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Abstract

Background: Skin wound healing is a common challenging clinical problem and need advanced
treatment strategies. Here, we investigated the therapeutic effects of exosomes derived from dental pulp
stem cells (DPSC-Exos) on cutaneous wound healing and the underlying mechanisms.

Methods: The effects of DPSC-Exos on cutaneous wound healing in mice were examined by measuring
wound closure rates, histological and immunohistochemical analysis. A series of functional assays were
performed to evaluate the effects of DPSC-Exos on the angiogenic activities of human umbilical vein
endothelial cells (HUVECS) in vitro. TMT-based quantitative proteomic analysis of DPSCs and DPSC-Exos
was performed. Gene ontology (GO) and KEGG pathway enrichment analysis were used to evaluate
biological functions and pathways for the differentially expressed proteins in DPSC-Exos. Western blot
was used to assess the protein levels of Cdc42 and p38 in DPSC-Exos-induced angiogenesis of HUVECs.
SB203580, a p38 MAPK signaling pathway inhibitor, was employed to verify the role of p38 MAPK
pathway in these processes.

Results: Histological and immunohistochemical staining revealed that DPSC-Exos accelerated wound
healing by improving neovascularization. DPSC-Exos augmented the migration, proliferation, and
capillary formation capacity of HUVECs. Proteomic data demonstrated that proteins contained in DPSC-
Exos regulated vasculature development and angiogenesis. Pathway analysis showed that proteins
expressed in DPSC-Exos were involved in several pathways including MAPK pathway. Western blotting
demonstrated that DPSC-Exos increased the protein levels of Cdc42 and phosphorylation of p38 in
HUVECs. SB203580 suppressed the angiogenesis of HUVECs induced by DPSC-Exos.

Conclusions: DPSC-Exos could accelerate cutaneous wound healing by enhancing the angiogenic
properties of HUVECs via Cdc42/p38 MAPK signaling pathway.

Introduction

As the largest organ of the human body, skin provides protection, sensory and metabolic functions'. The
injury of skin can cause both physical and mental damage in patient. An impaired skin wound healing
process may lead to infection, prolonged wound healing, and scarring?. Classic stages of wound repair
include inflammation, new tissue formation and remodeling®. During the proliferation phase, the
formation of neoangiogenesis plays a crucial role®.

Exosomes from mesenchymal stem cells (MSCs) originated from bone marrow, adipose tissue and
umbilical cord have been demonstrated to accelerate cutaneous wound healing by enhancing
angiogenesis, re-epithelialization and collagen deposition®~’. Exosomes are nanovesicles of endocytic
origin secreted by most cells in culture, with a diameter of 30-150 nm and known as messengers that
transmit bioactive molecules such as nuclei acid and proteins to the recipient cells for cell-cell

communication®. They contain abundant cargoes which may participate in regeneration through various
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mechanisms. From a material science perspective, these nanocarriers with a particular composition of
functional molecules are natural carriers, featuring extraordinarily better biocompatibility and
bioavailability than conventional manufactured materials®. The exosomal proteins such as Jagged 1,
Ang-2 and DMBT1 actively participated in therapeutic angiogenesis for tissue repair'®~12. However, the
use of stem cells is often limited by the source and harvesting of stem cells is highly invasive. It is useful
to look for a new parent cell source from which it is easy to obtain abundant exosomes for tissue repair.

DPSCs show MSC-like behavior, including great potential for angiogenic effects'3. It can be harvested
from the extracted third molars noninvasively, which is an extremely accessible cell resource for
development of a therapeutic approach. Indeed, accumulating evidence suggested that DPSCs exhibited
great potential in central nervous system repair, stroke recovery, diabetes treatment, muscle regeneration
and wound healing 14716, DPSC-Exos have been reported to show regenerative therapeutic potential for
applications in dental pulp tissue regeneration, neuroprotection and craniofacial bone healing’”~°.
Considering that exosomes are important mediators of cell activity, it would be meaningful to explore if

DPSC-Exos have the capability to accelerate the healing process of cutaneous wound.

In this study, we determined the effects of DPSC-Exos on angiogenesis of HUVECs, which related to
cutaneous wound healing. We employed TMT-labeled quantitative proteomic analysis to identify the
protein expression profiles in DPSC-Exos compared with their parent cells. GO annotation and KEGG
pathway enrichment analysis were used to evaluate biological functions and pathways for the
differentially expressed proteins in DPSC-Exos. The aims of the study were to clarify 1) the role of DPSC-
Exos on the cutaneous wound healing in vivo; 2) the effect of DPSC-Exos on the angiogenic activities of
HUVECs in vitro;, 3) the potential signaling pathway involved in DPSC-Exos-induced angiogenesis of
HUVECs.

Materials And Methods
Cell culture

This study was approved by the Ethics Committee of Sun Yat-sen University. Human DPSCs were
obtained from healthy pulp tissues harvested from wisdom teeth without caries, which were extracted
from 10 donors, both male and female, 22-36 years old. Dental pulp tissues were minced and digested for
isolation of DPSCs as previously reported??. DPSCs were cultured in a-MEM with 10% FBS (GIBCO, USA)
and 1% penicillin—streptomycin (Sigma, USA). HUVECs were bought from ALLCELLS (Shanghai, China)
and expanded in endothelial cell growth medium (EGM). For exosome co-cultures experiment, 10ug/ml of
exosomes were added to the culture medium of HUVECSs. All cells were kept at 37°C in an incubator
contained 5% CO,.

Exosomes isolation and identification
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DPSCs were washed with PBS and incubated in fresh serum-free a-MEM 48 h prior to isolation of
exosome. The cell culture supernatant was then harvested and subjected to two centrifugation steps
(2000 x rpm for 10 min; 5000 x rpm for 30 min) to remove dead cells and cell debris. Exosome pellets
were purified from the cleared supernatant by ultracentrifugation at 100,000 x gfor 1 h at 4°C. An
exosome pellet from about 12 x 10° cells was resuspended in 100 pL cold PBS. Exosomes were either
used immediately or stored at -80°C until use. The exosome protein concentration was quantified by a
BCA Protein Assay Kit (Bocai, Shanghai, China). The expression levels of exosomal markers CD9 and
CD63 (Affinity Biosciences, USA) were measured by western blot analysis. Nanoparticle Tracking Analysis
(NTA) was performed to determine the size distribution of exosomes.

Transmission electron microscopy

The morphology of exosomes was visualized by transmission electron microscopy (TEM). Exosomes
suspended in PBS were placed onto formvar/carbon-coated nickel grids and incubated for 30 min. The
images of grids were acquired using an H-7650 transmission electron microscope (HITACHI, Japan).

Mouse skin wound model and treatment

All animal experiments were performed in accordance with institutionally approved protocols for animal
research (Animal Care and Use Committee of Sun Yat-sen University). Female C57BL/6 mice were
purchased from the Guangdong Medical Laboratory Animal Center. Age-matched 8-week female mice
from the same background were used in this study. After shaving, a 1 cm x 1 cm full-thickness excisional
skin wound was created with a pair of surgical scissors, on the back of the mice. After the surgery on day
1, six mice were randomly divided into two groups and were subcutaneously injected with either DPSC-
Exos (120 pg per mouse) as treatment group or an equal volume of PBS (control group) around the
wounds at 4 equally spaced injection sites.

Wound healing evaluation

To observe the wound-healing process, wounds were captured by a digital camera on days 0, 3, 5,7, 9, 12
and 14, wound-healing rates were calculated according to the following equation: wound-healing rate (%)
= (A0 - An)/A0 x 100, where AOQ represented the area of initial wound area (t = day 0), An represented the
residual area of wound on a the certain day (t = day n). Rates of wound closure were quantified with
ImagedJ software.

H&E staining and immunohistochemical staining

To examine the formation of new blood vessels, these mice were sacrificed at day 14 post-wounding. The
skin specimens were harvested and photographed, then analyzed by H&E staining and
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immunohistochemical staining. The tissues were fixed in 4% paraformaldehyde solution, dehydrated with
a series of graded ethanol and embedded in paraffin. Sections (10 pm thick) were stained with
hematoxylin and eosin (H&E) or angiogenesis-related protein CD31 to evaluate the vascularization. The
slides were observed and photographed under an epifluorescence microscope (Zeiss, Germany). To
compare the number of newly formed blood vessels from different groups, five random fields per section
near wound edges were counted by using Image-Pro Plus 6 software.

Exosomes uptake assay

To visualize the endocytosis of exosomes by HUVECs, exosomes were stained with PKH26 (Sigma-
Aldrich, St Louis, MO, USA) according to the manufacturer’s instructions. Isolated exosomes were
resuspended in 250 pL diluent C, 1 yL PKH26 was added and immediately mixed by gentle pipetting. The
staining was stopped by addition of an equal volume of exosome-free FBS after incubation for 5 min at
room temperature. The mixture was washed twice with PBS by ultracentrifugation (100,000 x g for 1 h)
and resuspended in 100 pL exosome-free culture medium. The PKH26-labeled exosomes were then
added to the HUVECs and incubated for 24 h. After treatment, the cells were washed with PBS for three
times and fixed with 4% paraformaldehyde for 10 min, the cell nuclei were stained with 4, 6-diamidino-2-
phenylindole (DAPI) for 5 min. The images of fluorescence-labeled exosome internalization were obtained
by a confocal laser scanning microscope (Zeiss, Germany).

Transwell migration assay

For the transwell migration assay, transwell inserts with 8-um pore filters (Corning, USA) were used.
HUVECs (1 x 10* cells/well) were seeded onto upper chambers containing 200 pL medium supplemented
with DPSC-Exos, SB203580, SB203580+ DPSC-Exos, or PBS. Concurrently, 500 pL of cultured medium
was added to the bottom chamber and incubated at 37°C for 24 h. The non-migrated cells in upper
chamber were gently removed with a cotton swab and the lower chamber was fixed with 4%
paraformaldehyde for 10 min, stained with 0.1% crystal violet (MYM biological technology company
limited, Beijing, China) for 30 min, washed with PBS twice, and imaged by an inversion microscope
(Zeiss, Germany). The quantity of migrated cells was counted and analyzed using ImageJ software.

Scratch wound assay

HUVECs (2 x 10° cells/well) were plated on 12-well plates and incubated at 37°C until 90% confluence. A
micro-injury was scratched on the monolayer using a 200 pL pipette tip and washed with PBS to remove
the debris. Cells were treated with DPSC-Exos, SB203580, SB203580+ DPSC-Exos, or PBS prior to taking
microscopic images at 0 h. The level of migration was measured by the ratio of closure area to initial
wound area (t = 0 h) as follows: migration area (%) = (A0 — A6)/A0 x 100, where AQ represents the area of
initial wound area, A6 represents the residual area of wound at the metering point after six hours (t = 6 h).
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The wound area was quantified using ImageJ software to calculate percentage wound closure and
migration rate.

Cell proliferation assay

A Cell Counting Kit-8 (Dojindo, Japan) was used to assess cell proliferation. Concisely, HUVECs were
seeded onto 96-well plates (1 x 10° cells/well) in cultured medium treated with DPSC-Exos and
SB203580. At day1, 2, 3 and 4, the CCK-8 solution was added to HUVECs (10 pL per well) and cells were
incubated at 37°C for 1h. The absorbance was measured at 450 nm by using a microplate reader
(BioTek, USA) and the optical density values represented the proliferation level of HUVECs.

Tube formation assay

HUVECs (1 x 10% cells/well) were seeded onto 50 pL Matrigel (No.354277, Corning, USA) coated 96-well
plate and treated with DPSC-Exos, SB203580, SB203580+ DPSC-Exos, or PBSlirespectively. After 6 hours
of culturing incubation, gels were observed to examine the image of tube formation. The total tube length
and total loops were measured as the mean sum length and loops of capillary-like structures per well
using ImagedJ software.

Protein extraction for proteomic analysis

DPSCs seeded in 75cm? cell culture flasks were incubated in serum-free a-MEM for 48h and then washed
with PBS prior to use. DPSC-Exos were isolated from the culture medium of DPSCs respectively. Both
DPSCs and DPSC-Exos samples contained three biological replicates. TMT-based quantitative proteomic
analysis was conducted by Jingjie PTM BioLab (Hangzhou, China). All samples were sonicated on ice in
lysis buffer (8 M urea, 1% Protease Inhibitor Cocktail) for three times before centrifuged (12000 x g for 10
min) at 4 °C to remove remaining debris. Subsequently, the supernatant was collected. A BCA protein
assay was performed to determine the protein concentration.

Trypsin digestion and TMT labeling

The protein solution was reduced with 5 mM dithiothreitol at 56 °C for 30 min, alkylated with 11 mM
iodoacetamide in the dark place at room temperature for 15 min, and then diluted with 100 mM TEAB
until urea concentration < 2M. Trypsin was added to the solution at 1:50 (w/w) trypsin-to-protein mass
ratio and incubated overnight, then trypsin-to-protein mass ratio was changed to 1:100 (w/w). After
trypsin digestion, the peptide was desalted, vacuum-dried, reconstituted in 0.5 M TEAB, and processed
with a TMT kit.
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HPLC fractionation and LC-MS/MS analysis

Thermo Betasil C18 column (5 pm particles, 10 mm ID, 250 mm length) was utilized to fractionate tryptic
peptides into fractions by high pH reverse-phase HPLC. In short, peptides were initially separated with a
gradient of 8% to 32% acetonitrile (pH 9.0) over 60 min into 60 fractions, and then combined into 6
fractions before dried by vacuum centrifugation.

For LC-MS/MS analysis, the tryptic peptides were dissolved in solvent A (0.1% formic acid) and separated
by a reversed-phase analytical column. The gradient comprised an increase from 6% to 23% solvent B
(0.1% formic acid in 98% acetonitrile) over 26 min, 23% to 35% in 8 min and climbing to 80% in 3 min
then holding at 80% for the last 3 min. All processes were performed on an EASY-nLC 1000 UPLC system
at a constant flow rate of 400 nL/min. The peptides were subjected to NSI source and analyzed by
tandem mass spectrometry (MS/MS) using the UPLC system coupled online to Q ExactiveTM Plus
(Thermo). Intact peptides were detected in the Orbitrap at 70,000 resolution and selected for MS/MS with
the NCE setting as 28, the fragments were then detected at a resolution of 17,500. MS and MS/MS
spectra were acquired in a data dependent manner. The automatic gain control (AGC) was set at 5x10%.
An electrospray voltage of 2.0 kV was applied. The scan range was set from 350 to 1800 m/ z for full
scan and the fixed first mass was set as 100 m/z.

Database search and bioinformatics analysis

The acquired MS/MS data were processed using Maxquant search engine (v.1.5.2.8). Tandem mass
spectra were searched against human uniprot database concatenated with reverse decoy database.
Trypsin/P was designated as cleavage enzyme; up to 4 missing cleavages were allowed. The mass
tolerance for precursor ions was set to 20 ppm (First search) and 5 ppm (Main search), and the mass
tolerance for fragment ions to 0.02 Da, respectively. False discovery rate (FDR) was adjusted to less than
1% and a minimum score of 40 was set for the identification of modified peptides.

Gene Ontology (GO) annotation proteome was carried out through the UniProt-GOA database (). Proteins
were classified by GO annotation into three categories: biological process, cellular compartment and
molecular function. InterProScan was used for functional annotation of identified proteins domain based
on protein sequence alignment and the InterPro () domain database. For functional enrichment analysis,
the Kyoto Encyclopedia of Genes and Genomes (KEGG, ) and Gene Ontology (GO, () were applied.

Determination and inhibition of p38 MAPK signaling
pathway

A pharmacological p38 MAPK inhibitor, SB203580 (Selleck Chemicals), was used to assess the
participation of the MAPK signaling pathway in the DPSC-Exos-induced effects on HUVECs. The
compound was resuspended to 10 mM in dimethyl sulfoxide (DMSO) and used at 10 pM. For control
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treatments (0 uM) 0.1% DMSO was used. For experiments assessing the expression of target proteins by
Western blotting, HUVECs were plated in 6-well plates and pretreated with 10 uM SB203580 for 6 h. Since
SB203580 inhibited p38 MAPK catalytic activity instead of phosphorylation of p38, the effect of

SB203580 on p38 MAPK pathway was assessed by expression of hsp27 as a substrate?.

Western blotting

Total protein of cells was extracted with RIPA buffer (Bocai, Shanghai, China) and quantified with a BCA
Protein Assay Kit (Bocai, Shanghai, China). The protein samples (5 pg per lane) were electrophoresed
with 4-20% Bis-Tris sodium dodecyl sulfate polyacrylamide gel and transferred onto a 0.2 um PVDF
membrane (Millipore). After blocking with 5% (w/v) nonfat milk for 1 h at room temperature, the
membranes were incubated with diluted primary antibodies overnight at 4°C. The primary antibodies and
concentration used in this study are: Phospho-p38 (Cell Signaling, #4511, 1:1000), p38 (Cell Signaling,
#8690, 1:1000), Phospho-HSP27 (Affinity, AF3080, 1:1000), HSP27 (Affinity, AF6082, 1:1000), Cdc42
(Affinity, DF6322, 1:1000), B-Tubulin (Affinity, AF7011, 1:8000), FGD5 (Affinity, DF13013, 1:500), CD63
(Affinity, AF5117, 1:1000), CD9 (Affinity, AF5139, 1:1000), B-actin (Invitrogen, MA5-11869, 1:8000).
Subsequently, the membrane was washed with TBST and treated with the appropriate secondary
antibody (Asbio) for 1 h at room temperature. Bands on the blots were visualized using GeneGnome XRQ
(Syngene, UK). The Imaged software (National Institutes of Health, USA) was utilized to quantify the
density of the bands.

Statistical analysis

All experiments were performed with at least three replicates per group and each in vitro experiment was
repeated three times. All values were expressed as the mean + standard deviation (SD). Two groups were
evaluated by Student’s #tests and more than two groups were compared by one-way ANOVAs using SPSS
25.0 (SPSS Inc., USA). p < 0.05 was considered statistically significant.

Results
Identification of DPSC-Exos

Exosomes derived from DPSCs were characterized by TEM, western blotting and NTA. TEM images
revealed that vesicles isolated from culture supernatant of DPSCs exhibited a spherical morphology
(Figure 1A). Western blotting analysis demonstrated that these vesicles were positive for exosomal
surface markers CD9 and CD63 (Figure 1B). The result of NTA showed that the diameters of these
nanoparticles ranged from 50-100nm (Figure 1C). Taken together, these results confirmed their identity as
exosomes.
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DPSC-Exos promoted cutaneous wound healing in mice by
promoting angiogenesis

We investigated the effects of DPSC-derived exosomes on the cutaneous wound healing by using a full-
thickness wound model on mice. A significantly faster wound closure rate was observed when DPSC-
Exos were injected (Figure 2A, B). Skin images from the underside of the wounds which was collected 14
days post-wounding demonstrated that those DPSC-Exos-treated showed much more newly formed
blood vessels comparing to the control group (Figure 2C). Furthermore, we performed H&E staining and
immunohistochemistry staining at the wound site. A considerable amount of capillary-structure blood
vessels (Figure 2D, E) and a higher expression of CD31 in DPSC-Exos-treated group (Figure 2F, G)
confirmed that DPSC-Exos enhanced local angiogenesis. These findings suggested that DPSC-derived
exosomes could accelerate in vivo wound healing by promoting angiogenesis.

DPSC-Exos enhanced the angiogenic activities of HUVECs

To explore the effect of DPSC-Exos on HUVECs behavior in vitro, we first monitored the internalization of
exosomes into these cells. After 24h incubation with PKH26-labeled DPSC-Exos, fluorescence microscopy
analysis revealed red fluorescent spots in the cytoplasm around the nucleus of HUVECs, which indicated
that HUVECs were able to take up DPSC-Exos (Figure 3A). For functional study, we next assessed how
DPSC-Exos modulated HUVEC angiogenesis including migration, proliferation, and tube formation.
Transwell migration assay (Figure 3B, C) and scratch wound assay revealed that DPSC-Exos significantly
up-regulated the cell motility of HUVECs (Figure 3D, E). CCK-8 assay was utilized to examine the
proliferation of cells within 4 days of culture time, which showed that DPSC-Exos increased the
proliferative capacity of HUVECs (Figure 3F). DPSC-Exos treatment also improved tube formation in
HUVECs as the total tube length and total loops increased in the DPSC-Exo-treated group (Figure 3G, H, I).
All these results indicated that DPSC-Exos enhanced the migration, proliferation and tube formation
ability of HUVECs.

Proteomic analysis of DPSCs and DPSC-Exos

Since the mechanism of DPSC-Exos enhancing angiogenesis still remains unknown, we employed TMT-
labeled quantitative proteomic analysis to identify the protein expression profiles in DPSC-Exos compared
with their parent cells. A total of 4592 proteins were quantified, including 1159 up-regulated and 460
down-regulated (Figure 4A). In addition, a volcano plot showing statistically sizable difference of
expressed proteins between DPSC-Exos and DPSCs was conducted (Figure 4B). The change in
differential expression level exceeding 1.5 was regarded as the change threshold for significance.

To thoroughly determine the proteins we gained in this data, Gene Ontology (GO) analysis and KEGG
pathway analysis was performed to classify the biological functions and characteristics of them and

Page 9/24



their molecular interaction networks. The consequences of GO classification revealed that proteins
involved in various biological processes in relation to wound healing such as positive regulation of cell
motility, migration, proliferation, vasculature development and angiogenesis, were remarkably increased
in DPSC-Exos (Figure 4C). KEGG pathway analysis showed that proteins contained in DPSC-Exos were
invoved in several pathways includig MAPK signaling pathway (Figure 4D and Additional file 1). We
treated HUVECs with DPSC-Exos and found a significant increase in expression of Cdc42 and
phosphorylated-p38 (Figure 4E, F). Cdc42 is required for the activation of p38 and plays a key role on cell
migration and proliferation?223. Taken together these findings prompted our hypothesis that Cdc42/p38
MAPK signaling pathway might play an essential role in DPSC-Exos induced angiogenesis.

Interestingly, the proteomic data indicated that expression of FGDS5, a pro-angiogenesis protein, were
2.299 times higher in DPSC-Exos than in DPSCs (Additional file 2). FGD5 is known to mediate
proangiogenic action of vascular endothelial growth factor (VEGF) in human vascular endothelial cells by
inducing the activation of Cdc4224. Western blotting analysis also veirified that FGD5 was enriched in
DPSC-Exos (Figure 4G), which may be a potential candidate mediating pro-angiogenic function of DPSC-
Exos.

Inhibition of the p38 MAPK signaling pathway decreased
DPSC-Exos-induced angiogenesis

To examine whether p38 MAPK signaling pathway was involved in DPSC-Exos induced angiogenesis, we
treated HUVECs with SB203580 to inhibit p38 MAPK pathway before stimulation by DPSC-Exos. Hsp27 is
a terminal substrate of the p38 MAPK pathway?°2°, which is related to positive regulation of
angiogenesis as well as positive regulation of blood vessel endothelial cell migration?”. Once we inhibited
the p38 MAPK signaling pathways by SB203580, protein levels of hsp27 and phosphorylated-hsp27 were
significantly reduced in HUVECs (Figure 5A, B). Transwell migration assay (Figure 5C, D) and scratch
wound assay (Figure 5E, F) showed a decreased capacity of DPSC-Exos to promote cell migration when
HUVECs was pre-treated with SB203580. From CCK-8 assay, proliferation of HUVECs improved by DPSC-
Exos also shrunk (Figure 5G). In tube formation assay, the enhanced tube formation ability of HUVEC
stimulated by DPSC-Exos was reduced by SB203580 (Figure 5H, |, J). These outcomes all above
confirmed that p38 MAPK signaling pathway was involved in DPSC-Exos-induced angiogenesis.

Discussion

In this work, we found for the first time that DPSC-Exos could effectively augment the functional
properties of HUVECs and accelerate cutaneous wound healing in mice. In the process of angiogenesis
induced by DPSC-Exos, Cdc42/p38 MAPK pathway played a crucial role, as the pro-angiogenic effects of
DPSC-Exos could be attenuated by inhibition of p38 MAPK pathway (Figure 6).
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We found that DPSC-Exos can accelerate cutaneous wound healing by enhancing the development of
new blood vessels in the wound site. As reported, DPSC-derived exosomes showed several potentials in
bone regeneration, neuroprotection and anti-inflammation?8-3%. In our previous study, DPSC-Exos were
found to promote odontogenic differentiation via TGFB1/smads signaling pathway by downregulating
LTBP12%. The present study showed that injection of DPSC-Exos triggered angiogenesis by evaluating the
vascular marker CD31 in the wound site. Angiogenesis at the wound site is a critical determinant of
wound healing processes, since neovascularization ensures oxygen and nutrition delivery, thus
establishing a favorable environment for wound healing. The stimulation of new blood vessel
development is a helpful therapeutic target for tissue regeneration.

Recently, exosomes from hypoxia-preconditioned human adipose MSCs have been found to carry over 30
kinds of angiogenesis-related proteins and improve neovascularization around the graft tissue3’.
Exosomes from MCSs derived from human umbilical cord, expressing a2M, TLN1, ANK1 and other
proteins, involved in damage repairing®2. In our study, proteomic analysis showed that 1619 differentially
expressed proteins were detected in DPSC-Exo. This meant that there may be potential functional
proteins among them, which involved in different processes of wound healing, and should be worthy of

further exploration.

GO term enrichment analysis showed that DPSC-Exos were enriched in the proteins that are involved in
regulation of wound healing-related biological processes, such as positive regulation of cell motility,
migration, proliferation, vasculature development and angiogenesis. Additionally, we conducted several in
vitro experiments to demonstrate that DPSC-Exos effectively enhanced the migration, proliferation and
tube formation ability of HUVECs. New blood vessel formation, which involves in endothelial cell
proliferation, migration, and branching to form capillaries, requires a dynamic regulated interaction
between endothelial cells, angiogenesis factors, and the surrounding extracellular matrix®2. It's known
that some exosomes can regulate the angiogenic function of recipient endothelial cells by transferring
exosomal proteins, RNAs and microRNAs into cytoplasm of them3#. Such exosomes represent a highly
attractive delivery vehicle for any proteins or RNAs through which we wish to exert their therapeutic
effects.

Previous studies have demonstrated that MSC-Exos could facilitate wound repair, but some of the

underlying mechanisms remain unclear’23°3%_|n the present study, we focused on identifying the
underlying mechanism by which infusion of DPSC-Exos initiates endothelial cell-mediated wound
healing. KEGG pathway analysis found that exosomal proteins were enriched in several pathways,
including MAPK pathway. Our western blotting confirmed that DPSC-Exos could induce significant
increases in the protein level of Cdc42 and phosphorylation of p38 in HUVECs. Cdc42 is a Rho-family

GTPase regulating actin dynamics and cell proliferation®’. Moreover, it is an important activator of p38
MAPK pathway?3®. Sequential activation of Cdc42/p38 MAPK signaling pathway was essential to VEGF-
induced actin reorganization in HUVECs3°40. Several studies have indicated that p38 MAPK activation
mediated angiogenesis of endothelial cells by modulating cell migration and proliferation?>4'. Thus, we
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hypothesized that DPSC-Exos increased the angiogenic activities of HUVECs through p38 MAPK
pathway. We found that stimulation of DPSC-Exos could increase the angiogenic activities of HUVECs,
whereas these effects were attenuated with the inhibition of p38 MAPK signaling pathway. Taken
together, our findings demonstrated that DPSC-Exos increased the migration, proliferation, and capillary
formation capacity of endothelial cells via Cdc42/p38 MAPK signaling pathway, thereby enhancing
cutaneous wound healing in mice.

It has been reported that exosomal proteins could activate p38 MAPK pathway and promotes
angiogenesis*2. Moreover, AKT/mTOR pathway, JAK2/STAT3 pathway and PKA signaling pathway were

associated with MSC-exos-induced angiogenesis*3~°. Our data confirmed that the positive effects of
DPSC-Exos on HUVECs that SB203580 were not entirely abolished by inhibition of p38 MAPK signaling
pathway, which suggested that other pathways were involved in the regulation of neovascularization.

Furthermore, we sought to determine the key component that participated in the modulation of DPSC-Exo-
stimulated angiogenic activities of HUVECs. We noticed that the expression of FGD5, a pro-angiogenic

protein, was markedly higher in DPSC-Exos. FGD5, known to be conducive to pro-angiogenesis processes
in endothelial cells, is a Rho guanine-nucleotide exchange factor (Rho GEF) which catalyzes the exchange

of GDP for GTP and leads to the activation of its target Rho protein Cdc424. Previous study
demonstrated that FGDS5 regulates Cdc42 activity and played a key role on the mediation of

proangiogenic action of VEGF2?4. FGD5-mediated activation of Cdc42 in endothelial cells could protect

VEGFR2 from degradation and regulates cytoskeletal dynamics®’. To investigate the molecular
mechanisms of FGD5 from DPSC-Exos on the angiogenesis of HUVECs, future studies will be necessary.

Conclusions

In this study, we demonstrated that DPSC-Exos promoted the angiogenic properties of endothelial cells
via Cdc42/p38 MAPK signaling pathway, thereby enhancing cutaneous wound healing in mice. DPSC-Exo
based therapy could possibly represent a useful tool in the field of soft tissue regeneration. However,
more studies need to be developed before DPSC-Exo can be put into clinic.
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VEGF: Vascular endothelial growth factor
TMT: Tandem Mass Tags

OD: Optical density

NTA: Nanoparticle tracking analysis

TEM: Transmission electron microscopy
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Figure 1

Identification of DPSC-Exos. (A) The morphology of DPSC-Exos was observed by TEM. Scale bar: 100nm.
(B) Western blot analysis of exosomal markers (CD9, CD63) and cytosolic marker (B-actin) expression
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from DPSC-Exos. (C) Nanoparticle size distribution of DPSC-Exos detected by NTA.
A

Control

DPSC-Exos

Control DPSC-Exos

T T T T T T T
oo D3 D5 o7 (] D12 D14

Time{days)

Control DPSC-Exos

15

E
. Control
=
i DPSC-Exos
*
£ 30
y =
"N g g
v RLO o2
Y 2
Al 3
& oy 2 10
! 0
G
. Control

B2 DPSC-Exos
40

w
-

Mean intensity

Figure 2

DPSC-Exos accelerated cutaneous wound healing in mice by promoting angiogenesis. (A) Gross view and
quantification of wounds area treated with PBS and DPSC-Exos at days 3, 5,7, 9, 12, 14 post-wounding.
Scale bar: 1Tcm. (B) The rate of wound-closure in wounds receiving DPSC-Exos treatments was
significantly higher at the indicated times (n=3). (C) Gross view of wounds treated with PBS and DPSC-
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Exos at day 14 post-wounding from the undersurface. More newly formed blood vessels were detected in
the wound sites of DPSC-Exos-treated group. Scale bar: Tmm. (D, E) H&E staining of wound sections
treated with PBS and DPSC-Exos at 14 days after operation. The black arrows indicated newly formed
blood vessels. The vessels quantity in DPSC-Exos-treated group was larger than control group (n=3).
Scale bar: 100pm. (F, G) Immunohistochemical staining for CD31 in wound sections treated with PBS and
DPSC-Exos at 14 days after operation. Higher expression of CD31 was shown in DPSC-Exos-treated
group (n=3). Scale bar: 100um. *P<0.05.
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Figure 3

DPSC-Exos enhanced the angiogenic activities of HUVECs. (A) Endocytosis of exosomes by HUVECs was
visualized by fluorescent dyeing with PKH26. (B, C) The migration of HUVECs stimulated by DPSC-Exos
was increased (n=3). Scale bar: 100um. (D, E) Representative images of scratch wound assay in HUVECs
treated with DPSC-Exos or PBS. The remain area of DPSC-Exo-treated group was smaller than control
group (n=3). Scale bar: 100um. (F) The proliferation of HUVECs receiving different treatments were tested
by CCK-8 analysis. DPSC-Exo-treated group showed a greater proliferative capacity than control group
(n=3). (G, H, 1) Representative images of the tube formation assay on Matrigel in HUVECs treated with
DPSC-Exos or PBS. The total tube length and quantity of total loops in DPSC-Exo-treated group were
larger than control group (n=3). Scale bar: 100pym. *P<0.05.
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Figure 4

Expression and function of the proteins identified by TMT-labeled quantitative proteomic in DPSC-Exos.
(A) The number of differentially expressed proteins in DPSC-Exos compared with DPSCs identified by
TMT-labeled quantitative proteomic. (B) The volcano map of differentially expressed proteins. (C)
Differentially expressed proteins were categorized according to the biological process (GO term) they
were involved in, several of them were related to wound healing. (D) KEGG pathway analysis of DPSC-
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Exos showed that enriched proteins involved in multiple signal transductions, including MAPK signaling
pathway. (E, F) The expression of Cdc42, p38 and phosphorylated-p38 (p-p38) in HUVECs was higher
when treated with DPSC-Exos (n=3). *P<0.05. (G) Western blot analysis of pro-angiogenic protein (FGD5)
and cytosolic marker (B-actin) expression from DPSC and DPSC-Exos.
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DPSC-Exos induced angiogenesis activation through p38 MAPK to promote wound healing. (A, B)
HUVECs were treated with DPSC-Exos in the presence or absence of SB203580. The expression of p38,
phosphorylated-p38 (p-p38), hsp27 and phosphorylated-hsp27 (p-hsp27) was detected by Western blot
(n=3). (C, D) The migration of HUVECs stimulated by DPSC-Exos or an equal volume of PBS in the
presence or absence of SB203580 (n=3). Scale bar: 100um. (E, F) Representative images of scratch
wound assay in HUVECs treated with DPSC-Exos or PBS in the presence or absence of SB203580 (n=3).
Scale bar: 100um. (G) The proliferation of HUVECs receiving different treatments were tested by CCK-8
analysis (n=3). (H, |, J) Representative images of the tube formation assay on Matrigel in HUVECs treated
with DPSC-Exos or PBS (n=3). Scale bar: 100pym. *P<0.05.
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Figure 6

Schematic model of the function of DPSC-Exos in accelerating cutaneous wound healing in mice by
inducing angiogenesis of HUVECs via Cdc42/p38 MAPK signaling pathway.
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