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Abstract
Adipose stem cell-derived exosomes have great potential in accelerating cutaneous wound
healing by optimizing fibroblast activities. Recent studies have demonstrated that exosomes
play an active role in the transport of functional cytoskeletal proteins such as vimentin.
Previously we showed that vimentin serves as a coordinator of the healing process. Therefore,
we hypothesized that vimentin incorporated into the exosomes may contribute to mediate
fibroblast activities in wound healing. Our results revealed that exosomal vimentin from
adipocyte progenitor cells acts as a promoter of fibroblast proliferation, migration, and ECM
secretion. Furthermore, our in vitro and in vivo experiments provide evidence that exosomal
vimentin shortens the healing time and reduces scar formation. These findings suggest the
reciprocal roles of exosomes and vimentin in accelerating wound healing. Exosomes can
serve as an efficient transportation system to deliver and internalize vimentin into target cells,
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while vimentin could have an impact on exosome transportation, internalization, and cell
communication.
Graphical abstract

Introduction

Despite the progress made during the last decades to improve cutaneous wound healing,
current treatments are still challenging and often ineffective (Cabral, Ryan, Griffin, & Ritter,
2018a)(Than, Guanzon, Leavesley, & Parker, 2017)(Geiger, Walker, & Nissen, 2015).
Accumulating evidence suggests that extracellular vesicles (EVs) derived from mesenchymal
stem/stromal cells (MSC) are promising alternatives to stem cells in regenerative
therapy(Cabral et al., 2018a)(Than et al., 2017)(Geiger et al., 2015)(Roşca, Ţuţuianu, &
Titorencu, 2018). Exosomes are one of the EV subsets and have a diameter of 30-300 nm.
Due to their intrinsic features, which include high stability, non-immune rejection, homing
effect, easy control of dosage and concentration, exosomes have the potential to promote
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tissue repair(Baglio, Pegtel, & Baldini, 2012)(Wang et al., 2017)(Roşca et al., 2018)(Kim,
Lee, Kim, & Kim, 2018). Furthermore, purified exosomes can be administrated either locally
or systemically in wound therapy (J. Zhang et al., 2015)(Ti et al., 2015) (Bin Zhang et al.,
2015) (B Zhang et al., 2015). Specifically, exosomes secreted by adipose-derived stem cells
(ADCs) exert beneficial effects on cutaneous wound healing by accelerating fibroblast
proliferation, migration, and improving collagen synthesis (Cabral, Ryan, Griffin, & Ritter,
2018b)(W. Zhang et al., 2018) (Li et al., 2018).
Vimentin is a cytoskeletal protein actively involved in wound healing. Vimentin knockout
(Vim-/-) mice show systemic defects in wound healing (Battaglia, Delic, Herrmann, & Snider,
2018). Previously, we found that vimentin is involved in wound healing by controlling
fibroblast proliferation, TGF-β1–Slug signaling, collagen accumulation, and epithelialmesenchymal transition (EMT), a process that occurs during development, wound healing,
and cancer metastasis (Cheng et al., 2016). Interestingly, vimentin was reported to be
detectable in exosomes from different cell types. Exosomes from colorectal cancer cells were
reported to act as a transport system for functional vimentin and mediate the transformation of
cancer-favorable macrophages (Chen et al., 2016). Furthermore, exosomal vimentin released
from astrocytes was shown to be involved in binding and uptaking C3bot (Adolf et al., 2019).
Another study showed that exosomes expressing vimentin play an important role in syngeneic
cardiac transplant rejection (Sharma, Liu, Perincheri, Gunasekaran, & Mohanakumar, 2018).
Herein, we hypothesized that exosomal vimentin can be secreted by adipocyte progenitor cells
(APCs) and promote wound healing.
In this study, prompted by our previous findings underlying the crucial role of vimentin to
promote wound healing, we aimed to investigate the contribution of exosomal vimentin in this
process. We first established an in vitro model to compare the effect of exosomes derived
from wild-type (WT-APC-Exo) and Vim-/- APCs (Vim-/-APC-Exo) on proliferation, ECM
production, and migration of fibroblasts. Then, we conducted in vivo experiments with mice
models with skin incision wounds to reveal the effect of local injection of WT-APC-Exo on
the healing time and scarring. Collectively, our results provide in vitro and in vitro evidence
that dermal fibroblast activities underlying wound healing are heavily influenced by APCderived exosomal vimentin.

Material and methods
Cell Culture
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Adult human dermal fibroblasts (HDFs) were purchased from ScienCell (Catalog No. 2320).
Mouse APCs (3t3l1) were purchased from ZenBio, Inc, and Vim-/-APCs were obtained from
Turku Bioscience Centre. Cells were cultured and expanded using CELLine AD (Adhere)
1000 flask (Integra Biosciences AG) according to previously described method (Mitchell,
Court, Mason, Tabi, & Clayton, 2008). Briefly, HDF cells were seeded at an initial density of
1.5×106 cells in 15 ml Dulbecco’s Modified Eagle Medium (DMEM) (Lonza, Switzerland)
supplemented with 1 % l-glutamine (Lonza), 0.5 % penicillin/ streptomycin (Gibco Life
Technologies Ltd., UK) and 0.5 % Exosome-Depleted fetal bovine serum (FBS) (Thermo
Scientific) into the cell compartment. The outer chamber was filled with 1000 ml DMEM
supplemented with 1 % l-glutamine, 0.5% penicillin/ streptomycin, and 10 % FBS (Thermo
Scientific). Cell conditioned media were collected from the cell compartment every 4 days
and subsequently were used for exosome purification. All the cell culture protocols were
carried out at 37 °C in a humidified 5 % CO2 environment.
Exosome isolation
Exosomes were isolated using a differential centrifugation protocol. The collected conditioned
media was centrifuged at 300 g for 10 minutes to clear the solution of the remaining cells. The
supernatant was transferred to a new 15-ml conical tube and centrifuged at 2000 g for 20
minutes to isolate apoptotic bodies. Then, the supernatant was transferred to a sterile UltraClear tube (Beckman Coulter) to isolate microvesicles by 40 minutes centrifugation at 10,000
g. Next, the supernatant was again collected and transferred to a new tube and centrifuged at
100,000 g for 120 minutes (SW 32 Ti Rotor). The pellet containing exosomes was
resuspended in 1× PBS and stored at −80 °C for future use. All procedures were performed at
4 °C.
Transmission electron microscopy (TEM)
Exosome pellets were re-suspended in PBS and 5 μl were deposited on Formvar carboncoated electron microscopy (EM) grids and allowed to air dry. Then, samples were fixed in
2% paraformaldehyde and 1 % glutaraldehyde and counterstained with 2 % uranyl acetate.
Samples were visualized using a JEM-1400 Plus transmission electron microscope (JEOL,
Tokyo, Japan), equipped with a Quemesa camera. In total, 90 images were recorded from 3
independent experiments and were used to evaluate the size of the exosomes using the Item
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software (Olympus-SiS, Münster, Germany). All electron microscopy was performed with
assistance from the Electron Microscopy Core Facility at the University of Turku.
Western blot analysis
APCs and exosomes were lysed in RIPA buffer (5 mM EDTA, 150 mM NaCl, 1 % NP40, 1
% sodium deoxycholate, 1 % SDS 20 % solution, 50 mM Tris-HCl, pH 7.4) containing
protease/phosphatase inhibitor cocktail (Cell Signaling, Danvers, MA). Protein concentrations
were measured using the Pierce BCA protein assay kit (Thermo Scientific Pierce, Rockford,
IL) and a spectrophotometer at 562 nm (Hidex Plate Reader, Finland). Cell and exosomal
lysates (30 μg of protein per well) were subjected to a 10 % SDS-PAGE and were transferred
to PVDF membranes (BioRad Laboratories, Hercules, CA). Membranes were incubated
overnight at 4 °C with primary antibodies for exosomal markers including CD9 (1:500),
CD63 (1:1000), and CD81 (1:1000), vimentin (1:500, Biolegend) and GAPDH (1:500) as a
loading control (all from System Biosciences, Palo Alto, CA, https://www.systembio.com).
On the next day, the membranes were probed with their respective secondary antibodies
(1:10,000) for one hour at room temperature. Signals were detected using the Biorad
Chemidoc MP Imaging System.

Scratch closure assay
To study wound healing, HDF cells were seeded in 96 well ImageLock plates (Essen
BioScience) at 2.4 × 104 cells/well for 48 hours, to form a 100 % confluent culture. The
confluent monolayer was then scratched using a WoundMaker™ device (Essen Bioscience).
The culture medium was replaced immediately with a fresh 0.5 % EV-free serumsupplemented culture medium containing WT-APCs-Exo (10, 100, and 200 µg/ml), Vim-/APC-Exo (100 µg/ml) or depleted media after exosome isolation (DM) as a control. Three
positions per scratch were imaged for 48 hours using the IncuCyte™ Zoom (Essen
Bioscience). Images were analyzed for relative wound density using IncuCyte™ Zoom
software. All scratch assays were performed in triplicate.
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3D cell attachment, proliferation, and directional migration assay
Cell-derived matrices (CDMs) were used to mimic the three-dimensional (3D) nature of in
vivo microenvironments. According to the protocol (Kaukonen, Jacquemet, Hamidi, & Ivaska,
2017), sterile coverslips for 24 well plates (Greiner Bio-One GmbH), were coated by using
0.2 % pre-warmed gelatin (Sigma-Aldrich) for 1 hour at +37 °C, were crosslinked with 1 %
(vol/vol) glutaraldehyde (Sigma-Aldrich) for 30 minutes at room temperature and were
treated with 1 M glycine (Sigma-Aldrich) for 20 minutes at room temperature. The coverslips
were incubated with fibroblast growth medium for 1 hour before use. Next, 5×104 HDF cells
were seeded on each coverslip to form a confluent monolayer and were treated with 50 μg/ml
sterile ascorbic acid (Sigma-Aldrich) every other day for 10 days. Fibroblasts were extracted
from CDMs by adding a prewarmed sterile-extraction solution (1 ml of NH4OH, 250 μl of
Triton X-100, and 48.75 ml of PBS). CDMs were ready to use after adding 10 μg/ml of
DNase I (Roche) and subsequent washing with PBS. CDMs architecture was visualized by
immunofluorescence staining of CDMs using collagen I (Novusbio; 1:200) and fibronectin
(1:400; Sigma-Aldrich) antibodies.
To study cell attachment, HDF cells were seeded on CDM coverslips in 24-well plates at an
initial density of 5×103 cells/well and were treated with WT-APC-Exo (100 µg/ml), Vim-/APC-Exo (100 µg/ml), Fibroblast Growth Factor-Basic human (bFGF) (2 ng/ml; Thermo
Scientific) or DM. Three images were taken per well with IncuCyte S3™ (Essen Bioscience)
every hour for 24 hours. The number of attached cells for each sample was analyzed using
IncuCyte S3 software. All measurements were performed in triplicate.
To evaluate cell proliferation, HDF cells were seeded on CDM coverslips in 24-well plates at
an initial density of 5×103 cells/well. After 24 hours cells were treated with WT-APC-Exo
(100 µg/ml) and Vim-/-APC-Exo (100 µg/ml), bFGF (2 ng/ml) or DM. Three images were
taken per well with IncuCyte S3™ every 3 hours for one week. The confluency was assessed
using IncuCyte S3 software. The medium was changed every day and replaced with fresh
medium containing the same supplements. All proliferation assays were performed in
triplicate.
Alternatively, the effect of the exosomes on the proliferation of HDFas was measured by an
MTT (3-[4.5-Dimethylthiazol-2-yl]-2.5-diphenyltetrazolium bromide; Life technologies)
assay. Briefly, HDF cells were seeded in 96-well plates at an initial density of 5×103
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cells/well for 24h. After obtaining day 0 values as a baseline, wells were treated with WTASCs-Exos (100 µg/mL), Vim-/-ASCs-Exos (100 µg/mL), bFGF (2ng/ml) or DM. MTT assay
was performed after 24, 48, and 72 hours of treatment. Cultures were incubated with
0.5mg/mL of MTT for 3-5h. Then 100μl DMSO (Sigma-Aldrich) was added to each well and
the optical density was measured at 540nm with a Hidex Plate Reader. The medium was
changed every day and replaced with fresh medium containing the same supplements.
For the directional migration assay, HDF cells were seeded on CDM coverslips in 24-well
plates at an initial density of 5×103 cells/well. After 4 hours cells were treated with WT-APCExo (100 µg/ml), Vim-/-APC-Exo (100 µg/ml), bFGF (2 ng/ml) or DM. Three images were
taken per well with IncuCyte™ S3 every 5 minutes for 24 hours. At least five positions per
each well per condition were recorded. For each condition, 10 cells were tracked with ImageJ
software using the “Manual Tracking” plugin (http://rsbweb.nih.gov/ij/).
ECM Staining and quantification
CDMs from HDFs treated with WT-APC-Exo (100 µg/ml), Vim-/-APC-Exo (100 µg/ml),
bFGF (2 ng/ml) or DM were used to evaluate collagen production and accumulation. To this
end, we performed two different experiments, one to analyze collagen in the cells and another
for collagen secretion. Picro Sirius staining combined with polarization microscopy is a
specific method for collagen detection in tissue sections (Walker, Bleaken, Romisher,
Alnwibit, & Menko, 2018). We modified the protocol so that it could apply to cultured cells.
Briefly, Sirius Red, Fast Green, and picric acid (all from Sigma) were used for histological
visualization of collagen fibers on CDMs under polarized light microscopy after 5 days of
culture. The amount of collagen was quantified from the culture medium using Sirius red dye
by previously described method (Keira, Ferreira, Gragnani, Duarte, & Barbosa, 2005). Three
CDMs from each treatment were processed for Picro-Sirius Red staining. Collagen from the
medium was collected and precipitated with 25 % saturated ammonium sulfate (SigmaAldrich Chemical Co., Saint Louis, USA) for 24 hours at 4 ⁰C, under constant agitation. This
solution was centrifuged (40,000 g, 30 min, and 4 ⁰C) and the pellet was dissolved in 2 ml of
0.5 M acetic acid (Merck, Darmstadt, Germany). Small amounts (100 μl) of collagen pellets
were precipitated with 1 ml of a solution of Sirius red dye (50 µM) in 0.5 M acetic acid.
Tubes were maintained 30 min at room temperature and then centrifuged for 30 min at 30,000
g. The pellet was eluted in 1 ml of 0.1 M potassium hydroxide (Merck, Darmstadt, Germany)
for 15 min, at room temperature. Then, the accumulation of collagen was measured with a
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Hidex Plate Reader at 540 nm. CDMs were imaged with a 20x objective (Numerical
Aperture: 0.8) using a 3i spinning disk confocal microscope (Colorado, USA) equipped with
an Orca Flash 4 v2 C11440-22CU Scientific CMOS camera (Hamamatsu, Germany). The
quality and thickness of CDMs were assessed by measuring the z-stack thickness of three
samples from each condition. In the quantifications, we measured collagen and fibronectin
fluorescent intensity from immunofluorescence images by ImageJ software. Three samples of
each condition measured for the mean intensity (n=10). Subsequently, the values from
individual immunofluorescence images with maximum intensity projection were used for the
statistical analysis.
Cell transfection
To confirm the incorporation of vimentin into the exosomes secreted from APCs, 3t3lt1 cells
were transfected with pEGFP-VIM plasmid DNA(Yoon, Moir, Prahlad, & Goldman,
1998)(Eriksson et al., 2004) using the Neon transfection system (Thermo Scientific). In brief,
WT and Vim-/- 3t3lt1 cells were cultured to reach ~80% confluency before transfection. Cells
were trypsinized, resuspended in Buffer R (Neon 100 µl kit Invitrogen), and mixed with
pEGFP-VIM plasmid. The cells were pulsed twice with a voltage of 1280 and a width of 20.
After the pulse, cells were quickly transferred into 10 cm culture plates containing DMEM
supplemented with 1 % l-glutamine, and 10 % FBS.

In vitro Tracking
To acquire exosomes from WT and Vim-/-APCs labeled for EGFP-VIM, the media was
switched to Exosome-Depleted FBS media after 48 hours. At 24 hours post-secretion, the
media was collected and centrifuged at 300 g for 10 minutes and 16,500 g for 20 minutes to
remove debris. Exosomes were enriched using a 100 kDa ultracentrifugal filter (Merck
Millipore)

and

were

fluorescently

labeled

with

1,1′-Dioctadecyl-3,3,3′,3′-

tetramethylindocarbocyanine perchlorate (Dil) dye (Thermo Scientific). Isolated exosomes
were used for western blot. Labeled WT-APC-Exo and Vim-/-APC-Exo were also added to
stained fibroblasts with actin (sir-actin, Cytoskeleton Inc.), fixed with 4% paraformaldehyde,
and imaged after 24h. In a separate experiment to confirm the exosome uptake, DiI-labeled
WT-APC-Exo was added to stained fibroblasts with CellTracker Green CMFDA (Invitrogen)
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for 24h. Samples then were fixed, and nuclei were stained with DAPI (Thermo Scientific).
For both experiments, cells were imaged with a 63x objective (Immersion: Oil, Numerical
Aperture: 1.4) under a 3i CSU-W1 spinning disk confocal microscope (Colorado, USA)
equipped with a camera (Photometrics, Arizona, US). Z-Stacks were taken for all samples and
image analysis was performed using ImageJ.
To characterize exosomal vimentin, we developed a novel and simple method using a cellfree system. DiI-labeled exosomes were incubated and immobilized on CDM for 24 hours
and were fixed with 4 % paraformaldehyde. Then, vimentin was stained using a chicken
primary antibody (1:500, Biolegend) and Abberior Star 635P as the secondary antibody
(1:500). Exosomes were washed by ultracentrifugation (28500 g, 30 minutes at 4⁰C) after
each step. Untreated CDM and Vim-/-Exos were used as controls. The incorporation of
vimentin into exosomes was visualized with a 3D stimulated emission depletion (STED)
microscope (Abberior Instruments, Germany) using an Olympus UPLSAPO 100x objective
with NA 1.4 and immersion oil. Three z-stacks were taken for each sample and images were
processed and analyzed using ImageJ.
Mass spectrometry

Purified exosomes were lysed in a buffer containing 8 M urea, 0.5 % NP40, 2 mM EDTA,
150 mM NaCl and one tablet of protease and phosphatase inhibitors (Thermo Scientific) for
30 minutes on ice. Then, the samples were sonicated for 5 minutes (30´ on and 30´off) and the
protein was precipitated using 4-5 volumes of cold acetone overnight at -20 ºC. Samples were
cleared by centrifugation for 15 minutes using 16 000 g at 4 ºC and the pellet was dissolved in
100 µl of 6 M urea in 25 mM ammonium bicarbonate. Approximately 100 µg of protein was
used for in-solution digestion. The samples were reduced with 10 mM DTT for one hour at 37
ºC and alkylated with 40 mM iodoacetamide for one hour in the dark at room temperature.
The alkylation was quenched with DTT and the urea concentration was diluted with 25 mM
ammonium bicarbonate. Sequencing grade trypsin was added to each sample in a 1:30 ratio to
total protein and the samples were incubated overnight at 37 ºC. The peptides were acidified
with TFA and were desalted using Sep Pak C18 columns (100 mg, Waters) according to the
instructions of the manufacturer. The samples were dried on a speed-vac centrifuge and stored
at -80 ºC. Before analysis, the samples were dissolved in 0.1 % formic acid and approximately
100 ng of each sample was loaded for LC-MS/MS analysis. The analysis was conducted using
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an Easy-nLC 1000 liquid chromatography (Thermo Scientific) coupled to an Orbitrap Fusion
Lumos Tribrid Mass Spectrometer (Thermo Scientific). The peptides were loaded on a precolumn (100 µm × 2 cm), followed by separation in an analytical column (75 μm x 15 cm),
both packed with 5 μm ReproSil-Pur 200 Å C18 silica particles (Dr. Maisch HPLC GmbH).
The peptides were separated using a 60-minute gradient (5-42 % B in 50 min, 42-100 % B in
6 min, 100% B for 4 minutes, in which solvent B was 80 % acetonitrile 0.1 % formic acid in
water) at a flow rate of 300 nl/min. MS/MS data were acquired in positive ionization mode
using data-dependent acquisition using a 2.5 s cycle time. The MS survey scans were acquired
with a resolution of 120,000 with a range of 300–1700 m/z, an AGC target of 7.0 e5 and
maximum injection time of 50 ms. The ions were selected for HCD fragmentation using an
isolation window of 1.6 m/z, with an AGC target of 104 and a maximum injection time of
50 ms. MS/MS spectra were recorded with 30,000 resolution, and a dynamic exclusion
window of 35 s was used.
Raw files obtained from the LC-MS/MS analyses were processed using Proteome Discoverer
2.3 and searched against a SwissProt Mus musculus proteome database with the Sequest HT
search engine. Trypsin was selected as an enzyme with a maximum of 2 missed cleavages.
The precursor mass tolerance was set to 10 ppm and the fragment mass tolerance to 0.02 Da.
Cysteine carbamidomethylation was set as a fixed modification, and N-terminus acetylation
and methionine oxidation as variable modifications. The Peptide level false discovery rate
(FDR) was set to 1 % and was determined by searching against a concatenated sequence
database. Only proteins identified with more than one unique peptide were considered.
Mouse skin injury model and treatment
SPF Balb/c mice were purchased from the laboratory animal center of Sun Yat-Sen University.
All mice used for these experiments were 5-8 weeks old. Animal procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) at Sun Yat-Sen University
(approval number: SYSU-IACUC-2019-00001). Mice were fed with irradiated maintenance
fodder and sterile water. To access wound healing, mice were anesthetized with an
intraperitoneal injection of 1 % pentobarbital sodium (Sigma-Aldrich) at a dose of 10 ml/kg,
and the dermal hair was shaved. A 1 cm2 round full-thickness excisional wound was created
by surgery. Nine mice were randomly divided into three treatment groups: negative control,
Vim-/-APC-Exo, and WT-APCs-Exo. The three groups of mice were given an intraperitoneal
injection of PBS (5 mg/kg), Vim-/-APC-Exo (5 mg/kg), and WT-APCs-Exo (5 mg/kg),

This article is protected by copyright. All rights reserved.

Accepted Article

respectively. After three days of wounding, mice were treated once a day for seven days.
Weight and wound diameter were recorded daily and were analyzed with ImageJ. The scar
tissues were collected on day 10 and each tissue was divided into two parts, one part stored at
-80℃, and the other was submerged in 4% paraformaldehyde for further analysis.

Histology
After 48 hours of fixation, tissue samples were dehydrated in a graded series of ethanol
concentrations and embedded in paraffin. Tissue samples were cut with 5 μm of thickness and
stained with hematoxylin and eosin. Histological changes were visualized (Nikon Eclipse Ti2,
USA) and recorded.

RNA isolation and qPCR analysis
Total RNA from skin tissue and spleen was isolated by TRIZOL reagent (TaKaRa, Tokyo,
Japan). Samples were ground down in the mortar before adding TRIZOL reagent.
NANODROP ONE (Thermo Fisher Scientific) was used to measure RNA concentrations.
RNA was reversely transcribed into complementary DNA (cDNA) by using HiScript III RT
SuperMix for qPCR (+gDNA wiper) (Vazyme, China) with T100TM Thermal Cycler (BIORAD), and then quantified by qPCR using 2x SYBR Green qPCR Mix (ES Science, China)
with LightCycler® 96 (Roche). All processes were following the manufacturer’s instructions.
Relative gene expression folding changes were identified with the 2−ΔΔCt method. The primers
used in this study are summarized in Table 1.
Table 1
Gene

Forward primer sequence 5’→3’

Reverse primer sequence 5’→3’

Mouse-IL-6

GTTCTCTGGGAAATCGTGGA

TGTACTCCAGGTAGCTATGG

Mouse-TNF-α

TCTCATCAGTTCTATGGCCC

GGGAGTAGACAAGGTACAAC

Mouse- TGFβ1

CTCCCGTGGCTTCTAGTGC

GCCTTAGTTTGGACAGGATCTG

Mouse- Col1

GAGCGGAGAGTACTGGATCG

TACTCGAACGGGAATCCATC

Mouse-IL-10

CGGGAAGACAATAACTGCACCC

CGGTTAGCAGTATGTTGTCCAGC
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mouse-βActin

GGCTGTATTCCCCTCCATCG

CCAGTTGGTAACAATGCCATGT

Statistics
Statistical differences between groups were calculated by either Student’s t-test or one-way
ANOVA with post hoc multiple comparisons based on data acquired from at least 3
independently biological repeats. P < 0.05 was accepted as a significant difference.
Results
Characterization of APCs-derived exosomes
We first purified exosomes from WT and Vim-/- APCs by differential centrifugation and
ultracentrifugation and verified them by transmission electron microscopy (TEM) and
dynamic light scattering (DLS) (Fig. 1(a) and (b)). We obtained exosomes with diameters
ranging between 30 – 300 nm (Fig. 1(b)). Interestingly, we observed a 20 % reduction in the
average size of Vim-/-APC-Exo when compared to WT-APC-Exo, which were 59 and 73 nm
in diameter, respectively (Fig. 1(b)). Additionally, western blot analysis indicated that the
purified exosomes expressed exosomal markers, including Hsp70, CD9, CD63, and CD81
(Fig. 1(c)). We observed no change in the expression of exosome markers between WT and
Vim-/-APC-Exo.
WT-APC-Exos enhance the migration of human dermal fibroblasts (HDFs)
We have reported before that vimentin promotes wound healing(Cheng et al., 2016). To check
if APC-derived exosomes influence wound healing, we first performed a wound scratch assay
and found that WT-APC-Exo promoted wound healing in HDFs. (Fig. 2(a)). Among the
tested concentrations (0, 10, 100, and 200 μg/ml), 100 μg/ml of WT-APC-Exo was the
optimal concentration to drive the HDFs migration (Fig. 2(a) and (b)). Intriguingly, WT-APCExo had a stronger effect on fibroblast migration than Vim-/-APC-Exo (p < 0.01) (Fig. 2(c)
and (d)). As exosomes can drive directional cell motility (Sung, Ketova, Hoshino, Zijlstra, &
Weaver, 2015), we asked if WT and Vim-/-APC-Exo play a distinct role in directional
migration. Therefore, we performed a directional cell migration assay in a 3D environment
using CDM (Fig. 2 (e, f) and (g)). Excitingly, exosomes (100 μg/ml) enhanced the directional
migration of fibroblasts towards the wound area (Fig. 2(e)). As expected, WT-APC-Exo
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guided the cells towards the same y-coordinate in a linear direction. On the other hand, Vim-/APC-Exo led a directionless path of a zig-zag' pattern to close the gap (Fig. 2(f)), despite the
increase in cell velocity (Fig. 2(g)).
WT-APC-Exos promote cell attachment and proliferation in HDFs
To explore whether APCs-Exos induce fibroblast proliferation, HDFs were seeded on CDMs
and were incubated with WT-APC-Exo (100 μg/ml), Vim-/-APC-Exo (100 μg/ml) and bFGF
(2 ng/ml) and depleted media (DM) as controls. Treatment with WT-APC-Exo significantly
enhanced HDFs' attachment and proliferation as compared to Vim-/-APC-Exo (Fig. 3 (a)). 24
hours post-treatment, 25 %, 41 % and 45 % of the cells were attached in presence of Vim -/APC-Exo, WT-APC-Exo and bFGF, respectively (Fig. 3 (b)). Accordingly, the growth rate of
fibroblasts was enhanced in the presence of WT-ASC-Exos (Fig. 3 (c) and (d)). After two
days of exosome treatment, the growth rate of HDFs was enhanced by 22 %, 34 %, and 44 %
in presence of Vim-/-APC-Exo, WT-APC-Exo, and bFGF, respectively, when compared to
DM control (Fig. 3 (d)).
WT-APC-Exo promote ECM production in fibroblasts
As WT-APC-Exo and Vim-/-APC-Exo promoted HDFs migration and proliferation, we
hypothesized that they also regulate ECM production. To test this hypothesis, we first
measured the collagen expression of HDFs in the presence of WT-APC-Exo and Vim-/-APCExo using Picro-Sirius Red staining. We saw no significant difference between Vim-/-APCExo and DM treatments, while WT-APC-Exo dramatically enhanced collagen expression (by
45 %) when compared to Vim-/-APC-Exo (Fig. 4(a) and (b)). In line with these results, there
were stronger fluorescent signals of collagen I and fibronectin fibers in CDMs secreted from
HDFs exposed to WT-APC-Exo, but not Vim-/-APC-Exo, when compared to DM control
(Fig. 4(c) and (d)). The accumulation of collagen I and fibronectin were enhanced in the
presence of WT-APC-Exo when compared to Vim-/-APC-Exo or DM control.

Moreover,
-/-

CDMs were 32 % thicker in the presence of WT-APC-Exo when compared to Vim APC-Exo
(Fig. 4(e)), further indicating that WT-APC-Exo promotes ECM production in fibroblasts.
Vimentin carried by exosomes is internalized by HDFs
To confirm the incorporation of vimentin into the exosomes, we transfected WT-APC and
Vim-/-APC with vimentin-EGFP and then we purified exosomes from the transfected cells.
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Western blot results using GFP and vimentin antibodies and images from confocal
microscopy confirmed that GFP-vimentin is expressed in exosomes from both WT and Vim-/transfected cells (Fig. 5(a) and (b)). Since vimentin is involved in migration, proliferation, and
collagen deposition, we next asked whether exosomal vimentin is the driver of the fibroblast
activities studied above. To this end, we incubated purified, DiI-labeled exosomes with HDFs
for 24 hours and quantified the fluorescence intensity as a measurement of exosomes
internalization. Our results demonstrate that while both WT and Vim-/- Exos were readily
taken up by HDFs, and the percentage of WT-APC-Exo seen in HDFs was 63.6 % higher
(Fig.5 (c and (d)), suggesting that the interaction between HDFs-exosomes and exosome
uptake can be mediated by vimentin. To support these results, we performed mass
spectrometry for both WT-APC-Exo and Vim-/-APC-Exo，collaboratively supporting that,
although both Exos contain exosome markers (Table 2). Furthermore, STED microscopy
images from purified, DiI-labeled exosomes proved the incorporation of GFP-vimentin into
exosomes, indicating that vimentin may be on the surface of exosomes or inside them (Fig. 5
(e)).
WT-APC-Exo promote wound healing in vivo
Based on the roles of exosomal vimentin in cellular models relevant to wound healing, we
asked whether exosomal vimentin is an important determinant in wound healing in vivo. Thus,
we made a full-thickness excisional injury to the dorsal skin of mice and then treated them
with exosomes over 10 days. Our results demonstrate that the wounds on mice treated with
WT-APC-Exo healed faster than mice treated with Vim-/-APC-Exo and PBS. While upon
WT-APC-Exo treatment wounds healed almost completely with a minimum scar size, the
epithelial layer of wounds from the Vim-/-APC-Exo and control groups still had obvious scars
on day 10 (Fig. 6 (a) and (b)). Histological analysis of the wounds 7 days after injury revealed
that WT-APC-Exo significantly reduced inflammation and immune cell infiltration when
compared to Vim-/-APC-Exo and control (Fig. 6 (c)). Moreover, RT-qPCR analysis shows
that TGFβ and collagen I were significantly higher in the WT-APC-Exos group when
compared to the control group or Vim-/-APC-Exos group (Fig. 6 (e) and (g)), while IL-6 and
TNFα were lower (Fig. 6 (d) and (f)). As changes in inflammation levels are important for
damage repair, we also examined

mouse RAW 264.7 macrophage cells, the major

inflammation cell type during wound healing. The results suggest that WT exosomes lead to
downregulation of pro-inflammatory cytokines IL-6 and TNF- α , but up-regulate anti-
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inflammatory cytokine IL-10. In comparison, Vim-/- exosomes have no effect in these
cytokine production when compared to DM control (Supplemental Fig. 1(a-c)). The cells
results are in line with animal experiment to confirm that skin inflammation was alleviated by
WT exosomes during wound healing when compared to Vim-/- exosomes or untreated group.
Collectively this data indicates the regulatory role of exosomal vimentin in mediating wound
healing.

Discussion

In summary, we found that vimentin is incorporated into adipocyte-derived exosomes, and
exosomal vimentin accelerates wound healing by promoting proliferation, migration, and
ECM remodeling in the wound environment. Our study is the first to indicate that APCsexosomal vimentin can be a potential regulator of fibroblast activities, specifically during
wound healing. These results support our hypothesis of reciprocal roles of exosomes and
vimentin in mediating wound healing: exosomes can serve as an efficient transportation
system to deliver and internalize vimentin into target cells, while vimentin could have an
impact on exosome transportation, internalization, and cell communication.

Several studies have reported the contribution of ADCs conditioned medium as a source of
cytokines and chemokines in promoting cutaneous wound healing (Yang, Chung, Won, &
Sung, 2010)(Hocking & Gibran, 2010)(Jeong, 2010). However, there is evidence to confirm
that the key mechanism by which mesenchymal stem cells contribute to tissue repair is
through their paracrine function which highlights the potential role of exosome as new
mediators in wound repair (W. Zhang et al., 2018)(Y. Hu et al., 2018) (Cooper et al.,
2018)(Wang et al., 2017)(Y. Zhang, Yu, & Tian, 2016). Here, we observed that ADC-Exos
could accelerate wound closure in a non-dependent dose manner. MSC-exosomes carry a
complex cargo contains various bioactive molecules including proteins, nucleic acids,
morphogens, free fatty acids, genetic information, and membrane components. It has been
shown that the capacity of exosomes to enhance cell proliferation and migration depends on
different factors such as exosome origin, doses, and target cells (Hoang et al., 2020). Even
though it has been shown that MSC therapy was well tolerated by recipient cells and it is
generally accepted belief that the MSC therapeutic action is mainly through the paracrine
pathway, it is unlikely that exosome just targets a single bioactive molecule or pathway to
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achieve a significant clinical impact. This led to the hypothesis that the high concentration of
exosomes might prevent the functional endpoints of exosomes, interfere with normal cell
functions, and prevent correct healing.
The cytoskeletal protein vimentin has been shown to act as a critical regulator of the wound
healing process in different tissues and cell types (Walker et al., 2018) (Cheng et al., 2016).
Induction of ADCs with adipose ECM increased the expression of vimentin and the
proportion of fibroblasts (Zhou et al., 2019). Consistent with these reports, the expression
levels of vimentin significantly increased in various skin cell types treated with the stem cell
secretome (Park et al., 2018). Thus, although there is evidence to confirm the role of vimentin
in accelerating wound healing by ADCs conditioned medium, the potential role of ADCsexosomal vimentin in this process remains unknown. Here, we showed that treatment with
WT-APC-Exos shortens the healing time and reduces scar formation when compared to Vim/-APC-Exos, pointing to a role of exosomal vimentin in mediating fibroblasts activities
towards healing. Interestingly, TEM images showed that Vim-/-APC-Exos have a smaller size
than WT-APCs-Exos. As exosomes resemble the intracellular status of their original secreted
cell, the smaller size of Vim-/-APC-Exos might indicate a potential role of vimentin in
regulating cell size.

According to previous studies, vimentin (Cheng et al., 2016) (Chen et al., 2016)(Adolf et al.,
2019)(Rahman et al., 2016) as well as other cytoskeleton proteins (Dozio & Sanchez, 2017)
(Tucher et al., 2018)(Kumari, Saxena, & Agrawal, 2015) are detectable in extracellular
vesicles, specifically in exosomes. In agreement with these studies, we detected vimentin in
both pEGFP-Vim transfected WT and Vim-/-APC. In the cells, vimentin is attached to the
nucleus, endoplasmic reticulum, and mitochondria (Challa & Stefanovic, 2011). The vimentin
structure can be changed by different factors including post-translational modifications or
interacting proteins which explain its functional diversity (Danielsson, Peterson, Caldeira
Araújo, Lautenschläger, & Gad, 2018). Our result from STED microscopy showed that
vimentin was distributed both around and inside the exosomes. Nevertheless, further
experiments are needed to clarify the structural organization of exosomal vimentin.

We have previously demonstrated that vimentin is required in inflammatory cell migration to
the wound site and longer inflammation phase has been observed in vimentin-deficient
wounds (Cheng et al., 2016). Furthermore, various studies have revealed that MSC-exosomes
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mediate the healing process through all three phases of wound healing including
inflammation, proliferation, and remodeling. Exosomes mitigate the inflammatory response
through downregulation of pro-inflammatory enzymes, cytokines, and chemokines (P. Hu et
al., 2019). Accordingly, we observed that exosomel vimentin acts as an anti-inflammatory
regulator in mediating wound healing process.

Exosome secretion has been shown necessary for directional and efficient cell migration.
Exosomes powerfully promote cell directional motility by two mechanisms: first, as a carrier
of ECM components such as fibronectin, exosome simulates extracellular receptor signaling
and provides matrix attachment for migrating cells. Secondly, several molecules that could
promote cell motility including proteinases, chemokines, and growth factors exist in exosome
cargo or act via control of exosome biogenesis and cargo content (Sung et al., 2015). Interestingly,
vimentin has been reported as a key player in the determination of the polarity and the
directionality of fibroblast migration (Margiotta & Bucci, 2016). Our results from the current
study go beyond previous reports, showing that exosomal vimentin is a strong regulator of
this process. We observed that there is a preferred route direction towards wound site under
treatment of WT-Exos, whereas, by Vim-/-Exos treatments, no apparent similar behavior can
be detected. Based on previous studies and our findings, we speculate that vimentin may
control directional cell motility as an exosomal cargo or by affecting exosome uptake.
ECM constituents including collagen and fibronectin are crucial components of wound
healing phenomena. Vimentin-deficient fibroblasts have been shown to contribute to reduced
ECM production and delayed wound healing (Cheng et al., 2016). Furthermore, It has been
proved that exosomes promote the healing process by regulating ECM remodeling (Wang et
al., 2017). In line with previous findings, we showed that not only WT-APC-Exos promote
HDFs proliferation, but also exosomal vimentin by affecting fibroblasts behaviors as the main
source of ECM proteins play a key role in reconstruction and organization of the ECM
components.
Biogenesis, secretion, and uptake of EVs require cytoskeletal proteins remodeling (Ann
Mulcahy, Charles Pink, & Raul Francisco Carter, 2014)(Margiotta & Bucci, 2016). Surface
interactions of EVs with the EV-target cells involve cytoskeleton components such as tubulin,
actin and actin-binding proteins, which participate in the fusion and transport of intracellular
membranes (Théry, Zitvogel, & Amigorena, 2002)(Buzás, Tóth, Sódar, & Szabó-Taylor,
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2018). In agreement with these findings, our results from cultured HDFs exposed to exosomes
showed that the number of internalized exosomes in the WT-APC-Exo treatment is higher
than the Vim-/-APC-Exo treatment. This may suggest that the interaction between HDFs and
exosomes can be directed or mediated by vimentin-exosome interactions and vimentin might
play a role in exosome uptake.
Broadly translated our findings indicate that while exosomes long understood for their role in
cell-cell communication, exosomes can be considered as an efficient transportation system to
deliver and internalize vimentin cytoskeleton protein into the target cells. This observation
raises the possibility that cytoskeleton disruption could have an impact on exosome transportation,
internalization, and, finally, on cell communication mediated by exosomes. However, future
investigations are necessary to illuminate how exosomes interact and deliver exosomal
vimentin to recipient cells. In this manner, regarding the limitations of current exosome
isolation and purification methods, advances in this field, may help to study the exosomal
vimentin filaments organization and characterization.
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Fig 1. Characterization of exosomes derived from WT and Vim-/-APCs. (a) Representative images of
transmission electron microscopy of isolated WT and Vim-/-APC-Exo. Scale bar: 100 nm. (b) The size
distribution of WT-APC-Exo and Vim-/-APC-Exo measured by dynamic light scattering analysis. (c) Detection
of CD81, CD9, CD63, Hsp70, and GAPDH expression in exosomes by western blotting. WCL is the whole cell
lysate from WT-APC as a control.
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Fig 2. WT-APC-Exo enhances the migration of human dermal fibroblasts. (a) Representative images and (b)
relative wound density of human dermal fibroblasts (HDFs) following treatment with 0, 10, 100, or 200 μg/ml
WT-APC-Exo after 0 and 24 hours of scratch wounding. (c) Representative images and (d) relative wound
density of HDFs following treatment with WT-APC-Exo (100 μg/ml), Vim-/-APC-Exo (100 μg/ml) and depleted
media after Exos isolation (DM) after 0 and 24 hours of scratch wounding. The migration rate is represented as
relative wound density in percentage. (e) Representative images of the directional migration of HDFs upon WTAPC-Exo and Vim-/-APC-Exo treatment (upper images). Cells were tracked using ImageJ software (lower
images). Individual tracks represent the migration path of the cells. Scale bar: 500 μm. (f) Analysis of the
migration of 10 representative cells per treatment and their positional y-coordinates. (g) Average of the cell
velocity during the wound healing. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. WT-APC-Exo promotes HDF cell attachment and proliferation. (a) Representative images of HDF
cells plated on CDMs following treatment with WT-APC-Exo (100 μg/ml), Vim-/- APC-Exo (100 μg/ml), and
bFGF (2 ng/ml) and depleted media after Exos isolation (DM) as controls at 2 and 24 hours post-treatment. Scale
bar: 100 μm. (b) Percentage of attached cells 2 and 24 hours post-treatment. (c) MTT colorimetric assay at 24, 48
and 72 hours post-treatment. (d) Percentage of confluency at 24 and 48 hours post-treatment. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Figure 4. WT-APC-Exo promotes ECM production in HDFs. (a) Evaluation of collagen expression in HDFs
after treatment with WT-APC-Exo (100 μg/ml), Vim-/- APC-Exo (100 μg/ml), and bFGF (2 ng/ml) and depleted
media after Exos isolation (DM) as controls. The cells were stained with Picro-Sirius Red 7 days post-treatment
to evaluate collagen accumulation. Scale bars, 100 μm. (b) Quantitation of collagen accumulation in the culture
medium from HDF cells treated with WT and Vim-/- Exos. Collagen concentration is represented as the relative
fluorescent intensity of the Sirius red dye. (c) Representative images of the collagen organization in HDF CDMs
visualized by immunostaining of collagen I and fibronectin. Scale bar: 50 μm. (d) Quantification of collagen and
fibronectin signal intensity in CDMs secreted by HDF cells. Data were normalized to surface area and
represented as mean ± standard error of the mean (n = 5). (e) Quantitation of the CDM thickness. *P < 0.05,
**P < 0.01.
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Figure 5. APC-Exos are internalized by HDFs. (a) Immunoblotting validation of vimentin-GFP expression in
WT-APC and Vim-/-APC as well as WT and Vim-/- APC-derived exosomes using anti-vimentin and anti-GFP
antibodies. WCL is a whole cell lysate. WCL from Vim-/-APC is used as a control. (b) Representative images of
vimentin-GFP internalization in HDFs exposed to WT-APC-Exos (100 μg/mL) and Vim-/-APC-Exos (100
μg/mL) from vimentin-GFP transfected cells, 24 hours post-treatment. Scale bar: 100 μm; magnified image scale
bar: 5 μm. (c) RFU quantification of the WT and Vim-/-APC-Exo internalized by HDFs. Data were normalized
to surface area and represented as mean ± standard error of the mean (n = 10). ***P < 0.01. (d) Representative
images of WT-APC-Exo internalization in HDFs, 24 hours post-treatment. Scale bar: 10 μm. (e) Representative
images (XY and XZ stacks) of incorporated vimentin in WT-APC-Exo immobilized on CDM. Scale bar: 10 μm;
magnified images scale bar: 0, 1 μm; lateral view scale bar: 0.5 μm.
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Figure 6. WT-APC-Exo promotes wound healing. (a) Macroscopic images of wounds at different stages,
made in mice treated with PBS, WT-APC-Exo (5mg/kg), and Vim-/- APC-Exo (5mg/kg). (b) Quantification of
the speed of wound closure over 10 days (n=3). (c) Hematoxylin and eosin staining of wound tissue sections
from each group of mice Scale bars: 100 μm. (d-g) Quantification of the relative ratio of IL-6 (d), TGF-β (e),
TNF-α (f) and collagen I (g) in each group (n=3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Table 1. Vimentin is displayed in WT-APC-Exo but not in Vim-/-APC-Exo. Identification of exosomal
markers and vimentin in WT-APC-Exo and Vim-/-APC-Exo. Exosomes were lysed, digested with trypsin, and
submitted to LC-MS/MS. Sequest HT was used as the search engine node. PSMs: peptide-to-spectrum matches;
MW: molecular weight; +: found; -: not found.
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Supplementary 1

Supplementary Fig.1. WT-APC-Exo regulates inflammatory response in wound healing. (a) Quantification
of the relative ratio of IL-6 (d), TNF-α (f) and IL-10 (g) in each group (n=3). *P < 0.05, **P < 0.01,
***P < 0.001.
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