123



before being resuspended in lysis buffer (7 M urea, 2 M

thiourea, 30 mM Tris, 4% CHAPS) and processed for total

protein labeling. The vesicles were quantified by measuring

vesicle-associated proteins using the Bradford method

(Bio-Rad, Mississauga, ON, Canada) with bovine serum

albumin as the standard.

For each cell population, the extravesicular-labeled

proteins and the total labeled proteins from the same MVs

were co-separated with the control sample (pool sample)

on an individual gel (i.e., six gels in total). Total labeled

proteins from the non-conditioned medium sample (con-

MV) were co-separated with the pool sample on an indi-

vidual gel. The protein samples were minimally labeled

with fluorescent cyanine dyes for 2D-DIGE analyses,

according to the manufacturer’s instructions (Lumiprobe,

Hallandale Beach, FL). Briefly, Cy3 and Cy5 (400 pmol

each) were used to label 50 lg of the total protein sample

and its extravesicular counterpart, respectively. To elimi-

nate any dye-labeling bias, labeling of proteins was ran-

domly performed using Cy3 and Cy5. An internal standard

was generated by pooling 50 lg of the total protein extract

from the six independent MV preparations (pool sample)

and labeling with Cydye 2 (2400 pmol).

2D-DIGE

For isoelectric focusing (IEF), the same quantity (30 lg) of
extravesicular-labeled proteins, total labeled proteins and

labeled proteins from the pool sample were mixed to obtain

90 ll at 1 lg/ll. The same volume of sample buffer con-

taining 7 M urea, 2 M thiourea, 4% CHAPS, 1%(v/v) IPG

buffer pH 3–11 NL, 5 mM 1,4-dithiothreitol (DTT) and

0.001% bromophenol blue was added to each dye-labeled

sample mix. After centrifugation, the supernatant volume

was completed with 270 ll of rehydration buffer (7 M

urea, 2 M thiourea, 4%(w/v) CHAPS, 2.6% DeStreackTM

(GE Healthcare Life Science, Mississauga, ON, Canada),

0.5% (v/v) IPG buffer pH 3–11 NL, 0.0005%(w/v) bro-

mophenol blue). IPG strips (24 cm, pH 3–11 NL) (GE

Healthcare Life Science) were rehydrated overnight with

these diluted dye-labeled samples mixes. Proteins were

separated by IEF for a total of 40 000 Vh according to the

manufacturer’s specification for these strips using an Ettan

IPGphor3 apparatus (GE Healthcare Life Science). Prior to

the second-dimension SDS-PAGE, each strip gel was

equilibrated in 20 ml equilibration buffer (6 M urea,

75 mM Tris–HCl pH 8.8, 30% glycerol, 2% SDS, 1% (w/v)

DTT) for 20 min followed by a second step equilibration

in the same buffer except that DTT was replaced by 4.5%

(w/v) iodoacetamide. IPG strips were then placed on

10–18% gradient polyacrylamide gels and cast in low-

fluorescent glass plates using an Ettan-DALT caster (GE

Healthcare Life Science). The second-dimension

electrophoresis was performed at 0.5 W/gel for 3h20 fol-

lowed by 1 W/gel overnight at 21 �C. The migration was

stopped once the bromophenol blue dye front reached the

bottom of the gel.

After analysis, a new 2D-DIGE gel prepared with MVs

isolated from the WMyo12 population (also containing the

pool sample) was used to excise protein spots for LC–MS/

MS identification. Following electrophoresis and gel

imaging, the gel was fixed with 30% methanol/10% acetic

acid for 30 min and then washed (three times) for 10 min

with deionized H2O prior to protein visualization using

blue–silver staining [21].

2D-DIGE analyses

Gel imaging

Gels containing Cydye-labeled proteins were visualized by

scanning on a Typhoon Trio ? variable mode imager (GE

Healthcare Life Science). Characteristic excitation/emis-

sion wavelengths of 488/520, 532/580 and 633/670 nm

were used to scan for Cy2, Cy3 and Cy5 components,

respectively, resulting in the generation of 20 images in

total (three per gel for the MV samples and two from the

control gel).

Analysis and spot selection criteria

Analyses were only performed on the total labeled protein

samples. Spot map image files were analyzed in batch pro-

cessor mode using Delta 2D software version 4.2 (Decodon

GmbH, Greifswald, Germany). The resulting spot pattern

was assigned to each of the three individual 2D images (Cy2,

Cy3, Cy5) of each gel in the experiment. For further analysis,

uniform spot quantification on all gels and internal normal-

ization was conducted. The spot information of the Cy5/Cy2

and Cy3/Cy2 ratios was used to calculate an average volume

ratio for corresponding spots from each gel. The results

obtainedwith the control gel (con-MV)were subtracted from

those for other gels, eliminating any spots resulting from

FBS. Based on the average spot volume ratio, spots whose

relative expression was constant for all the MV samples

(coefficient of variation\50%) and/or the spots with higher

normalized volume were selected for further analysis.

Extract of MV proteins

MV samples were suspended in PBS, and then, proteins

were precipitated by adding ice-cold acetone to a final

concentration of 90% (v/v), kept 1 h at -20 �C and

recovered by centrifugation at 21,0009g for 10 min at

4 �C. The dried pellets were analyzed by mass

spectrometry.
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Disc SDS-PAGE isolation

Predominant and high molecular weight proteins can sup-

press ionization and hinder the LC–MS detection of low-

abundance/low molecular weight peptides. One other

sample of MVs was separated using an improved Disc

SDS-PAGE according to Li et al. [22]. This allows the

elimination of high molecular weight proteins ([30 kDa)

from the sample. Briefly, three polyacrylamide gels

[0.5 cm resolving gel (16.5% T, 6% C), 0.7 cm spacer gel

(10% T, 3% C) and 0.5 cm stacking gel (4% T, 3% C)]

were sequentially poured into a glass tube that was placed

between anode and cathode cells. Sample (270 lg) was

added to the stacking gel and allowed to migrate for 1 h 30

at 60 V. The resolving gel (containing low molecular

weight proteins) was then fixed in 30% ethanol/10% acetic

acid and analyzed by mass spectrometry.

Protein identification using mass spectrometry

Selected samples were analyzed using the Proteomics

facility of the Eastern Quebec Genomics Center (Quebec,

Canada). Tryptic digestion was performed on a MassPrep

liquid handling robot (Waters, Milford, MA). Peptide

samples were then separated by online reversed-phase

nanoscale capillary liquid chromatography and analyzed by

electrospray mass spectrometry (ES MS/MS). All MS/MS

samples were analyzed using Mascot (Matrix Science,

London, UK; version 2.4.1) and X! Tandem [The GPM,

thegpm.org; version CYCLONE (2010.12.01.1)]. Mascot

was set up to search the UR100_12_05_Bos_taurus_9913

database (160131 entries) assuming the digestion enzyme

trypsin. X! Tandem was set up to search the

UR100_12_05_Homo_sapiens_9606 database (128347

entries) also assuming trypsin. Mascot and X! Tandem

were searched with a fragment ion mass tolerance of

0.100 Da for Disc SDS-PAGE sample and 0.50 Da for

other samples. Carbamidomethyl of cysteine was specified

in Mascot and X! Tandem as a fixed modification. Dehy-

dration of the N-terminus, Glu ? pyro-Glu of the N-ter-

minus, ammonia loss of the N-terminus, Gln ? pyro-Glu

of the N-terminus, deamidation of asparagine and glu-

tamine and oxidation of methionine were specified in X!

Tandem as variable modifications.

Scaffold (version Scaffold-3.6.3, Scaffold Proteome

Software, RRID:SCR_014345) was used to validate MS/

MS-based peptide and protein identifications. Peptide

identifications were accepted if they could be established at

greater than 95.0% probability as specified by the Peptide

Prophet algorithm [23, 24] and contained at least two

identified peptides. Proteins that contained similar peptides

and could not be differentiated based on MS/MS analysis

alone were grouped to satisfy the principles of parsimony.

Data analysis

DAVID 6.7 (Database for Annotation Visualization and

Integrated Discovery, RRID:SCR_003033; http://david.

abcc.ncifcrf.gov/) and FunRich (a Functional Enrichment

analysis tool, http://www.funrich.org/, RRID:SCR_014467)

were used to perform analysis.

To analyze the biological functions of MV proteins, a

functional annotation clustering tool from the Web-based

DAVID database [25] was used. For any protein list,

DAVID tools are able to identify enriched biological terms,

particularly GO terms, discover enriched functional-related

protein groups, visualize proteins on BioCarta and KEGG

pathway maps, etc. A biological process or pathway was

considered to be significantly enriched in MV proteins if it

contained a minimum of three proteins per category fea-

turing Fisher’s exact p value less than 0.05. Human pro-

teome was used as the background data set.

Functional enrichment analysis of the proteins identified

in MVs was also performed using FunRich, (http://www.

funrich.org), which integrates heterogeneous genomic and

proteomic resources ([1.5 million annotations). Enrich-

ment analysis was performed for GO terms, biological

pathways, protein domains, site of expression, transcription

factors and disease terms using the FunRich database as the

background dataset [26]. The statistical significance of the

enrichment was assessed by the corrected p value (Ben-

jamini–Hochberg method).

HMEC growth assay

HMECs (3 9 104 cells per well) were seeded in a gelatin-

coated 24-well plate and cultured in EGMTM-2MV for

24 h. After 24 h, four wells were trypsinized to count the

exact number of HMECs in each well. The medium was

then changed to EBM-2 basal medium supplemented with

10% EGMTM-2MV (basal medium with minimum factors

to keep cells alive but not proliferative) with MVs or

controls (positive control: basal medium with 5% FBS that

stimulate cell growth, negative control: basal medium

only) and kept for 6 days with medium change every 2

days. Cells were then trypsinized and counted using a

Coulter� counter and expressed as a ratio to the number of

cells at J0. MV samples were tested on two different

HMEC populations.

Cell migration assay

HMECs were seeded in a gelatin-coated 12-well plate and

cultured in EGMTM-2MV until confluence. The medium

was then changed to EBM-2 basal medium supplemented

with 10% EGMTM-2MV and 0.01 mg/ml mitomycin C

(MMC) per well (Bio Basic, Markham, ON, Canada).
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Three hours later, the medium was changed to EBM-2

basal medium supplemented with 10% EGMTM-2MV with

or without MVs at the indicated concentrations and a

scratch test was performed using a 200-ll tip. Phase con-

trast images (magnification of 49) were recorded on a

digital camera after scratch was performed (T0) and after

24 h of incubation (T24). The cell migration was measured

using ImageJ software and expressed as the difference in

the wound closure between T0 and T24. MVs samples

were tested on two different HMEC populations.

Tube formation assay

HMECs (5 9 104 cells per well) were seeded onto

Matrigel�-reduced growth factors (Corning, Bedford, MA,

USA)-coated wells in a 24-well plate and cultured in EBM-

2 basal medium supplemented with 10% EGMTM-2MV in

the presence of controls or MVs at the indicated concen-

trations. Phase contrast images (magnification of 49) were

recorded on a digital camera after incubation for 24 h. The

number and total length of the tube structures were mea-

sured using ImageJ software and the results expressed as the

length and numbers of the network structure after 24 h. MV

samples were tested on two different HMEC populations.

Myofibroblast transduction

pLenti6.3-DsRed was made from the ligation of a DsRed

amplicon (pDsRed-Express-N1, Clontech) into pLen-

ti6.3V5-TOPO vector (Invitrogen). Two WMyo popula-

tions were transduced with lentiviral vectors which have

been produced with the previously assembled plasmid and

the protocol described in [27]. Fluorescent WMyos were

then cultured during 48 h with DMEM ? 20% MV-free

FBS, and MVs were isolated as described above. Fluores-

cence of MVs was evaluated using flow cytometry

(FACScan Becton Dickenson) and compared to MVs iso-

lated from WMyo. Two HMEC populations at 50% con-

fluency were treated in duplicate with two preparations of

MVs isolated from transduced and not transduced WMyo.

Quantification of cell fluorescence was performed using

flow cytometry after 24 h.

Statistical analysis

Statistical differences were computed by analysis of vari-

ance followed by the one-way ANOVA test [28]. The

results were considered significant when the p value was

\0.05. All data presented are the means (errors

bars: ± standard deviation). Difference between two

curves obtained following flow cytometry evaluation has

been evaluated using Kolmogorov–Smirnov statistics.

Results

Microvesicle and exosome production by WMyos

in the presence of serum

Both MVs production and exosome production have being

quantified using differential centrifugations followed by

the quantification of proteins. As previously shown, MVs

were only detected when WMyos were cultured with

serum. In contrast, exosome production was unde-

tectable in the presence or absence of serum (Fig. 1).

Protein composition of MVs

To determine the protein composition of MVs released by

WMyos, the 2D-DIGE method was used to compare pro-

teins between six different MV preparations. A total of 122

protein spots whose relative expression was constant upon

all the MV samples (coefficient of variation\50%) or/and

the spots whose relative expression level was the highest

were analyzed using mass spectrometry, which allowed

251 human proteins to be identified. This method was

focused on the selection of spots according to specific

criteria. To be sure that all important proteins were

detected, MV proteins from the general extract (total pro-

tein extraction) or from the MV sample where high

molecular weight proteins (Disc SDS-PAGE isolation)

were discarded were also analyzed. Mass spectrometry

analysis of the total proteins extraction sample detected

179 human proteins while analysis of the Disc SDS-PAGE

sample detected 105 human proteins. A Venn diagram

(Fig. 2) showed the repartition of the detected protein

numbers according to each method; the 2D-DIGE method

was the most powerful one as 64.0% of all the detected

proteins were detected with this method. The use of a total

protein extract allowed the detection of 45.7% of proteins,

whereas in the low molecular weight protein extract 26.8%

of the proteins were detected. In this sample, the majority

of detected proteins had a molecular weight inferior to

30 kDa. Altogether, 392 human proteins were detected in

MV samples (Table 1S).

Functional analyses of MV proteins

These analyses of MV proteins were performed using two

complementary bioinformatic tools, DAVID, which was

used here to group MV proteins into functional clusters,

and FunRich, which performed enrichment analysis based

on a higher number of annotations collected from various

databases. A functional analysis of biological pathways

was performed on the full list of MV proteins using the

DAVID clustering tool. Consequently, 65 clusters with
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enrichment scores[1.5 related to cellular and biological

processes were identified. The cluster with the highest

score (enrichment score 22.09) was enriched in proteins of

membrane and cytoplasm vesicles (Table 1). MV proteins

formed further clusters involved in cell motility (enrich-

ment score 4.26), programmed cell death (apoptosis,

enrichment score 4.03), extracellular matrix organization

(enrichment score 3.32), cell junction and adhesion (en-

richment score 2.95), and blood vessel development and

angiogenesis (enrichment score 2.66) (Table 1). The other

clusters mainly comprised MV proteins involved in

cytoskeletal and cell maintenance pathways (Table 2S). It

should be noted that the detected MV proteins did not form

clusters involved in inflammation, hemostasis and coagu-

lation, which have usually been reported to involve MVs

[18, 29].

Functional enrichment analysis of the GO term ‘‘Cellular

component’’ using FunRich showed that the proteins

identified inMVswere strongly and significantly enriched in

proteins found in exosomes (74% of the detected proteins,

p = 8 9 10-143), cytoplasm (72%, p = 10-34), lysosome

(56.4%, p = 1.6 9 10-93) and nucleus (49.7%,

p = 9 9 10-4) (Table 2). This reflects the process of MV

formation: MVs bud from cell membranes, trapping

cytosolic proteins. It might also be due to the fact that some

proteins exist in different locations. The analysis based on

the GO term ‘‘Biological Process’’ showed that MV proteins

were significantly enriched in the following annotations

‘‘protein metabolism’’ (21%, p = 5.4 9 10-16) and ‘‘cell

growth and/or maintenance’’ (20%, p = 8.5 9 10-18).

Regarding the biological pathways (Table 3), MVs were

significantly enriched in proteins involved in ‘‘metabolism’’

(30%, p = 9.3 9 10-11), ‘‘integrin family cell surface

interactions’’ (33%, p = 0.002), specifically in ‘‘beta1 inte-

grin cell surface interactions’’ (32%, p = 0.03), in ‘‘pro-

teoglycan syndecan-mediated signaling events’’ (31%,

p = 0.01), particularly syndecan-1, and in ‘‘signaling events

mediated by VEGFR1 and VEGFR2 involved in angiogen-

esis (29%, p = 0.02)’’ and several growth factors and their

receptors (e.g., endothelin, EGFR, GMCSF, IGF1, PDGF/

PDGFR) (28–30%, p\ 0.035) (Table 3).

Angiogenic properties of MVs

Fluorescent MVs were added in culture medium of HMEC

to determine the capacity of HMECs to uptake MVs. MVs

isolated from DsRed-transduced WMyo contained the flu-

orescent marker expressed in the WMyo cytoplasm

(Fig. 3a, b). When added in the HMEC medium, the cells

became statistically fluorescent (Fig. 3c, d).

To characterize the angiogenic capacity of MVs,

microvascular endothelial cells were cultured and evalua-

tion of cell growth, migration capacity using a scratch test

and capillary-like structure formation in Matrigel� in the

presence of the MVs was performed. For each experiment,

Fig. 1 Serum stimulated the release of MVs by WMyos but not the

release of exosomes. Two different populations of WMyos were

incubated for 48 h with or without 20% serum (FBS). Using

differential centrifugation, MV (left) and exosome (right) production

was then quantified using spectrophotometric measurement of protein

content

Fig. 2 Three-way Venn diagram showing the overlap between MV

proteins isolated using the 2D-DIGE method, the Disc SDS-PAGE

isolation (low molecular weight proteins) or without any treatment

(total protein extraction). Proteins were identified in each sample by

electrospray mass spectrometry (ES MS/MS)
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Table 1 Results of functional annotations clustering analysis performed with the DAVID database for the six clusters with the highest

enrichment score and that are noteworthy for interpreting the estimated role of MPs

Term Proteinsa p value

Cluster 1: Enrichment score: 22.09

GOTERM__CC_FAT Pigment granule 38 3.1E-35

GOTERM__CC_FAT Melanosome 38 3.1E-35

GOTERM__CC_FAT Membrane-bounded vesicle 56 3.0E-17

GOTERM__CC_FAT Cytoplasmic membrane-bounded vesicle 54 1.5E-16

GOTERM__CC_FAT Vesicle 60 1.5E-16

GOTERM__CC_FAT Cytoplasmic vesicle 58 4.8E-16

Cluster 2: Enrichment score: 4.26

GOTERM_BP_FAT Cell motion 39 1.5E-10

GOTERM_BP_FAT Cell migration 16 3.6E-3

GOTERM_BP_FAT Localization of cell 17 4.1E-3

GOTERM_BP_FAT Cell motility 17 4.1E-3

Cluster 3: Enrichment score: 4.03

GOTERM_BP_FAT Regulation of programmed cell death 47 1.0E-7

GOTERM_BP_FAT Regulation of cell death 47 1.2E-7

GOTERM_BP_FAT Regulation of apoptosis 46 2.1E-7

GOTERM_BP_FAT Anti-apoptosis 20 8.4E-7

GOTERM_BP_FAT Negative regulation of programmed cell death 27 9.4E-7

GOTERM_BP_FAT Negative regulation of cell death 27 1.0E-6

GOTERM_BP_FAT Negative regulation of apoptosis 26 2.4E-6

GOTERM_BP_FAT Positive regulation of apoptosis 19 2.1E-6

GOTERM_BP_FAT Positive regulation of programmed cell death 19 2.2E-2

GOTERM_BP_FAT Positive regulation of cell death 19 2.3E-2

Cluster 4: Enrichment score: 3.32

SP_PIR_KEYWORDS Extracellular matrix 21 4.6E-8

GOTERM_BP_FAT Extracellular matrix organization 15 2.6E-7

GOTERM_CC_FAT Extracellular matrix part 16 4.7E-7

SP_PIR_KEYWORDS Ehlers–Danlos symptom 6 1.1E-6

GOTERM_BP_FAT Collagen fibril organization 8 5.1E-6

GOTERM_CC_FAT Fibrillar collagen 6 8.8E-6

UP_SEQ_FEATURE Propeptide : C-terminal propeptide 5 9.0E-6

GOTERM_BP_FAT Extracellular structure organization 16 1.2E-5

SP_PIR_KEYWORDS Hydroxylysine 7 2.3E-5

SP_PIR_KEYWORDS Triple helices 7 2.3E-5

SP_PIR_KEYWORDS Pyroglutamic acid 8 2.5E-5

GOTERM_CC_FAT Collagen 8 3.1E-5

SMART COLFI 5 3.2E-5

KEGG_PATHWAY ECM–receptor interaction 14 3.6E-5

UP_SEQ_FEATURE Domain: fibrillar collagen NC1 5 4.1E-5

INTERPRO Fibrillar collagen, C-terminal 5 6.3E-5

GOTERM_BP_FAT Skin development 7 6.4E-5

SP_PIR_KEYWORDS Hydroxyproline 7 6.7E-5

GOTERM_MF_FAT Platelet-derived growth factor binding 5 1.3E-4

GOTERM_BP_FAT Collagen biosynthetic process 4 1.4E-4

Cluster 5: Enrichment score: 2.95

GOTERM_CC_FAT Cell–substrate junction 12 1.9E-4

GOTERM_CC_FAT Adherens junction 14 2.5E-4

GOTERM_CC_FAT Focal adhesion 11 3.8E-4
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MVs from two different WMyo populations were isolated

and tested on two HMEC populations. Representative

results obtained with each MV sample were presented.

To demonstrate the potential role of MVs on HMEC

growth, HMECs were treated for 6 days with two MV

concentrations. Figure 4 shows that MVs significantly

increased the number of cells when 5 and 10 mg/ml of total

MV proteins were used, suggesting that MVs can stimulate

the endothelial cell growth during wound healing. Because

of the low dose of growth factors in medium, cells stimu-

lated with non-conditioned medium preparation (con-MV)

did not show any cell growth (Fig. 4) and the doubling time

of HMECs was very high (648 h). However, stimulation

with the higher dose of MVs induced a similar or higher

growth than EBM2 supplemented with 5% FBS (Con?)

and a shorter doubling time of cells (134 h for 10 lg/ml

MVs and 130 h for Con?).

HMEC migration was evaluated using a scratch test.

When MVs were added, the migration rate of HMECs was

significantly increased compared with the control (con-

MV) (Fig. 5)

The capability of MVs to stimulate capillary-like tube

formation in Matrigel� was evaluated. Both the number

and length of capillary-like tubes formed by HMECs were

increased in the presence of MVs. The length of the cap-

illary-like structures was similar in the presence of the

highest concentration of MVs (10 lg/ml) and in the pres-

ence of EBM2 supplemented with 5% FBS (Con?).

Table 1 continued

Term Proteinsa p value

GOTERM_CC_FAT Cell–substrate adherens junction 11 5.2E-4

GOTERM_CC_FAT Anchoring junction 14 6.9E-4

GOTERM_CC_FAT Basolateral plasma membrane 15 1.1E-3

Cluster 6: Enrichment score: 2.66

GOTERM_BP_FAT Blood vessel development 19 1.3E-4

GOTERM_BP_FAT Vascular development 19 1.7E-4

GOTERM_BP_FAT Angiogenesis 9 3.0E-2

GOTERM_BP_FAT Blood vessel morphogenesis 11 3.7E-2

a Proteins: numbers of proteins annotated by a given term. The enrichment p value (compared to the theoretical human proteome) is calculated

based on EASE Score, a modified Fisher’s exact test

Table 2 Enrichment analysis in

the GO term ‘‘Cellular

component’’ using the FunRich

database as background.

Number of gene in data set: 353,

number of gene mapped to

cellular component: 342. (BH:

Benjamini–Hochberg)

Cellular component No. of MP genes % of MP genes

annotated

Fold enrichment Corrected p value

(BH method)

Exosomes 253 74.0 5.3 8.49E-143

Cytoplasm 247 72.2 1.8 1.00E-34

Lysosome 193 56.4 5.1 1.58E-93

Nucleus 170 49.7 1.2 8.93E-04

Cytosol 115 33.6 4.2 5.57E-41

Mitochondrion 114 33.3 3.9 2.87E-37

Centrosome 108 31.6 7.3 2.62E-62

Plasma membrane 107 31.3 1.3 5.45E-03

Nucleolus 85 24.9 2.9 1.06E-18

Extracellular 75 21.9 1.8 6.69E-06

Cytoskeleton 70 20.5 7.0 9.88E-38

Endoplasmic reticulum 52 15.2 2.0 1.12E-05

Membrane 31 9.1 3.9 4.10E-09

Golgi apparatus 31 9.1 1.5 6.55E-02

Ribosome 23 6.7 7.2 5.35E-12

Extracellular space 21 6.1 2.3 2.76E-03

Extracellular region 21 6.1 2.1 6.70E-03

Extracellular matrix 18 5.3 6.7 5.56E-09
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Table 3 Enrichment analysis in pathways using the FunRich database as background. Number of gene in data set: 353, number of gene mapped

to pathways: 240. (BH: Benjamini–Hochberg)

Biological pathway No. of MV

genes

% of MV genes

annotated

Fold

enrichment

Corrected p value

(BH method)

Integrin family cell surface interactions 79 32.9 1.5 1.91E-03

Beta1 integrin cell surface interactions 77 32.1 1.5 2.79E-03

Proteoglycan syndecan-mediated signaling events 74 30.8 1.4 9.30E-03

Metabolism 73 30.4 2.3 9.34E-11

Syndecan-1-mediated signaling events 71 29.6 1.4 1.34E-02

TRAIL signaling pathway 71 29.6 1.4 2.06E-02

Signaling events mediated by VEGFR1 and VEGFR2 70 29.2 1.4 1.81E-02

VEGF and VEGFR signaling network 70 29.2 1.4 2.04E-02

Alpha9 beta1 integrin signaling events 70 29.2 1.4 2.06E-02

IL5-mediated signaling events 69 28.8 1.4 2.35E-02

Plasma membrane estrogen receptor signaling 69 28.8 1.4 2.70E-02

Endothelins 69 28.8 1.3 2.86E-02

Glypican pathway 69 28.8 1.3 3.69E-02

Arf6 downstream pathway 68 28.3 1.3 2.96E-02

Signaling events mediated by focal adhesion kinase 68 28.3 1.3 2.93E-02

EGF receptor (ErbB1) signaling pathway 68 28.3 1.3 2.90E-02

Urokinase-type plasminogen activator (uPA) and

uPAR-mediated signaling

68 28.3 1.3 2.88E-02

Arf6 trafficking events 68 28.3 1.3 2.85E-02

mTOR signaling pathway 68 28.3 1.3 2.83E-02

ErbB1 downstream signaling 68 28.3 1.3 2.80E-02

Arf6 signaling events 68 28.3 1.3 2.78E-02

Class I PI3K signaling events 68 28.3 1.3 2.76E-02

PDGFR-beta signaling pathway 68 28.3 1.3 2.73E-02

S1P1 pathway 68 28.3 1.3 2.71E-02

Insulin pathway 68 28.3 1.3 2.69E-02

Class I PI3K signaling events mediated by Akt 68 28.3 1.3 2.67E-02

Internalization of ErbB1 68 28.3 1.3 2.65E-02

EGFR-dependent endothelin signaling events 68 28.3 1.3 2.68E-02

IGF1 pathway 68 28.3 1.3 2.76E-02

GMCSF-mediated signaling events 68 28.3 1.3 2.79E-02

Signaling events mediated by hepatocyte growth factor

receptor (c-Met)

68 28.3 1.3 2.82E-02

PDGF receptor signaling network 68 28.3 1.3 2.80E-02

IL3-mediated signaling events 68 28.3 1.3 2.87E-02

Nectin adhesion pathway 68 28.3 1.3 2.84E-02

IFN-gamma pathway 68 28.3 1.3 2.88E-02

PAR1-mediated thrombin signaling events 68 28.3 1.3 2.98E-02

Glypican 1 network 68 28.3 1.3 2.96E-02

Thrombin/protease-activated receptor (PAR) pathway 68 28.3 1.3 2.99E-02

LKB1 signaling events 68 28.3 1.3 3.31E-02

Sphingosine 1-phosphate (S1P) pathway 68 28.3 1.3 3.51E-02

ErbB receptor signaling network 68 28.3 1.3 3.49E-02
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However, MVs stimulated the number of tubes more than

Con? (Fig. 6).

Discussion

Myofibroblasts are cells that are detected during physio-

logical healing [30] or pathological states such as cancer

[31] or fibrosis [32]. During normal healing, they play a

crucial role in extracellular matrix formation and wound

contraction [33]. During the first steps of healing, serum

proteins are highly present following capillary lesions and

the outflow of blood into the wound. Furthermore, during

healing, capillaries are permeable and allow the outflow of

many plasma proteins. It has been recently demonstrated

that, besides extracellular matrix proteins and cytokines,

WMyos can produce MVs when activated by serum or

plasma [14]. The fact that these MVs stimulated the growth

of these mesenchymal cells [14] suggests that MVs can

play a role during healing. We determined the protein

composition of MVs using a proteomic approach and then

determined the biological processes and pathways these

MV proteins are involved in by performing enrichment

analysis with the bioinformatic tools DAVID� and

FunRich� in order to obtain new clues on the processes

regulated by MVs.

In the literature, proteomic approaches to identify

components of MVs usually used mass spectrometric

analysis of tryptic peptides with or without a previous

separation of the samples using one-dimensional poly-

acrylamide gel electrophoresis (SDS-PAGE). However, the

presence of highly abundant proteins in the samples can

Fig. 3 MVs produced from

DsRed-transduced WMyo

contained DsRed and

transferred fluorescent staining

to HMEC when added on their

culture medium. a, b Flow

cytometry analysis of MVs

produced by WMyo 18 (a) or
DsRed-transduced WMyo18

(b); c, d flow cytometry analysis

of HMEC stimulated by MVs

produced by WMyo18 (light

line) or DsRed-transduced

WMyo18 (black line) (c) or
WMyo21 (d) *p\ 0.001

Fig. 4 MV addition in culture

medium stimulated endothelial

cell growth. HMEC growth after

a 6-day treatment with two

concentrations of MVs isolated

from two different WMyo-

conditioned media [WMyo18

(left) and WMyo21 (right)];

EBM2 with 5% FBS (Con?) or

non-conditioned medium

preparation (con-MV)

(*p\ 0.05; **p\ 0,01;

***p\ 0.001 vs. con-MV)
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impede the detection of proteins with low abundance. The

2D-DIGE proteomic techniques are advantageous because

of their facility to detect robust quantitative differences/

similarities between protein spots. Furthermore, orthogonal

techniques for the separation of proteins result in a higher

separation capacity than SDS-PAGE [34]. Finally, each

spot consists of one of several protein species that can be

digested in a low-complexity mixture for LC–MS analysis.

Our results showed that this method allowed detection of

251 human proteins that were steadily present in MVs. The

two other methods used (Disc SDS-PAGE and no treat-

ment) detected 141 further proteins, whereas 152 proteins

were detected only by the 2D-DIGE method.

In silico enrichment analysis of MV proteins using both

DAVID� and FunRich� databases showed that detected

MV proteins are, in the literature, associated with the MV

Fig. 5 HMEC migration rate was increased in the presence of MVs.

Photographs allowing to evaluate HMEC migration: a, c after the

scratch, b, d after 24 h in the presence of (a, b) medium only or (c,
d) 10 lg/ml of MVs derived from WMyo18; e, f HMEC migration

rate evaluation after 24 h-treatment with two concentrations of MVs

isolated from two different WMyo-conditioned media [WMyo18

(e) and WMyo21 (f)]; EBM2 with 5% FBS (Con?) or non-

conditioned medium preparation (con-MV) (*p\ 0.05; **p\ 0,01;

***p\ 0.001 vs. con-MV)
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compartment (integrins, lactadherin, annexins, Rabs,

mitochondrial proteins) but not with the exosomes (ab-

sence of Alix or CD81) [35]. The classification of the

proteins likewise determined that they can be linked to

signaling pathways triggered by extracellular matrix pro-

teins and mediated by integrins, growth factor receptors

and proteoglycans and to extracellular matrix organization.

These results reflect the known functions of myofibroblasts

in extracellular matrix formation and remodeling during

healing [33]. The other cluster that MV proteins have been

linked to is cell motility. During healing, cells need to

migrate into granulation tissue, the temporary tissue, to

Fig. 6 MVs stimulated capillary-like formation by HMECs in

Matrigel�-reduced growth factors. Photographs allowing to evaluate

tube formation on Matrigel�: comparison between HMEC with con-

MV (a) and HMEC with 10 lg/ml of MVs (b). Bar 0.55 mm.

Number (c, d) and length (e, f) of capillary-like structures after 24-h

treatment with two concentrations of MVs isolated from two different

WMyo-conditioned media [WMyo18 (c–e) and WMyo21 (d–f)];
EBM2 supplemented with 5% FBS (Con?) or non-conditioned

medium preparation (con-MV) (*p\ 0.05; **p\ 0,01;

***p\ 0.001 vs. con-MV)
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repopulate it. Fibroblasts and myofibroblasts then recon-

stitute the extracellular matrix, whereas endothelial cells

need to migrate to reconstitute a dense capillary network.

The DAVID analysis identified that MV proteins can be

associated with the angiogenic cluster. This finding is in

agreement with the enrichment analysis performed with

FunRich, which showed that *30% of MV proteins are

members of the pro-angiogenic VEGF/VEGFR, EGFR and

PDGFR pathways and with our previous study [14], which

detected VEGF and FGF2 in MVs. Furthermore, we show

here that MVs produced by serum-activated wound

myofibroblasts can be incorporated into endothelial cells

and significantly stimulate microvascular endothelial cells

growth, migration rate and capillary-like structure forma-

tion, demonstrating that MVs secreted by myofibroblasts

can promote angiogenesis.

EVs produced by platelets [36], endothelial [8], mes-

enchymal [15, 16] or cancer cells [5] have been shown to

stimulate angiogenesis. However, these EVs are usually

exosomes, which have been isolated by ultracentrifugation

and contain markers such as Alix or CD81. Furthermore,

they are usually obtained after serum starvation [8, 15, 16].

By contrast, in our experimental conditions, myofibroblasts

only produced MVs when they were stimulated by serum

[14] while exosome production was very low. It has to be

noted, however, that differential centrifugation processing

results in enriched MV and enriched exosome preparations

but not in pure preparations, the size distribution of both

groups overlapping. However, the lack of detection of

exosome markers such as Alix protein in MV-enriched

preparations supports the fact that the MV-enriched

preparation contains very few exosomes. Exosome pro-

duction by normal mesenchymal cells (NIH3T3) has been

detected in the presence of serum, but the number of cells

required to detect such production was around 50 times

higher than in our experiments [37].

The action of WMyos [27] as well as of MVs [38] from

other cells on angiogenesis has been documented in a

variety of cell types. MVs may fully or partially fuse with

the target cell, allowing for a complete or selective transfer

of contents, including membrane and cytosolic proteins,

bioactive lipids or even whole cell organelles [2]. The

action on endothelial cells has been shown to be linked to

several proteins such as endoglin [8], MMP-2 [15], VEGF

[6] or PDGF [39] or RNA transfer (miR-150 [40], and

miR-31 [16]). Several of these proteins have been detected

in MVs produced by WMyos and can be valuable mole-

cules to account for the angiogenic activity of MVs.

However, we have identified in this study both experi-

mentally and in silico other pro-angiogenic proteins and

receptors, which might be linked with the molecular

mechanisms underlying the pro-angiogenic effect of MVs.

Conclusion

This study demonstrates that MVs produced by serum-

stimulated myofibroblasts contain proteins contributing to

extracellular matrix organization, cell motility, cell junc-

tion and adhesion and that promote angiogenesis, probably

through several growth factor regulated pathways. MV

release is thus an important step in myofibroblast activity

during wound healing and is involved in the finely

orchestrated mechanism of skin repair.
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