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Abstract

Chronic non-healing wounds represent one of the most common complications of diabetes and need
advanced treatment strategies. Exosomes are key mediators of cell paracrine action and can be directly
utilized as therapeutic agents for tissue repair and regeneration. Here, we explored the effects of
exosomes from human urine-derived stem cells (USC-Exos) on diabetic wound healing and the
underlying mechanism.

Methods: USCs were characterized by flow cytometry and multipotent differentiation potential
analyses. USC-Exos were isolated from the conditioned media of USCs and identified by transmission
electron microscopy and flow cytometry. A series of functional assays in vitro were performed to assess
the effects of USC-Exos on the activities of wound healing-related cells. Protein profiles in USC-Exos and
USCs were examined to screen the candidate molecules that mediate USC-Exos function. The effects of
USC-Exos on wound healing in streptozotocin-induced diabetic mice were tested by measuring wound
closure rates, histological and immunofluorescence analyses. Meanwhile, the role of the candidate protein
in USC-Exos-induced regulation of angiogenic activities of endothelial cells and diabetic wound healing
was assessed.

Results: USCs were positive for CD29, CD44, CD73 and CD90, but negative for CD34 and CD45.
USCs were able to differentiate into osteoblasts, adipocytes and chondrocytes. USC-Exos exhibited a
cup- or sphere-shaped morphology with a mean diameter of 51.57 + 2.93 nm and positive for CD63 and
TSGI101. USC-Exos could augment the functional properties of wound healing-related cells including the
angiogenic activities of endothelial cells. USC-Exos were enriched in the proteins that are involved in
regulation of wound healing-related biological processes. Particularly, a pro-angiogenic protein called
deleted in malignant brain tumors 1 (DMBT1) was highly expressed in USC-Exos. Further functional
assays showed that DMBTI protein was required for USC-Exos-induced promotion of angiogenic
responses of cultured endothelial cells, as well as angiogenesis and wound healing in diabetic mice.

Conclusion: Our findings suggest that USC-Exos may represent a promising strategy for diabetic soft
tissue wound healing by promoting angiogenesis via transferring DMBT1 protein.
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Introduction

Soft tissue injury remains a common occurrence
following traumas such as bone fracture [1, 2]. Repair
of soft tissue wounds is a well-orchestrated sequence
of events involving cell migration, proliferation,
extracellular matrix deposition, angiogenesis, and
remodeling [3]. In patients with diabetes, the normal
wound healing process is impaired and leads to
chronic non-healing ulcers, which cause a great
burden on patients, their families, society and the
healthcare system [3]. A series of multiple
mechanisms, including decreased local angiogenesis
and diminished blood supply, contribute to delayed
wound healing in persons with diabetic ulcers [4].
Thus, strategies designed to augment angiogenic
responses in the wound sites may be beneficial for the
acceleration of healing of diabetic wounds.

Recently, exosomes, 40-150 nm in diameter
extracellular vesicles originating from multivesicular
bodies (MVBs), have been of increased interest in
regenerative medicine [5]. Exosomes are key
mediators of cell paracrine action by transferring
genetic materials and proteins to target cells, where
the exogenous exosomal molecules can regulate target
gene or protein expression and recipient cell function
[6, 7]. Accumulating studies have revealed that direct
treatment with these nanoparticles can evoke stem
cells-like pro-regenerative effects in injured tissues
and avoid many risks associated with stem cell
transplantation therapy [8, 9]. For skin, exosomes
from human adipose-derived mesenchymal stem cells
(MSCs) or umbilical cord-derived MSCs or
endothelial progenitor cells, upon injection in and
around the wound bed of rodent skin wounds, have
been found to significantly promote wound healing,
collagen synthesis and revascularization of wound
sites [8, 10-12]. However, the use of these stem cells is
often limited by the source and isolation of stem cells
from adipose tissues is invasive. It is imperative to
look for a new parent cell source from which it is easy
to obtain abundant exosomes for tissue repair.

Zhang and co-workers recently identified a
subpopulation of cells isolated from urine possessing
MSCs-like biological characteristics, such as cell
surface marker expression profiles, self-renewal
capacity, multipotent differentiation, pro-angiogenic
paracrine effects and immune-modulatory properties
[13]. Thus, they termed these cells urine-derived stem
cells (USCs) [13]. Compared to other MSCs, USCs
have several advantages: 1) USCs can be collected
using a simple, safe, non-invasive and low-cost
procedure [14]; 2) The isolation of pure USCs is easy
and does not require an enzyme digestion process; 3)
USCs display high telomerase activity so that they can
generate more cells, but not teratomas or tumors [14,

15]; 4) USCs can be obtained regardless of a person’s
gender, age or health condition (except in those with a
urinary tract infection or anuria) [13, 14, 16]. These
features make USCs an attractive cell source for
generating exosomes. Fu et al. reported that local
transplantation of USCs is able to markedly enhance
angiogenesis and wound closure in rats [17].
Considering that exosomes are important mediators
of cell activity [6, 7], it would be interesting and
meaningful to explore whether USCs-derived
exosomes (USC-Exos) have the ability to accelerate the
healing process of diabetic wounds.

In this study, we determined the effects of
USC-Exos on the activities of cultured wound
healing-related cells, and profiled the protein
expression in USC-Exos and their parent cell USCs to
screen the candidate molecules that mediate
USC-Exos function. In vivo, we verified the effects of
USC-Exos on angiogenesis and chronic wound repair
in streptozotocin-induced diabetic mice. Meanwhile,
the role of the candidate protein in USC-Exos-induced
regulation of diabetic wound healing was assessed.
Our study aimed to determine the therapeutic
benefits of USC-Exos in diabetic wound healing and
to elucidate the underlying molecular mechanism.

Materials and Methods

Isolation, culture and identification of human
USCs

Human urine samples (30-50 mL per sample)
were obtained from three healthy donors (two men
and one woman) with an age range of 24-28 years.
Written informed consent was obtained from all
participants and all experimental procedures were
approved by the Ethical Review Board at Xiangya
Hospital of Central South University (No. 201612653).
USCs were isolated from urine samples using a
protocol modified from a previous study [18]. Briefly,
urine sample was collected in a sterile 50 mL tube
containing 500 pL Antibiotic-Antimycotic (100x stock;
Gibco, Grand Island, USA). After centrifugation at 400
xg for 10 min, the supernatant was carefully removed
and only 1 mL was left in the tube. The pellets were
gently resuspended in the remaining 1 mL urine and
10 mL PBS was added to the fluid. After
centrifugation at 200 xg for 10 min, the supernatant
was discarded, leaving only ~0.2 mL plus the pellet.
The cell pellet was resuspended in 3 mL primary
medium and averagely transferred into three wells of
a 12-well plate. All procedures were performed at
room temperature. Cells were maintained at 37 °Cin a
humidified atmosphere containing 5% CO». 48 h later,
1 mL primary medium was directly added to the
culture without removing any medium. Approxima-
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tely 96 h after plating, 1 mL medium was removed
and 1 mL proliferation medium was added.
Thereafter, the whole medium was changed to
complete proliferation medium every other day. USC
colonies were enumerated by an inverted microscope
(Leica DMI6000B, Solms, Germany). Cells were
passaged at 80-90% confluence. Early-passage USCs
(p2-6) were used for the downstream experiments.
Primary medium contains DMEM/F-12 supplemen-
ted with the REGM SingleQuot kit (Lonza, USA), 10%
fetal bovine serum (FBS; Gibco) and 1% Antibiotic-
Antimycotic (Gibco). Proliferation medium contains
mixed (1:1 ratio) DMEM/F-12 and RE basal medium
(RBM) supplemented with the REGM BulletKit
(Lonza), 10% FBS (Gibco), 1% Antibiotic-Antimycotic
(Gibco), 1% GlutaMAX (Gibco), 1% NEAA (Gibco), 5
ng/mL bFGF (Peprotech, USA), 5 ng/mL PDGF-BB
(Peprotech) and 5 ng/mL EGF (Peprotech).

Multipotent differentiation potentials (including
osteogenesis, adipogenesis and chondrogenesis) of
USCs were evaluated by using the osteogenic,
adipogenic and chondrogenic differentiation media
(Cyagen Biosciences, Guangzhou, China) as described
previously [17, 19]. Alizarin Red S staining (at day 14),
Oil Red O staining (at day 21) and Alcian Blue
staining (at day 28) were respectively performed to
evaluate the extent of osteogenesis, adipogenesis and
chondrogenesis of USCs. The expression of surface
marker proteins (including CD29, CD44, CD73, CD90,
CD34 and CD45) on USCs was detected by flow
cytometry as described previously [8]. Nonspecific
fluorescence was determined by incubation of similar
cell aliquots with isotype-matched monoclonal
antibodies. All antibodies were obtained from BD
Biosciences (San Jose, CA, USA).

Isolation and identification of USC-Exos

After reaching 80% confluence, USCs were
washed with PBS and incubated with freshly
prepared complete medium containing exosomes-free
FBS for 48 h. The conditioned medium of USCs was
collected and centrifuged at 300 xg for 10 min and
2000 xg for 30 min to remove dead cells and cellular
debris. After centrifugation at 10, 000 xg for 30 min,
the supernatant was filtered using a 0.22 pm filter
(Millipore, Billerica, USA). 15 mL supernatant was
added to an Amicon Ultra-15 Centrifugal Filter Unit
(100 kDa; Millipore) and centrifuged at 4000 xg to
about 1 mL. The ultrafiltration liquid was washed
twice with PBS and re-ultrafiltrated at 4000 xg to 1
mL. One-fifth volume of Exoquick Exosome
Precipitation Solution (System Biosciences, USA) was
added to the ultrafiltration liquid and mixed well by
inverting. After incubation for 12 h, the mixture was
centrifuged at 1500 xg for 30 min and the supernatant

was removed by aspiration. The exosome pellets were
resuspended in 500 pL PBS. All procedures were
performed at 4 °C. The protein content of exosomes
was determined by the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, USA). Exosomes were
stored at -80 °C or used for the downstream
experiments. The in vitro functional properties of
USC-Exos were verified by three independent
experiments using exosomes from three above-
described donors-derived USCs. Proteomics and the
effects of USC-Exos on diabetic wound healing were
assessed using exosomes from one of the three
donors-derived USCs.

Exosomes morphologies were observed by
transmission electron microscopy as described
previously in detail [20]. Briefly, exosomes suspension
was mixed with an equal volume of 4%
paraformaldehyde and deposited on Formvar-carbon-
coated EM grids. Images were acquired with a Hitachi
H-7650 transmission electron microscope (Hitachi,
Tokyo, Japan). Exosomal surface marker proteins
including CD63 and TSG101 were analyzed by flow
cytometry analysis as described previously [21].
Briefly, exosomes were attached to 4 pm
aldehyde/sulfate latex beads (Invitrogen, Carlsbad,
USA) by mixing 30 pg exosomes in 10 pL beads for 15
min at room temperature. This suspension was
diluted to 1 mL with PBS and incubated for an
additional 30 min. After termination of the reaction by
100 mM glycine and 2% BSA in PBS, the exosomes-
bound beads were washed with 2% BSA in PBS,
blocked with 10% BSA and incubated with the
primary antibodies anti-CD63 (1:5; Santa Cruz
Biotechnology, Santa Cruz, USA) and anti-TSG101
(1:10; ProteinTech, Chicago, USA). 30 min later, the
exosomes-bound beads were washed with 2% BSA in
PBS and incubated with the Alexa 488-tagged
secondary antibodies (1:25; Jackson Immunoresearch,
West Grove, USA) for 30 min. Secondary antibody
incubation alone served as the negative control. The
beads were then washed and analyzed by flow
cytometry using a Becton Dickinson FACSscan (San
Jose, CA, USA). Results were analyzed with Flowjo
software (Tree Star Inc, Ash-land, USA).

Proteomic analysis

Preparation of protein samples

USCs (three biological replicate samples called
C1, C2 and C3) were seeded in 75 cm?2 culture flasks
and washed with PBS when they reached 80%
confluence. After incubation in fresh exosomes-free
complete medium (15 mL per flask) for 48 h, USCs
and their conditioned media were collected. Three
exosomes samples (E1, E2 and E3) were isolated from
the culture medium of C1, C2 and C3, respectively.
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The cells and exosomes samples were processed for
iTRAQ-based quantitative proteomic analysis by
Jingjie PTM BioLab (Hangzhou, China). All samples
were sonicated three times on ice in lysis buffer
(Sigma-Aldrich, St. Louis MO, USA) and the protein
was precipitated with cold 15% trichloroacetic acid for
4 h at -20 °C and then redissolved in a buffer (8 M
urea, 100 mM tetraethylammonium bromide (TEAB),
pH 8.0). The protein concentration was tested with a
2-D Quant kit (GE Healthcare Bioscience, Shanghai,
China). For digestion, the protein solution was
reduced with 5 mM dithiothreitol for 30 min at 56 °C,
alkylated with 11 mM iodoacetamide for 15 min and
diluted by 200 mM TEAB until the urea concentration
was below 2 M. Trypsin was then added to the
solution at a trypsin-to-protein mass ratio of 1:50 for
the first overnight digestion and 1:100 for the second 4
h digestion. Approximately 100 pg protein for each
sample was digested with trypsin for the following
experiments.

TMT labeling and HPLC fractionation

After digestion, peptide was desalted by a Strata
X C18 SPE column (Phenomenex) and vacuum-dried.
Peptide was reconstituted in 1 M TEAB and processed
with the 6-plex TMT kit (Sigma). The peptide
mixtures were incubated for 2 h and pooled, desalted
and dried by vacuum centrifugation. Then, the
sample was fractionated by high pH reverse-phase
HPLC using an Agilent 300 Extend C18 column (5 pm
particles, 4.6 x 250 mm). Peptides were separated with
a gradient of 2% to 60% acetonitrile in 10 mM
ammonium bicarbonate pH 9.0 over 80 min into 80
fractions and then combined into 18 fractions and
dried by vacuum centrifuging.

Quantitative proteomic analysis by LC-MS/MS

Peptides were dissolved in 0.1% formic acid,
desalted in a reversed-phase pre-column (Acclaim
PepMap 100; Thermo) and separated using a
reversed-phase analytical column (Acclaim PepMap
RSLC; Thermo). The gradient was comprised of an
increase from 7% to 25% solvent B (0.1% FA in 98%
ACN) over 24 min, 25% to 40% in 8 min and climbing
to 80% in 4 min then holding at 80% for the last 4 min,
all at a constant flow rate of 350 nL/min on an
EASY-nLC 1000 UPLC system. Peptides were
subjected to NSI source followed by tandem mass
spectrometry (MS/MS) in Q Exactive TM (Thermo)
coupled online to the UPLC. Intact peptides were
detected in the orbitrap at a resolution of 70,000.
Peptides were selected for MS/MS using a NCE
setting of 28; ion fragments were detected in the
orbitrap at a resolution of 17,500. A data-dependent
procedure that alternated between one MS scan

followed by 20 MS/MS scans was applied for the top
20 precursor ions above a threshold ion count of 1 x
10* in the MS survey scan with 30.0 s dynamic
exclusion. The electrospray voltage applied was 2.0
kV. Automatic gain control was used to prevent
overfilling of the orbitrap and 5 x 10* ions were
accumulated for generation of MS/MS spectra. For
MS scans, the m/z scan range was 350 to 1800. Fixed
first mass was set as 100 m/ z.

Database search and bioinformatics analysis

The resulting MS/MS data was processed using
MaxQuant with integrated Andromeda search engine
(v.1.5.2.8). Tandem mass spectra were searched
against swissprot Human database. Trypsin/P was
specified as cleavage enzyme allowing up to 2 missing
cleavages. Mass error was set to 10 ppm for precursor
ions and 0.02 Da for fragment ions. Carbamidomethyl
on Cys was specified as a fixed modification and
oxidation on Met and acetylation on the protein
N-terminus were specified as variable modifications.
For the protein quantification method, TMT 6-plex
was selected in Mascot. The false discovery rate (FDR)
was adjusted to < 1% at protein, peptide and PSM
levels.

Gene Ontology (GO) analysis was performed to
classify all identified proteins into three categories
(cell component, molecular function and biological
process) using the UniPort-GOA database (http://
www.ebi.ac.uk/GOA/), InterProScan (http://www.
ebi.ac.uk/interpro/) and GO annotation (http://gene
ontology.org/). Differentially expressed proteins
were identified with a cutoff of absolute fold change >
1.5. For each category, a two-tailed Fisher’s exact test
was employed to test the enrichment of the
differentially expressed protein against all identified
proteins. The GO with a corrected p value < 0.05 was
considered significant.

Inhibition of deleted in malignant brain tumors
1 (DMBTI)

Three lentivirus shRNAs (shDMBT1 #1,
shDMBT1 #2 and shDMBT1 #3) and the scramble
control shRNA (Con shRNA) were obtained from
Cyagen Biosciences (Guangzhou, China) and the
virus packaging was performed by Cyagen
Biosciences. Cell transfection was performed
following the handbook from the manufacturer. In
brief, the cells were incubated in retroviral
supernatant supplemented with 10 pg/mL polybrene
(Cyagen). 24 h later, the medium was changed to fresh
complete medium. 72 h after infection, the cells were
selected with 2.5 pg/mL puromycin (Sigma) in the
culture medium. The shRNA sequences used in this
study were the following: shDMBT1 #I:
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5'-ACCTTGAGGTTGGTCAATTTACTCGAGTAAAT
TGACCAACCTCAAGGT-3'; shDMBT1 #2: 5'-CCCGT
CCAAACACAGATTATTCTCGAGAATAATCTGTG
TTTGGACGGG-3'; shDMBT1 #3: 5'-TCCGTGTACCT
GCGTTGTAAACTCGAGTTTACAACGCAGGTACA
CGGA-3'; Con shRNA: 5-CCTAAGGTTAAGTCGCC
CTCGCTCGAGCGAGGGCGACTTAACCITAGG-3'.

Culture of keratinocytes, fibroblasts and
endothelial cells

Human skin keratinocytes HaCaT (FuHeng
Biology, Shanghai, China) and human skin fibroblasts
(HSFs; FuHeng) were cultured in high-glucose
Dulbecco's modified eagle medium (Gibco) supplem-
ented with 10% FBS. Human microvascular
endothelial cells (HMECs; Cell Bank of the Chinese
Academy of Sciences, Shanghai, China) were cultured
in MCDB131 medium (Gibco) containing 10% FBS, 1
pg/mL hydrocortisone (Sigma), 1% GlutaMAX
(Gibco) and 10 ng/mL epidermal growth factor
(Sigma). Cells were incubated at 37 °C, 5% CO2.

Exosomes uptake assay

USCs were labeled with a green fluorescent dye
(PKH67; Sigma) according to the manufacturer’s
instructions. Then, the cell-labeled suspension was
centrifuged at 300 xg for 15 min and the supernatant
was discarded. Cells were washed twice with PBS and
seeded into culture flasks for 48 h of incubation. Next,
USC-Exos were isolated from the conditioned media
of USCs and incubated with skin cells at 37 °C for 3 h.
Cells were then washed with PBS and fixed with 4%
paraformaldehyde for 15 min. After washing with
PBS, nuclei were stained with DAPI (0.5 pg/mL;
Invitrogen, Carlsbad, USA). The signals were
analyzed with a fluorescence microscope (Leica
DMI6000B, Solms, Germany).

In vitro effects of USC-Exos on skin cells

For testing the effects of USC-Exos on the
activities of skin cells (HaCaT, HSFs and HMECs), the
cells were incubated in their respective culture
medium and received different treatments: 1) control
group (treated with an equal volume of exosomes
diluent (PBS)); 2) USC-Exos group (treated with 100
pg/mL USC-Exos). For testing the role of DMBT1 in
USC-Exos-induced regulation of the activities of
endothelial cells, HMECs were cultured in MCDB131
medium under different treatment conditions: 1)
control group (treated with PBS); 2) USCsCon
shRNA-Exos group (treated with 100 pg/mL exosomes
from Con shRNA-transfected USCs); 3) USCsshDMBT1
#l.Exos group (treated with 100 pg/mL exosomes
from DMBT1-silenced USCs).

Proliferation assay

In brief, cells (5 x 10° cells per well;, four
replicates per group) were seeded into 96-well culture
plates and treated with exosomes (100 pg/mL) from
different groups or PBS. A group without cells served
as the blank. On days 1, 2, 3, 4, and 5, cell counting
kit-8 reagent (CCK-8; 10 pL per well; 7Sea Biotech,
Shanghai, China) was added to the culture medium
(100 pL per well). After incubation at 37 °C for 3 h, the
absorbance of each well was measured at 450 nm by a
microplate reader (Bio-Rad 680, Hercules, USA) and
cell proliferation was represented through the mean
absorbance of each individual well minus the blank
value.

Scratch wound healing assay

Cells (2 x 10° cells per well; three replicates per
group) were seeded into a 12-well plate and incubated
at 37 °C. After the cells had attached, the monolayer
was scratched with a p200 pipette tip, washed with
PBS to remove floating cells and then exposed to
exosomes (100 pg/mL) from different groups or an
equal volume of PBS. Mitomycin-C (5 pg/mL; Sigma)
was present throughout the migration assays to
exclude the influence of cell proliferation on wound
closure. HaCaT and HSFs were photographed at 0 h,
12 h and 24 h later; HMECs were photographed at 0 h,
6 h and 12 h after wounding. The rate of migration
area was calculated as the ratio of closure area to
initial wound as described previously [8]: Migration
area (%) = (Ao - An)/ Ao x 100, where Aq represents the
area of initial wound area and A, represents the
remaining area of wound at the metering point.

Transwell migration assay

Boyden chamber assays were performed using
24-well transwell inserts (Corning, NY, USA) with 8
pm pore-sized filters and 24-well culture plates as
described previously [22, 23]. Cells (1 x 10* cells per
well; three replicates per group) were suspended in
low serum (5% FBS) medium and plated into the
upper chamber. 500 pL complete medium (containing
10% FBS) supplemented with exosomes (100 pg/mL)
from different groups or an equal volume of PBS was
added to the lower chamber. After incubation for 12 h,
cells attached to the upper surface of the filter
membranes were removed by cotton swabs and cells
on the bottom side of the filter (the migrated cells)
were stained with 0.5% crystal violet for several
minutes. The number of migrated cells was quantified
under an optical microscope at a x100 magnification
(Leica).

Tube formation assay
50 pL cold Matrigel per well was transferred into
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each well of a 96-well plate and incubated at 37 °C for
30 min. Then, HMECs (2 x 10* cells per well; three
replicates per group) were plated into the
Matrigel-coated 96-well plates and treated with
exosomes (100 pg/mL) from different groups or PBS.
6 h after seeding, tube formation was detected under
an inverted microscope (Leica). The indicators (total
branching points, total tube length and total loops)
revealing the abilities to form tubes were measured by
using Image-Pro Plus 6.0 software.

Quantitative real-time PCR (qRT-PCR)
analysis

Total RNA was extracted using TRIzol Reagent
(Invitrogen, Carlsbad, USA) and 1 pg total RNA from
each sample was reverse transcribed into cDNA with
a Revert Aid First Strand cDNA Synthesis kit
(Fermentas, Burlington, Canada). gqRT-PCR was
performed using FastStart Universal SYBR Premix
ExTaq (Takara Biotechnology, Japan). Reactions were
processed and analyzed on an ABI PRISM® 7900HT
System (Applied Biosystems, USA). Relative gene
expression was calculated using the 2-24€T method
and GAPDH was used as a housekeeping gene for
normalization. Primer sequences used for qRT-PCR
were as follows: h-DMBT1: forward, 5'-GCCAACCTC
TCGTGCATCAA-3', and reverse, 5-TGTCCCAGTAG
TCATCACACAC-3'; h-Gapdh: forward, 5'-ATCCCA
TCACCATCTTCC-3', and reverse, 5-GAGTCCTTCC
ACGATACCA-3'.

Western blotting

Lysates of cells or exosomes were diluted at a
ratio of 1:5 with protein loading buffer (5%; Beyotime
Biotechnology, Jiangsu, China) and heated at 95 °C for
5 min. Protein extracts were separated by SDS-PAGE
(6% gel for DMBT1 and 12% gel for other proteins)
and transferred to polyvinylidene fluoride
membranes (Immobilon P, Millipore, USA). The
membranes were blocked with 5% milk in TBST
(Tris-buffered saline, 10 mM Tris-HCI pH 7.5, 150 mM
NaCl, 0.1% Tween-20) for 60 min at room
temperature, incubated with primary antibodies at 4
°C overnight and then incubated with the horseradish
peroxidase-conjugated secondary antibodies at 37 °C
for 1 h. Primary antibodies and dilutions were used as
follows: anti-CD9 (1:500; Santa Cruz), anti-CD63
(1:300; Santa Cruz), anti-CD81 (1:500; Santa Cruz),
TSG101 (1:1000; ProteinTech, Chicago, USA),
anti-DMBT1 (1:5000; Abcam, Cambridge, Britain),
anti-VEGF-A (1:500; R&D system, Minneapolis, USA),
Akt (1:500; Cell Signaling Technology, Danvers, USA)
anti-phosphorylate Akt (p-Akt; 1:500; Cell Signaling
Technology) and anti-GAPDH (1:5000; Cell Signaling
Technology). All the secondary antibodies (1:5000)

7

were obtained from Cell Signaling Technology. The
immunoreactive bands were visualized using
enhanced chemiluminescence reagent (Thermo Fisher
Scientific, Waltham, USA) and imaged by the
ChemiDoc XRS Plus luminescent image analyser
(Bio-Rad).

Mouse skin wound model and treatments

Animal care and experimental procedures were
approved by the Laboratory Animal Management
Committee of Xiangya Hospital of Central South
University (No. 201612654). Forty female C57BL/6
mice (3-months-old and weighing 25-30 g) were used
in the present study. Experimental diabetes was
induced by intraperitoneal injection of streptozotocin
(STZ; 50 mg/kg; Sigma) freshly dissolved in a 0.1 M
phosphate-citrate buffer (pH 4.5) for 5 consecutive
days for the fasted (18 h) mice [24], whereas control
mice (non-DM control; n=6) received only citrate
buffer. Blood glucose levels were monitored after 3
days and those mice (n > 30) showing blood glucose
levels greater than 16.67 mM were diagnosed as
diabetic. The diabetic mice were kept under
observation for two weeks before creation of skin
wounds.

Thirty diabetic mice were selected and
anesthetized by intraperitoneal injection of 50 mg/kg
pentobarbital sodium (Sigma). After shaving the mice,
two full-thickness excisional skin wounds (6 mm in
diameter) were created on the upper back of each
mouse. Then, the mice were randomly divided into
three treatment groups: 1) PBS group (wounds treated
with 100 pL PBS); 2) USCsCon shRNA-Exos group
(wounds treated with 200 pg USCsCon shRNA_Exos in
100 pL PBS); 3) USCsshDMBTL #1_Exos group (wounds
treated with 200 pg USCsshPMBTL #1_Exos in 100 pL
PBS). Briefly, the mice were subcutaneously injected
with USCsCon shRNA_Ex g, USCsshDMBT1 #1_Exos or PBS
around the wounds at 4 injection sites (25 pL per site).
At days 0, 6, 9 and 12 post-wounding, the wounds
were photographed and measured with a caliper rule.
Wound-size reduction was calculated using the
equation: wound-size reduction (%) = (Ao -
Ay)/Apx100, where Agis the initial wound area, and
At is the wound area at the indicated times. 12 days
after the operation, the mice were sacrificed and skin
samples were harvested. The undersurface of the skin
was viewed and photographed to detect the newly
formed blood vessels.

Histological and immunofluorescence analysis

The skin specimens containing the wound bed
and surrounding healthy skin were fixed in 4%
paraformaldehyde, dehydrated with a series of
graded ethanol, embedded in paraffin and then cut
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into 10 pm thick sections. For histological analysis,
wound sections were stained with hematoxylin and
eosin (H&E) and the percentage of re-epithelialization
(E%) was assessed as described previously [8]: E% =
Wn/Wo x 100, where Wo is the original wound area,
and Wn is the length of newly generated epithelium
across the surface of the wound. Masson’s trichrome
staining was used to evaluate the degree of collagen
maturity. The mean staining intensity for Masson was
measured in at least three random visual fields per
section using Image-Pro Plus 6 software. For
immunofluorescence staining for ki67 and CD31, the
sections were rehydrated and heated in a microwave
in citrate buffer (0.01 M; pH 6.0) for 15 min to retrieve
the antigen. The sections were then blocked in 1%
BSA for 30 min at room temperature, incubated with
the primary antibodies anti-ki67 (1:100; Abcam) or
anti-CD31 (1:50; Abcam) overnight at 4°C, and then
incubated with the respective secondary antibodies
(1:250; Abcam) at room temperature for 1 h while
avoiding light. Images were acquired with a
fluorescence microscope (Leica). Vessel density and
ki67-postive cells were quantified from at least three
random visual fields per section using Image-Pro Plus
6 software.

Statistical analysis

Data are presented as mean + standard deviation
(SD).  Statistical ~analysis of multiple-group
comparisons was analyzed by one-way analysis of
variance (ANOVA), followed by the Bonferroni post
hoc test to assess the significance of differences
between two groups. Analyses were performed using
GraphPad Prism software. Differences were judged to
be statistically significant when P < 0.05.

Results

Identification of USCs and USC-Exos

USC colonies appeared approximately 3 and 7
days after initial plating. The cells exhibited a
spindle-like morphology (Fig. 1A). When cultured in
osteogenic, adipogenic or chondrogenic medium,
USCs were able to differentiate into osteoblasts,
adipocytes or chondrocytes, as evidenced by Alizarin
Red S staining (Fig. 1B-a), Oil Red O staining (Fig.
1B-b) and Alcian Blue staining (Fig. 1B-c),
respectively. Flow cytometry analysis revealed that
USCs were highly positive for MSC surface markers
including CD29, CD44, CD73 and CD90, but negative
for CD34 and CD45 (Fig. 1C). All these features were
consistent with the findings of previous studies
[13-15, 17]. Transmission electron microscopy and
flow cytometric analysis were used to identify the
nanoparticles derived from USCs. As shown in Fig.
1D-E, the vesicles exhibited a cup- or sphere-shaped

morphology with a mean diameter of 51.57 + 2.93 nm,
similar to previously described exosomes [5]. Flow
cytometric analysis showed the presence of exosomal
markers including CD63 and TSG101 (Fig. 1F), which
further confirmed their identity as exosomes.

USC-Exos promote the proliferation and
migration of keratinocytes and fibroblasts

Keratinocytes and fibroblasts play important
roles in wound healing [25]. To examine the effects of
USC-Exos on keratinocyte and fibroblast function, we
firstly determined whether USC-Exos could be
internalized into these cells. As shown in Fig. 2A, the
green fluorescent dye (PKH67)-labeled USC-Exos
were transferred to the perinuclear region of the
human keratinocytes cell line HaCaT and skin
fibroblasts (HSFs) after 3 h incubation. For functional
assays, HaCaT and HSFs were treated with USC-Exos
or an equal volume of PBS for the indicated times.
CCK-8 analysis was applied to measure the effect of
USC-Exos on proliferation of HaCaT and HSFs. The
results showed that the proliferation of these cells was
markedly elevated in response to exosomes
stimulation (Fig. 2B). USC-Exos treatment also caused
a remarkable increase in HaCaT and HSFs migration
compared to control groups, as evidenced by the
scratch wound assay (Fig. 2C-D) and transwell
migration assay (Fig. 2E-F). These data suggest that
the activation of keratinocytes and fibroblasts may
contribute to the effects of USC-Exos on wound
healing.

USC-Exos enhance the angiogenic activities of
endothelial cells

We then assessed the impact of USC-Exos on the
angiogenic activities of endothelial cells. Fluorescence
microscopy analysis revealed that PKH67-labeled
USC-Exos were incorporated into human micro-
vascular endothelial cells (HMECs) (Fig. 3A). The
tube formation assay on Matrigel is an in vitro model
of angiogenesis. As shown in Fig. 3B, HMECs treated
with USC-Exos showed a higher number of
capillary-like structures compared with the control
group. Quantitative measurements revealed that the
total tube length, total branching points and total
loops were all significantly increased after USC-Exos
stimulation (Fig. 3C). CCK-8 assay showed that
HMECs exhibited a much stronger proliferative
ability when exposure to USC-Exos (Fig. 3D).
Transwell assay (Fig. 3E-F) and scratch wound
healing assay (Fig. 3G-H) revealed that exosomes
remarkably up-regulated the motility of HMECs.
These findings indicate that USC-Exos augment the
angiogenic activities of endothelial cells.
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Figure 1. Identification of USCs and USC-Exos. (A) USCs showed a spindle-like morphology. Scale bar: 100 pm. When cultured in osteogenic, adipogenic or
chondrogenic medium, USCs were able to differentiate into osteoblasts, adipocytes or chondrocytes, as evidenced by Alizarin Red S staining (B-a; Scale bar: 100 pm),
Oil Red O staining (B-b; Scale bar: 50 pm) and Alcian Blue staining (B-c; Scale bar: 100 ym), respectively. White arrows indicate lipid droplets. (C) Flow cytometry
analysis of the cell surface markers on USCs. The isotype controls are illustrated as blank curves and the test samples are illustrated as solid gray curves. (D)
Morphology of USC-Exos under transmission electron microscopy. Scale bar: 50 nm. White arrows indicate exosomes. (E) The mean diameter of USC-Exos (51.57
+ 2.93 nm; n=232) was calculated from TEM images and the exosomes frequency was plotted for indicated size groups of 5 nm each. (F) Representative flow
cytometry histograms showing the presence of exosomal surface markers CD63 and TSG101 on USC-Exos-bound beads (solid gray curves). Secondary antibody

incubation alone served as the negative control (blank curves).

Proteomic analysis of USCs and USC-Exos

To investigate the functional molecules that
mediate the effects of USC-Exos, proteomic analysis
using ITRAQ technology was conducted to detect the
protein expression profiles in USC-Exos and their
parent cell USCs. In total, 4214 protein groups were
identified, among which 3762 proteins were quant-
ified. GO analysis was conducted to classify all
identified proteins in three categories, including cell
component, molecular function and biological process
(data not shown). Differentially expressed proteins
were identified with a cutoff of absolute fold change >
1.5 and p value < 0.05. The results showed that 2911
proteins were differentially expressed between
USC-Exos and USCs. Among them, 442 proteins in
USC-Exos were significantly higher and 2469 proteins
were much lower than in their parent cell USCs. All
proteins identified and quantified in USC-Exos and
USCs are listed in the Table S1. Then, the
differentially expressed proteins were biologically

interpreted and their involved biological processes
were explored (Fig. S1). The results revealed that
USC-Exos were highly enriched in the proteins that
are involved in regulation of multiple biological
processes related to wound healing, such as skin cell
proliferation, migration and differentiation, angio-
genic tubule formation and vascular development,
extracellular matrix assembly and organization,
response to wounding and external stimulus, as well
as cytokine production (Fig. 4A). Fig. 4B shows the
ratio of expression of a class of angiogenesis-related
proteins and exosomal markers in USC-Exos
compared to that in USCs. The data showed that
DMBT1, a potent promoter of angiogenesis [26], was
up-regulated 137.42 + 16.99-fold in USC-Exos as
compared to USCs. VEGF-A, a major positive
regulator of both physiological and pathological
angiogenesis [27, 28], was also enriched in USC-Exos
(E/C=16.44 £ 0.96-fold). Results of western blotting
confirmed the enrichment of DMBT1 and VEGFA in
USC-Exos (Fig. 4C). The protein levels of exosomal
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markers including CD9, CD63, CD81 and TSG101
were also verified by western blotting. Data revealed
that USC-Exos had much higher levels of CD9 and
CD81, a comparable level of TSG101, and a lower
level of CD63 compared to USCs, all of which were
consistent with the proteomic data.

DMBTI1 mediates the pro-angiogenic effects of
USC-Exos on endothelial cells

To investigate the role of DMBT1 in
USC-Exos-induced  pro-angiogenic  effects on
endothelial cells, three shRNAs (shDMBT1 #1,
shDMBT1 #2 and shDMBT1 #3) were used to
knockdown the expression of DMBT1 in USCs and the
inhibitory efficiency of these sShRNAs was tested by
qRT-PCR (Fig. 5A). USCs transfected with the shRNA
showing the highest inhibitory efficiency (shDMBT1
#1) or with the scramble control sShRNA (Con shRNA)
were used as a “factory” to generate exosomes for
downstream assays. Results of western blotting
determined the down-regulation of DMBT1 in
exosomes from DMBT1-silenced USCs (USCsshPMBTL
#1-Exos) (Fig. 5B). CCK-8 assay showed a decreased
ability of USC-Exos to promote the proliferation of
HMECs when DMBT1 was knocked down in their
parent cell USCs (Fig. 5C). As evidenced by the
scratch wound healing assay (Fig. 5D-E) and the
transwell assay (Fig. 5F-G), the pro-migratory effects
of USC-Exos were also suppressed once DMBT1
content was reduced in USC-Exos. Tube formation
assay showed fewer numbers of capillary-like
structures on Matrigel by HMECs treated with
USCsshPMBT1 #1.Exos compared with the USCsCon
shRNA-Exos group (Fig. 5H). Quantitative analysis of
the total tube length, total branching points and total
loops further confirmed that down-regulation of
DMBT1 in USC-Exos blocked their positive effects on
tube formation (Fig. 5I-K). Studies have reported that
DMBT1 is able to increase the expression of VEGF-A
[29] and activate the PI3K-Akt pathway [30]. Thus, we
performed western blotting to detect the levels of
VEGF-A, Akt and p-Akt in HMECs following
treatment with  USCsshDMBTL  #1_Exos, USCsCon
shRNA-Exos or an equal volume of PBS for 24 h. As
shown in Fig. 5L, the ability of USC-Exos to induce
VEGF-A expression and phosphorylation of Akt was
markedly compromised when DMBT1 expression in
USC-Exos was inhibited. Collectively, our findings
suggest that DMBTT1 is required for USC-Exo-induced
promotion of endothelial angiogenesis.

Exosomal DMBT1 accelerates cutaneous
wound healing in diabetic mice

To determine the effects of USC-Exos on diabetic
wound healing and the role of DMBT1 in this process,

diabetic mice were established by injection of STZ and
two full-thickness cutaneous wounds were created on
the back of each mice, followed by subcutaneous
injection of USCsshPMBT1 #1.Exos, USCsCon shRNA-Exos or
an equal volume of PBS. Digital photographs of
wounds showed much faster wound closure in
diabetic mice exposed to USCsCon shRNA_Exos, as
determined by smaller wound areas measured at days
6, 9, and 12 post-wounding when compared with the
control (PBS) group (Fig. 6A-B). However, the
pro-wound healing effect was markedly decreased
with the inhibition of DMBT1 expression in
USCs-Exos (Fig. 6A-B). H&E staining was carried out
to evaluate the extent of re-epithelialization and scar
formation. As shown in Fig. 6C, much longer newly
formed epidermis and dermis with hair follicles and
fat cells were observed in the wounds treated with
USCsConshRNA_Exos, as compared with the PBS-treated
wounds at day 12 after operation. Quantitative
measurements confirmed that USCsCon shRNA-Exos-
treated wounds had a higher rate of re-epithelial-
ization and a lower level of scar formation than the
control group (Fig. 6D). However, when compared
with the USCsCon shRNA_Exos group, the beneficial
effect on re-epithelialization and the inhibitory effect
on scarring in the USCsshPMBT1 #1.Exos group were
attenuated. Histological analysis of Masson’s
trichrome-stained sections showed larger amounts of
wavy collagen fibers in USCsCon shRNA-Exos-treated
wounds compared to the control group, but the ability
of USCsshPMBT1 #1_Exos to promote collagen synthesis
was not obvious (Fig. 6E). Quantification of the mean
intensity of Masson-stained areas further confirmed
the efficiency of USC-Exos in promoting collagen
deposition and the critical role of DMBT1 in this
process (Fig. 6F). We also performed ki67 staining to
test the proliferation of skin cells in the wound sites.
The result revealed that ki67-positive cells were rarely
observed in the PBS-treated wounds at day 12 after
operation, while larger numbers of proliferating skin
cells appeared in the wounds transplanted with
USCsCon shRNA_Exos  (Fig. 6G-H). In USCsshDMBT1
#1-Exos-treated wounds, the numbers of proliferating
skin cells were lower when compared with the
USCsCon shkNA_Exos group (Fig. 6G-H). These data
indicate that DMBT1 mediates, at least in part, the
USC-Exos-induced pro-wound healing effects.

Exosomal DMBT1 promotes angiogenesis in
the wound sites of diabetic mice

We then evaluated the role of exosomal DMBT1
in angiogenesis in diabetic mice. Skin images from the
undersurface revealed that USCsCon shRNA_Exos-treated
wounds exhibited much more newly formed blood
vessels compared with the control wounds at day 12
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post-wounding, whereas the pro-angiogenic effect of
USCsshPMBTL #1.Exos was lower than that in the
USCsCon  shRNA_Exos group (Fig. 7A). Dermal
microvessels were immunostained for the endothelial
marker CD31. As shown in Fig. 7B, a larger amount of
blood vessels were observed in  USCsCon
shRNA_Exos-treated wounds as compared to the
wounds treated with exosomes diluents (PBS), but no
significant positive effect on blood vessel formation
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was observed in the USCsshPMBTL #1_Exos group.
Quantitative analysis of the density of new blood
vessels, defined as the number of CD31-positive cells
per mm?, confirmed that DMBT1 expression in
USC-Exos was important for the beneficial effect of
USC-Exos on revascularization of the diabetic
wounds (Fig. 7C). Taken together, our data suggest
that DMBT1 is essential for the USC-Exos-induced
promotion of angiogenesis in diabetic mice.
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Figure 2. USC-Exos enhance the proliferation and migration of keratinocytes and fibroblasts. (A) Fluorescence microscopy analysis of PKH67-labeled
USC-Exos internalization by human keratinocytes cell line HaCaT and skin fibroblasts (HSFs). The green-labeled exosomes were visible in the perinuclear region of
recipient cells. Scale bar: 50 um. (B) The proliferation of HaCaT and HSFs receiving different treatments was tested by CCK-8 analysis. n = 4 per group. (C)
Representative images of scratch wound assay in HaCaT treated with USC-Exos or PBS. Scale bar: 250 ym. (D) Quantitative analysis of the migration rates in (C). n
= 3 per group. (E) The migration of HSFs stimulated by USC-Exos or an equal volume of PBS was detected by the transwell assay. Scale bar: 100 um. (F) Quantitative
analysis of the migrated cells in (E). n = 3 per group. *P < 0.05 vs. PBS (control) group.
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Figure 3. USC-Exos augment the angiogenic activities of endothelial cells. (A) Fluorescence microscopy analysis revealed that PKH67-labeled USC-Exos
were incorporated into human microvascular endothelial cells (HMECs). Scale bar: 50 um. (B) Representative images of the tube formation assay on Matrigel in
HMEC:s treated with USC-Exos or PBS. Scale bar: 200 ym. (C) Quantitative analyses of the total tube length, total branching points and total loops in (B). n = 3 per
group. (D) HMECs exhibited a much stronger proliferative ability when exposed to USC-Exos, as tested by CCK-8 analysis. n = 4 per group. Transwell assay (E-F)
and scratch wound healing assay (G-H) revealed that USC-Exos up-regulated the motility of HMECs. Scale bar: 100 ym (E) or 250 um (G). n = 3 per group. *P < 0.05
vs. PBS (control) group.

. . been made to accelerate the diabetic wound healing
Discussion process, but optimal therapeutic strategies are still
In patients with diabetes mellitus, acute skin  being developed [8]. In this study, we found that
wounds resulting from trauma often become chronic ~ USC-Exos could effectively enhance the proliferation
non-healing wounds [3]. Numerous attempts have and migration of wound healing-related cells
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(including keratinocytes, fibroblasts and vascular
endothelial cells), as well as the angiogenic tube
formation of endothelial cells. Results of proteomic
analysis revealed that USC-Exos were enriched in the
proteins that are involved in regulation of wound
healing-related biological processes. Particularly, a
pro-angiogenic protein DMBT1 was extremely highly
expressed in USC-Exos and further functional assays
showed that DMBT1 was required for USC-Exos-
induced promotion of angiogenic responses of
endothelial cells. In vivo, we found that the topical
treatment of USC-Exos could promote angiogenesis
and wound healing in STZ-induced diabetic mice,
whereas these effects were markedly attenuated with
the inhibition of DMBT1 expression in USCs-Exos.
Our results suggest that USC-Exos may transfer
DMBT1 protein to resident endothelial cells to evoke
their regenerative responses, thereby accelerating
revascularization and cutaneous wound healing.
Exosomes-based cell-free therapy represents an
attractive approach for tissue engineering, due to their
advantages of non-immune rejection, non-tumori-
genicity, high stability, ease of reaching the wound
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sites and no vascular obstructive concern [31-34]. To
our knowledge, this study is the first to show that the
local transplantation of USC-Exos into full-thickness
excisional skin wounds in diabetic mice was able to
induce prominent regenerative effects, as defined by a
more rapid wound closure, higher rates of
re-epithelialization, collagen deposition and skin cell
proliferation, as well as less scar formation. New
vessel formation in postnatal life occurs mainly via
angiogenesis, which provides oxygen and nutrients to
the wounds for sustaining the proliferation of skin
cells, re-epithelialization and collagen synthesis [35,
36]. However, angiogenesis frequently gets
compromised in diabetics, which consequently leads
to delayed wound healing [8, 37]. Herein, we found
that USC-Exos markedly enhanced the amount of
newly formed blood vessels in the diabetic wounds.
In vitro functional assays revealed that USC-Exos
increased the angiogenic activities of endothelial cells.
The results suggest that the pro-wound healing action
of USC-Exos is likely attributable to their stimulatory
effects on endothelial angiogenesis.
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Figure 4. Proteomic analysis of USCs and USC-Exos. The differentially expressed proteins (a cutoff of absolute fold change 2 1.5 and p value < 0.05) in
USC-Exos compared with USCs were categorized according to the biological process (GO term) they are involved in. A series of wound healing-related biological
processes are shown in (A). n = 3 per group. (B) The ratio of expression of a class of angiogenesis-related proteins and exosomal markers in USC-Exos compared
to that in USCs. n = 3 per group. (C) The protein levels of DMBTI, VEGF-A and a series of exosomal markers in USC-Exos and USCs were verified by western

blotting. n = 3 per group. *P < 0.05 vs. USCs group.
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Figure 5. DMBT1 mediates the pro-angiogenic effects of USC-Exos on endothelial cells. (A) The inhibitory efficiency of shRNAs targeting DMBT | was
verified by qRT-PCR analysis. n = 3 per group. # P < 0.05 vs. Con shRNA group. (B) Western blot analysis of DMBT1 in exosomes from DMBT |-silenced USCs
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USCsshDMBT! #1-Exos was tested by CCK-8 analysis. n = 4 per group. (D-G) The migration of HMECs stimulated by PBS, USCsCon shRNA.Exos and USCsshDMBT! #1-Exos
was detected by the scratch wound assay (D-E) (Scale bar: 250 ym) and the transwell assay (F-G) (Scale bar: 100 pm). n = 3 per group. (H) Representative images
of the tube formation assay in HMECs treated with PBS, USCsCon shRNA-Exos and USCsshDMBT! #1-Exos. Scale bar: 200 pm. (I-K) Quantitative analyses of the total tube
length, total branching points and total loops in (H). n = 3 per group. (L) Detection of the protein levels of VEGF-A, Akt and p-Akt in HMECs receiving different
treatments by western blotting. n = 3 per group. *P < 0.05 vs. PBS (control) group, #P < 0.05 vs. USCsCon shRNA-Exos group.
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Figure 6. Exosomal DMBT accelerates cutaneous wound healing in diabetic mice. (A) Gross view of wounds treated with PBS, USCsCen shRNA-Exos and
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Figure 7. Exosomal DMBTI1 promotes angiogenesis in the wound sites of diabetic mice. (A) Gross view of wounds treated with PBS, USCsCon
shRNA_Exos and USCsshDMBT1 #1-Exos at day 12 post-wounding from the undersurface. Newly formed blood vessels were detected in the wound sites. Scale bar: 2 mm.
(B) CD31 immunofluorescence staining of wound sections treated with PBS, USCsCon shRNA-Exos and USCsshDMBT! #1-Exos at day 12 post-wounding. Scale bar: 50 ym.
(€) Quantitative analysis of the density of blood vessels in (B). n = 6 per group. *P < 0.05 vs. PBS (control) group, #P < 0.05 vs. USCsCen shRNA-Exos group.

In the process of wound healing, keratinocytes
and fibroblasts also play important roles,
keratinocytes in the re-epithelization process and
fibroblasts in the process of collagen synthesis and
wound contraction [38-40]. The loss of functional
dermal extracellular matrix is one of the major
features of chronic wounds [41]. Fibroblasts can
secrete structural extracellular matrix proteins such as
various types of collagens, which they can deposit
and remodel in the wound sites to restore tissue
integrity [42, 43]. Although no in vivo data directly
showed the effects of USC-Exos on the functional
properties of fibroblasts and keratinocytes in our
study, we found that transplantation of USC-Exos
facilitated skin cell proliferation and collagen
deposition in the diabetic wounds. In wvitro assays
revealed that USC-Exos could be taken up by
keratinocytes and fibroblasts, and increase their
abilities to proliferate and migrate. Thus, in addition
to promoting angiogenesis, the pro-wound healing
effects of USC-Exos may also be mediated by the
direct activation of keratinocytes and fibroblasts.
Proteomic data showed that USC-Exos contained
abundant proteins that are implicated in the
modulation of skin cell proliferation and motility,
extracellular matrix assembly and organization, and
cell-matrix adhesion, which was consistent with their
function properties. However, the proteins through
which USC-Exos exert direct effects on keratinocytes
and fibroblasts still need further investigation.
Another limitation of our study is that the specific

molecular mechanism by which USC-Exos are
internalized by recipient cells was not assessed.

DMBT1, also referred to as salivary agglutinin
(SAG), gp-340, muclin or hensin, is a secreted
epithelial ~ glycoprotein  expressed in  the
gastrointestinal system, salivary glands, lung, kidney,
liver, epidermis, etc [44]. Among the many proposed
functions of the protein, those that have been most
investigated are as a tumor suppressor [45], as a
regulator of epithelial functional differentiation [46],
as a Golgi cargo receptor in the regulated secretory
pathway [47], as a component of the innate immune
defenses against bacterial pathogens [48] and as a
protector of intestinal mucosa [49]. Recently, DMBT1
has been reported to function in angiogenesis by
promoting proliferation, migration and adhesion of
endothelial cells, as well as vascular repair in
hindlimb ischemia mouse models [50]. DMBT1 may
also be able to induce angiogenic responses in
alveolar tissues by promoting VEGF-A production
[29]. These findings reveal that DMBT1 may facilitate
diabetic wound angiogenesis and thereby promote
the healing of wounds.

Exosomes represent an important mode of
cell-to-cell communication, as they can serve as
vehicles to transfer bioactive lipids, nucleic acids and
proteins between cells to elicit biological responses in
recipient cells [5]. For example, Choi et al. showed
that exosomes from differentiating human skeletal
muscle cells shuttle various muscle development-
related proteins and can increase the regeneration of
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myofibers in injured skeletal muscle [51]. Zhang et al.
reported that exosomes from human umbilical
cord-derived MSCs can induce [-catenin nuclear
translocation and enhance the activity of recipient
skin cells by transferring Wnt4 protein [11]. In our
study, we found that DMBT1 was extremely highly
expressed in USC-Exos, as evidenced by the
proteomic data and western blotting results. When
DMBT1 was inhibited in the parent cell USCs, the
positive effects of USC-Exos on endothelial cell
function in vitro, angiogenesis and diabetic wound
healing in vivo were all markedly suppressed. Studies
have revealed that VEGF-A and PI3K-Akt signaling
are the downstream targets of DMBT1 [29, 30]. In
accord with these findings, results of our study
showed that the DMBT1-enriched USC-Exos could
induce significant increases in the protein levels of
VEGEF-A and phosphorylation of Akt (an indicator of
PI3K activation). However, the effects were
compromised once DMBT1 expression in USC-Exos
was inhibited. Our results suggest that DMBT1 is a
critical mediator in USC-Exos-induced regulation of
endothelial angiogenesis and diabetic wound healing.
It should be noted that the effects of USC-Exos on
angiogenesis and wound healing in vitro and in vivo
were not entirely abolished by DMBT1 inhibition,
suggesting that other signaling molecules are also be
involved in these processes. This was consistent with
our proteomic data showing that USC-Exos were also
enriched in the pro-angiogenic proteins such as
VEGFA, SRPX2, ANGPTL4, etc. Thus, the
pro-angiogenic and -wound healing effects of
USC-Exos were mediated by the transfer of multiple
functional molecules, instead of via a single
angiogenic factor.

Conclusions

In summary, our findings demonstrate that
USC-Exos can effectively augment the functional
properties of skin cells and accelerate diabetic wound
healing in mice. In the process of USC-Exos-
dependent regulation of angiogenesis and diabetic
wound healing, DMBT1 plays a crucial role, as the
pro-angiogenic and -wound healing effects of
USC-Exos can be attenuated by inhibition of DMBT1
expression in USCs. Our findings suggest that
USC-Exos may represent a promising strategy for
diabetic wound healing by promoting angiogenesis
via transferring DMBT1 protein.
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