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Background: Deer antlers, unique among mammalian organs for their ability to regenerate annually without scar formation, provide
an innovative model for regenerative medicine. This study explored the potential of exosomes derived from antler mesenchymal stem
cells (AMSC-Exo) to enhance skin wound healing.

Methods: We explored the proliferation, migration and angiogenesis effects of AMSC-Exo on HaCaT cells and HUVEC cells. To
investigate the skin repairing effect of AMSC-Exo, we established a full-thickness skin injury mouse model. Then the skin thickness,
the epidermis, collagen fibers, CD31 and collagen expressions were tested by H&E staining, Masson’s trichrome staining and
immunofluorescence experiments. MiRNA omics analysis was conducted to explore the mechanism of AMSC-Exo in skin repairing.
Results: AMSC-Exo stimulated the proliferation and migration of HaCaT cells, accelerated the migration and angiogenesis of
HUVEC cells. In the mouse skin injury model, AMSC-Exo stimulated angiogenesis and regulated the extracellular matrix by
facilitating the conversion of collagen type III to collagen type I, restoring epidermal thickness to normal state without aberrant
hyperplasia. Notably, AMSC-Exo enhanced the quality of wound healing with increased vascularization and reduced scar formation.
MiRNAs in AMSC-Exo, especially through the miR-21-5p/STAT3 signaling pathway, played a crucial role in these processes.
Conclusion: This study underscores the efficacy of AMSC-Exo in treating skin wounds, suggesting a new approach for enhancing
skin repair and regeneration.
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Introduction
Skin, the largest organ of the human body, performs crucial physiological functions such as regulating body temperature,
conducting sensory impulses, maintaining water and electrolyte balance, and protecting against UV rays, radiation, environ-
mental hazards, and infections.'> Skin injuries can result from trauma, burns, surgery, or complications from diseases like
diabetes. The wound healing process, a complex regeneration activity involving inflammation, proliferation, and remodeling,
may be compromised by factors such as repeated trauma, constant stress, infection, ischemia, and localized or systemic
diseases, potentially leading to scarring or failure to heal** Although autologous skin grafting is considered the best treatment
for severe dermal injuries, it is limited by the availability of donor tissues. Alternative treatments, like dermal substitutes, face
challenges such as high costs, limited efficacy, and the inability to renew skin appendages.” Consequently, there is a critical
need to develop safer and more effective treatments for skin injuries. Advancements in medical science have led to the
development of numerous techniques for the treatment of skin injuries.®”

Mesenchymal stem cells (MSCs) are characterized by their abilities for self-renewal, multi-differentiation, and immune
regulation,'® making them promising candidates for cell therapy.'""'> MSCs contribute to nearly all stages of the wound healing
process, including inhibiting infection,'® promoting collagen deposition,'* enhancing wound contraction,'® stimulating

angiogenesis,'® regenerating skin appendages, and boosting the growth of epidermal cells.'” However, MSC therapy can
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encounter challenges such as low cell survival rates, the risk of immune rejection, and potential tumor formation. Notably, the
paracrine factors released by MSCs are crucial to their therapeutic effect in wound healing.'®'® In this context, exosomes, the
paracrine products of MSCs, have gained significant attention. These exosomes retain the beneficial functions of their parent cells
while mitigating the associated risks. Research has shown that MSC-derived exosomes (MSC-Exo0) enhance wound healing by
inducing macrophage polarization to the M2 type,”° regulating pro-inflammatory factors and chemokine expression,?' promoting
cellular proliferation, migration, and vascularization, and modulating collagen dynamics to prevent excessive deposition and
promote hydrolysis, thus reducing scar formation.**

MicroRNAs (miRNAs) within the exosomes of MSCs play a critical role in skin healing. These miRNAs enhance cell

25:26 and mitigate scar formation®’ by intri-

proliferation,”® modulate inflammatory responses,”* promote angiogenesis,
cately regulating signaling pathways and gene expression. This modulatory effect significantly improves the repair and
rejuvenation of damaged skin tissue, positioning miRNAs in MSC exosomes as a promising therapeutic avenue for
a broad spectrum of skin injuries and diseases.

Deer antlers are unique among mammalian accessory organs because they can fully regenerate periodically. This
regeneration process is rapid during late spring and summer, slows in early autumn, and ossifies in late autumn. The ossified
antlers will completely fall off in the next spring, and then the next cycle will begin.?® ' After antlers are shed, a wound
approximately 45 millimeters in diameter forms but heals completely within 10 days, typically without scarring.** The swift
and scarless healing of deer antler wounds is closely associated with antler mesenchymal stem cells (AMSC).** Studies have
demonstrated that injections of deer antler stem cells can effectively treat skin radiation damage by delaying onset, shortening
healing time, and improving the quality of healing.** Conditioned medium from AMSC also promotes scarless repair of full-
thickness skin injuries in rats,>> with exosomes likely playing a crucial role in this process.

Herein, this study aimed to explore the treatment of skin wound healing by exosomes from AMSC (AMSC-Exo). The
results had shown that AMSC-Exo significantly enhanced cell proliferation, migration, and angiogenesis in vitro, and
expedited the healing of full-thickness skin wounds in mice. These effects were mediated through the regulation of
collagen deposition and transformation of collagen fiber types. Through miRNA sequencing of AMSC-Exo, pivotal
miRNAs and their signaling pathways were identified. The miR-21-5p/STAT3 signaling pathway was found to facilitate
the communication between AMSC-Exo and keratinocyte cells, suggesting a promising approach for exosome-based
therapies in skin wound healing.

Materials and Methods
Isolation and Culture of AMSC

All primary cell collections and animal experiments in this study were approved by the Animal Administration and Ethics
Committee of the Institute of Special Animal and Plant Sciences of Chinese Academy of Agricultural Sciences (Approval
Number: ISAPSAEC-2023-034D). A 4-year-old male sika deer (Cervus nippon) was selected from Dongda sika deer farm.
When the deer antler had grown for approximately 45 days, the antler removal procedure was carried out in accordance with
the regulations set by industry standards. The distal 5 cm of the tip tissue of the deer antler was cut and longitudinally sliced,
and the mesenchymal layer was isolated as described in the previous report.*® The mesenchymal layer was minced, and then
digested with collagenasell (Gibco, USA) at 37°C water bath with continuous shaking. Upon the observation of “burrs”
forming at the edges, centrifugation at 1000 rpm for a duration of 5 min was conducted to remove the collagenase to obtain the
AMSC. AMSC were cultured with DMEM/F12 supplemented with 10% FBS (PAN, DE) and 1% of penicillin-streptomycin
(Gibco, USA) in a humidified incubator containing 5% (v/v) CO, at 37°C. The culture medium was replaced every other day.

The Identification of AMSC

The AMSC at 3-5 passages were identified by testing typical MSCs marker proteins (CD44, CD90) through both flow
cytometry and immunofluorescence staining. Each well of a 12-well plate was inoculated with 1x10> AMSC cells. Upon
reaching 80% confluence, the cells were fixed with 4% paraformaldehyde (Aldrich, USA) at room temperature for
15 min, followed by three times wash with PBS (Gibco, USA). Subsequently, the cells were blocked with 5% BSA
(Yuanye, China) for 30 min. The cells were immunostained with CD44 (1:200, Proteintech, China) and CD90 (1:200,

| 1258 "ees International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Meng et al

Bioss, China) antibodies overnight at 4°C. The cells were washed 3 times with PBS. They were further incubated with
fluorescein-conjugated secondary antibody (1:500, TransGen, China) in darkness at room temperature for 1 h, followed
by three times wash with PBS. For immunofluorescence analysis, DAPI (Solarbio, China) was used to visualize the
nuclei. Images were captured using a fluorescence microscope (Nikon, Japan). For flow cytometry (BD, USA), the
immunostained AMSC were harvested, and filtered through a 40 um filter prior to testing. At least 10000 cells were
detected.

For further characterization of MSCs, their differentiation capabilities were investigated. In 6-well plates, a seeding density
of 3x10° cells per well was utilized, and differentiation protocols were initiated once cells reached 90% confluence. Lipogenic
induction medium (comprising dexamethasone 0.25 pM, rosiglitazone 1 uM, IBMX 0.5 mM, and insulin 5 pg/mL),
osteogenic induction medium (containing sodium B-glycerophosphate 10 mM, dexamethasone 0.1 puM, and vitamin
C 50 mg/L), and chondrogenic induction medium (with TGF-1 10 ng/mL, dexamethasone 0.1 uM, vitamin C 50 uM, and
insulin 6.25 pg/mL) were applied individually for a duration of 2 to 3 weeks. Subsequently, staining was performed using oil
red O (Solarbio, China), alizarin red (Biotime, China), and Alcian blue (Solarbio, China) solutions, respectively. Images were

captured using a fluorescence microscope (Nikon, Japan).

The Isolation of AMSC-Exo

The AMSC were cultured in DMEM/F12 supplemented with exosomes-depleted FBS (PAN, Germany) for 24 h. The
conditioned medium was collected and underwent differential ultracentrifugation at 4°C with the following steps: 300
g for 10 min to remove the dead cells, 2000 g for 30 min to remove the cellular debris, 10,000 g for another 30 min to
eliminate large extracellular vesicles. After filtrated with a 0.22-um filter (Millipore, Burlington, MA), the filtrate
underwent ultracentrifugation at 120,000 g for 120 min at 4°C using an ultracentrifuge (Beckman Coulter, USA). The
pellet was resuspended in PBS and then ultracentrifuged again at 120,000 g for 90 min. Finally, the obtained AMSC-Exo
was resuspended in PBS followed by stored at —80°C for further use.’’

The Characterization of AMSC-Exo

The morphologies of exosomes were characterized using transmission electron microscopy (JEOL, Tokyo, Japan). Particle
size and concentration were determined through nanoflow cytometry (NanoFCM, Xiamen, China). Size distribution and zeta
potential were assessed using a nanocoulter counter (Resuntech Co. LTD, Shenzhen, China) based on the resistive pulse
sensing (RPS) method. Nanopore chips with a measuring range of 60—200 nm was selected in our experiment. The
concentration of exosomal protein was quantified with the BCA protein detection kit (Thermo Scientific, USA).
Immunoblotting was performed to detect the expression of known exosomal marker CD81 (1:1000, Abcam, USA), ALIX
(1:1000, Abcam, USA), TSG101 (1:1000, Abcam, USA), and Golgi marker GM130 (1:5000, Abcam, USA).

Cell Viability Assay

The cellular proliferation and activity were assessed using a CCK-8 assay. HaCaT cells were seeded at a density of 3x10°
cells/well in 96-well plates. AMSC-Exo with concentration of 8, 16, 32, 64, 128, and 256 ng/mL was added to the cells.
After 72 h incubation, 10 uL of CCK-8 solution was added to each well and incubated at 37°C for another 2 h. The
absorbance at 450 nm was measured using a microplate reader (BioTec, USA).

In vitro Wound-Healing Assay for Migration Ability

Wound-healing assays in vitro were performed to assess HaCaT cell migration in 24-well plates. The cells were seeded at
a density of 3x10° cells per well. Once the cultured cell layer converged, a scratch was made along the diameter of the
well using a 1 mL pipette tip. The wells were then washed three times with PBS to remove cell debris. Subsequently,
1 mL of serum-free DMEM-high-glucose medium was added to each well, along with 100 pg/mL of AMSC-Exo or an
equal volume of PBS in separate wells. The scratch in each well was monitored and imaged using a fluorescence
microscope (Nikon, Japan) at 0 and 12 h. The scratch area was quantified using Image J software.
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Transwell Migration Assay

For the transwell assay, 3x10* HUVEC cells per well in serum-free medium were seeded into the upper chamber of the
transwell 24-well plates (8 um pore filters, Labselect, China). 600 pL. medium containing 20% FBS was added to the
lower chamber, then the cells were co-cultured overnight at 37°C. AMSC-Exo at a final concentration of 100 pg/mL or
equal volume of PBS was added to the lower chamber and cultured for 24 h. Subsequently, the cells attached to the upper
surface of the filter membranes were carefully wiped clean with a cotton swab. The migrated cells on the lower surface
were fixed with 4% paraformaldehyde for 15 min followed by staining with crystal violet. Images were captured using
a microscope.

Tubular Formation Test

Matrigel (Corning, USA) were stored at —20°C and then dissolved overnight at 4°C. The 96-well plates and pipette tips
were pre-cooled on ice for 30 min. A volume of 50 uL of matrigel matrix was evenly dispensed into each well of the 96-
well plate and left to solidify at 37°C for 1 h. HUVEC cells were seeded into the matrigel at a density of 1x10? cells per
well and cultured in a 5% CO, incubator at 37°C. Images were acquired at intervals of 3 h, and the results were analyzed
using Image J software.

Establishment of Mouse Skin Trauma Model

ICR mice (12 weeks, male, about 40 g) were purchased from Shenyang Changsheng Biotechnology Company (Shenyang,
China). All animals experiments were conducted in compliance with the guidelines and regulations and approved by the
Animal Administration and Ethics Committee of the Institute of Special Animal and Plant Sciences, Chinese Academy of
Agricultural Sciences (NO. ISAPSAEC-2023-034D). All the mice were raised in the standard condition with free access to
water and food and 12 h dark/light cycle. The mice were anesthetized using 0.1 mL of 10% chloral hydrate. Subsequently, the
dorsal skin was depilated, and a square full-thickness skin wound with a side length of 1.5 cm. The mice were then randomly
divided into three groups (n=5): Control group: untreated. Gel group: treated with 100 pL hyaluronic acid gel. G-Exo (Gel-
Exo) group: treated with 100 pL of hyaluronic acid gel containing 100 pg AMSC-Exo. The wounds of the mice in the Gel
Group and G-Exo Group were treated with the respective gel daily. The skin injury sites were imaged every three days. The
wound area ratios (%) = Area of residual wound / Area of initial wound x 100%. On the 29th day, the mice were humanely
euthanized, and the healing tissue from the center of the wound was collected for histological analysis.

Histological Assessment

The whole skin samples of the wound were fixed in 4% polyformaldehyde solution, embedded in paraffin and then sliced
to 5 pum thick tissue sections. The pathological changes in the tissues were examined by hematoxylin and eosin (H&E)
staining. The collagen deposition in the skin was determined using Masson’s trichrome staining.

Immunohistochemistry

For immunohistochemical staining, the tissue sections were dewaxed and rehydrated, then blocked with goat serum for
30 min at 37°C. Primary antibodies CD31 (1:2000, Abcam, USA), COL1 (1:8000, Servicebio, China) and COL3 (1: 200,
Boster, China) were incubated overnight at 4°C. Horseradish peroxidase (1:2000, Abcam, USA) was introduced and
incubated in a light-protected environment at room temperature for 50 min. Diaminobenzamidine was utilized for
chromogenic development, followed by a 5-min restaining with hematoxylin. Five random fields per section near the
wound edges were counted by ImagelJ software.

Luciferase Reporter Assay

The luciferase reporter plasmids containing wild-type (WT) or mutant (MUT) STAT3 3°-UTR were co-transfected into
HaCaT cells with miR-21-5p mimic or a control miRNA. After 24 h of transfection, a luciferase assay was performed using the
Dual Luciferase Reporter Assay System (Promega, USA) following to the manufacturer’s instruction.
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Western Blot

Cell lysis was performed using RIPA lysis buffer, followed by determination of total protein concentrations with the BCA assay
kit. Equal protein amounts were then loaded onto 10% SDS-PAGE gels (Epizyme Biomedical Technology, Shanghai, China) for
electrophoretic separation at 150 V for 80 min. Subsequently, proteins were transferred onto PVDF membranes and blocked with
5% non-fat milk in TBST for 1 h at room temperature. Next, the membranes were exposed to primary antibodies against CD81,
TSG101, ALIX, GM130, MMP1, STAT3, TIMP3, and GAPDH (Abcam, USA) diluted in 5% BSA in TBST overnight at 4°C.
After three washes with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies (Thermo Fisher, USA) for 1 h at room temperature. Finally, protein signals were detected using a chemiluminescence
kit (Thermo Fisher, USA) and imaged with a multifunctional imaging system (Tanon, Shanghai, China).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 software. Data were expressed as mean + standard deviation (SD),
one-way ANOVA was used for comparison between different groups and the f-test was used for the comparison of the two
sample means. P < 0.05 were considered as statistical significance.

Results
The Characterization of AMSC

The tip of the deer antler is anatomically segmented into distinct layers including the dermis, reserve mesenchymal (RM)
layer, prechondroblast layer, transition zone, and cartilage layer, arranged sequentially from top to bottom.*® The RM
layer, situated beneath the dermal connective tissue (Figure 1A), exhibits a thickness ranging from 2—-3 mm. It possesses
a translucent, gel-like appearance when illuminated, and notably lacks of vascular network. As the growth center of the
antler, the RM layer plays a pivotal role in facilitating the rapid antler growth process.

AMSC were successfully isolated and identified by cell morphology, surface marker proteins, and multi-lineage
differentiation potential. AMSC displayed typical fibroblast-like morphology, featuring elongated spindle-shaped bodies
with discernible vortex formations and strong adherence properties (Figure 1B). Immunofluorescence staining of AMSC
demonstrated positive expression of CD44 and CD90 (Figure 1C), which are surface markers commonly associated with
MSCs. Flow cytometry analysis further confirmed high expression levels of CD44 (97.4%) and CD90 (97.3%) in AMSC
(Figure 1D), indicating their MSC characteristics.

MSCs have the potential to differentiate into (mesoderm-derived cells) osteoblasts, adipocytes and chondrocytes
in vitro. Multidirectional differentiation potential of MSCs is an important indicator to determine the characteristics of
stem cells. In this study, multidirectional differentiation induction was performed on the isolated AMSC. Following
induction with lipid induction medium for 2 weeks and subsequent staining with oil red O, abundant orange-red lipid
droplets were observed (Figure 1E), indicative of adipogenic differentiation. Moreover, after 3 weeks of culture in
osteogenic induction medium and staining with alizarin red, conspicuous bright red calcium nodules were discernible to
the naked eye (Figure 1F), demonstrating osteogenic differentiation. Additionally, after 3 weeks of chondrogenic
induction medium culture and staining with alcian blue, distinct bright blue proteoglycans were evident, confirming
the chondrogenic potential of AMSC (Figure 1G). These findings collectively suggest that AMSC possess the capability
for adipogenic, osteogenic, and chondrogenic differentiation in vitro.

The Characterization of AMSC-Exo

AMSC-Exo were obtained through ultracentrifugation, followed by characterization of their morphology, particle size,
concentration, and specific protein expression using transmission electron microscopy, nanoflow cytometry, nanocoulter
counter, and western blotting. Transmission electron microscopy revealed that the isolated AMSC-Exo exhibited typical
vesicular structures, with an estimated particle size of approximately 150 nm (Figure 2A). Western blot analysis
confirmed the expression of key marker proteins in AMSC-Exo. Specifically, CD81, TSG101, and ALIX proteins
were detected, while the negative marker GM130 was absent (Figure 2B). These results indicate the high purity of the
obtained AMSC-Exo.
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Figure | Isolation and identification of the AMSC. (A) The tip of velvet antler, black arrow indicates the reserve mesenchymal layer. (B) Optical morphology of AMSC under
light field microscope, scale bars: 500 um. The expressions of AMSC surface markers CD44 and CD90 identified by immunofluorescence staining (C) and flow cytometry

(D), scale bar: 100 pm. Adipogenic, osteogenic and chondrogenic differentiation potentials of AMSC examined by oil red O (E), scale bar: 100 um, alizarin red (F), scale bar:
200 pm and alcian blue staining (G), scale bar: 500 pm.
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Figure 2 The characterization of AMSC-Exo. (A) TEM image of AMSC-Exo, scale bar: 200 nm. (B) Immunoblot analysis of known exosomal markers (CD81, TSG101| and
ALIX) and negative marker (GM130) in AMSC-Exo. The particle size distribution of AMSC-Exo detected by nanoflow cytometry (C) and nanocoulter counter (D). (E) The
zeta potential of AMSC-Exo measured by nanocoulter counter.

Nanoflow detection is a quantitative characterization technique of single-particle nanoparticles based on sheath flow
single molecule fluorescence technology, which covers the detection blind area below 200 nm of traditional flow
cytometry. Nanoflow cytometry results confirmed that 98% of the particles fell within the range of 43 to 127 nm, with
an average particle size of 71 nm (Figure 2C). Additionally, the particle size distribution and zeta potential of AMSC-Exo
was further evaluated using nanocoulter counter. The findings revealed an average particle size of 72 nm (Figure 2D),
closely aligning with the results obtained from nanoflow cytometry. Zeta potential is an important indicator to evaluate
the stability of nanoparticles reflecting the number of net charges on the surface of the particles. The more net charges,
the greater the electrostatic repulsion and the more stable in the system. As proved in Figure 2E, the zeta potential of the
AMSC-Exo was —35 mV, indicating that the AMSC-Exo had good stability.

Effects of AMSC-Exo on Cell Proliferation, Migration and Tubule Formation
To investigate the biological functions of AMSC-Exo in wound repair, several experiments were conducted. Initially, the
proliferation of HaCaT cells was assessed using the Cell Counting Kit-8 (CCK-8) assay. The results indicated that AMSC-Exo
at concentrations of 64 and 128 pg/mL significantly increased HaCaT cell proliferation (Figure 3A). The role of AMSC-Exo in
cell migration was also explored, which is critical for effective tissue repair. Scratch and transwell migration assays were
performed to evaluate the migration of HaCaT keratinocyte cells and HUVEC endothelial cells, respectively. The scratch assay
showed that AMSC-Exo treatment led to a significantly reduced scratch area compared to the untreated group, suggesting
enhanced migration of HaCaT cells (Figure 3B and C). Further, the transwell assays demonstrated that HUVEC cells exposed
to AMSC-Exo exhibited increased migratory capabilities (Figure 3D and E). These findings collectively suggested that AMSC-
Exo promotes the proliferation and migration of both epidermal and endothelial cells, likely through a paracrine mechanism.
Angiogenesis plays a vital role in wound repair. To evaluate this process, we assessed endothelial cell tubule
formation using Matrigel, a well-established in vitro assay that measures the ability of endothelial cells to form blood
vessels by analyzing tubule length and the number of nodes and branches. In this assay, HUVEC cells treated with
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Figure 3 Effects of AMSC-Exo on cell proliferation, migration and tubule formation. (A) The cell viability of HaCaT cells after 72 h treatment with AMSC-Exo. (B) HaCaT
cell migration was detected by scratch assay, scale bar: 500 um. (C) Cell migration area was counted. (D) HUVEC cell migration was detected by transwell, scale bar:
100 pm. (E) HUVEC transmembrane cell number was counted. (F) The tube formation of HUVEC, scale bar: 500 um. HUVEC tubule formation node (G), junction number
(H) and tube length (l). In the picture *Means p < 0.05, **Means p < 0.005, and ***Means p < 0.001.

AMSC-Exo showed significantly enhanced formation of tubule networks compared to the control group. Specifically, the
number of nodes and branches in the AMSC-Exo group was twice that observed in the control group, and the tubule
lengths were 1.25 times longer (Figure 3F—I). These results demonstrate that AMSC-Exo effectively promotes tubule
formation and facilitates angiogenesis, thereby confirming its potential to support healing processes in vitro.

AMSC-Exo Stimulates Full-Thickness Skin Wound Healing in Mice

To evaluate the therapeutic efficacy of AMSC-Exo in wound healing, a full-thickness skin wound model was established in
mice. Each mouse was subjected to a 1.5cm x 1.5¢m square full-layer skin defect on the back. The mice were then randomly
assigned to one of three groups: a control group receiving no treatment, a group treated with hydrogel only (Gel group), and
a group treated with hydrogel containing AMSC-Exo (G-Exo group). Both the Gel and G-Exo groups received daily
applications of their respective treatments (Figure 4A). The wounds were photographed every three days to monitor healing
progress. As shown in Figure 4B, all wounds initially developed sizable scabs, with the surrounding scab appearing pale
yellow-a sign of inflammation in the early stages of wound healing. The G-Exo group exhibited the fastest wound closure rate,
with significant healing observed from day 7 and nearly complete closure by day 16. Upon complete clearance of the scab, the
wound area exhibited darkening and pigmentation in contrast to the adjacent healthy skin. Statistical analysis of the wound
area ratios from day 29 to day 0 (Figure 4C) revealed that the G-Exo group had the smallest ratio, indicating the most
significant reduction in wound size. These findings demonstrate that AMSC-Exo significantly enhances the repair process in
full-thickness skin defects in mice, promoting more rapid and effective wound closure.
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Figure 4 The effect of AMSC-Exo on wound healing in a mouse full-thickness skin injury model. (A) Experimental procedure of the mice. (B) Global morphological

photographs of wound area treated with PBS (Ctrl), gel (Gel) or gel-AMSC-Exo (G-Exo) on day 0, 7, 16, 22, 29. scale bar: 5 mm. (C) Wound area ratios of day 29 to day 0. In
the picture *Means p < 0.05 and ***Means p < 0.001.

AMSC-Exo Improve the Skin Wound Healing Quality of Mice

To further assess the repair capabilities of AMSC-Exo, immunohistochemical staining was conducted on the healed
tissues. On the 29th day post-injury, after euthanizing the mice, skin samples were collected from both the wound site and
surrounding areas. Hematoxylin and eosin (H&E) staining highlighted a clear demarcation between the epidermis and
dermis in the G-Exo group, contrasting with the control and Gel treated groups, as shown in Figure 5A. Notably, the
epidermis in the G-Exo group maintained a well-preserved structure with three distinct layers of cells, measuring an
average thickness of 27.445.1 pum, similar to that of healthy mice skin (25 um), and considerably thinner than in the
control group (42.0+7.1 um) and Gel group (77.4+£16.6 um) (Figure 5B). The abnormal thickening of epidermis in the gel
group may be caused by excessive collagen deposition during scar healing. Further examination using Masson’s
trichrome staining showed that the dermal layer in the G-Exo group contained densely packed, well-organized collagen
fibers, unlike the less structured arrangement seen in the control and gel treated groups. Moreover, CD31 immunostaining
indicated enhanced angiogenesis in the G-Exo group, with a significantly higher number of blood vessels (74+10)
compared to the control (49+3) and Gel treated groups (42+4) (Figure 5C). These results suggest that AMSC-Exo not
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Figure 5 AMSC-Exo improved the healing quality of back wound in mice. (A) Representative images of H&E, Masson’s trichrome staining and CD3 | immunohistochemistry
of the skin sections of day 29 in Ctrl group, Gel group or G-Exo group. The red triangles indicate the CD31 positive expression of new blood vessels, scale bar: 50 um. (B)
Quantitative analysis of the thickness of newly formed epidermis. (C) Number of CD31 positive stained vessels. (D) COLI and COL3 immunohistochemical staining of the
sections on day 29 after different treatments, scale bar: 50 um. (E) Quantitative analysis of COL3 and COLI. In the picture *Means p < 0.05, **Means p < 0.005, and
****Means p < 0.0001.

only promotes more organized collagen fiber deposition but also enhances vascular formation, contributing to improved
skin regeneration and reduced scarring in full-thickness skin wounds.

Collagen types I (COL 1) and III (COL 3) are the primary forms present in the extracellular matrix (ECM) of skin,
each playing distinct roles in tissue structure and repair. COL 1, known for its thick fibers, forms a durable scaffold
with a low turnover rate, providing structural integrity to the skin. Conversely, COL 3, which comprises thinner, less
durable fibers, has a high turnover rate and is crucial during the initial stages of skin injury repair, facilitating rapid
remodeling of damaged tissue. Typically, COL 1 levels surpass those of COL 3 in healthy skin. However, during the
early phase of wound healing, the deposition of COL 3 predominates.®® As healing progresses, collagen fibers
transition from COL 3 to COL 1 during the maturation phase, enhancing tissue strength and flexibility through
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processes such as epithelialization and neoangiogenesis.>® ** Herein, we quantified the expression and distribution of
COL 1 and COL 3 in the tissues of three experimental groups. Immunohistochemical analysis, detailed in Figure 5D,
revealed that COL 3 staining was primarily localized within the epidermal layer. Notably, the Gel treated group
showed the most intense staining for COL 3, suggesting a higher rate of early-stage collagen deposition. In contrast,
the G-Exo group exhibited the least intense COL 3 staining, indicating a more advanced stage of healing. Meanwhile,
COL 1 was more evenly distributed throughout the dermal layer, displaying a robust fibrous structure that is

characteristic of well-matured and structurally sound skin.

Further semi-quantitative analysis using Image Pro Plus software to calculate the COL 3 to COL 1 ratio showed notable
differences among the groups. Specifically, the average COL 3/COL 1 value was 0.59 in the control group, 0.87 in the Gel
treated group, and 0.29 in the G-Exo treated group (Figure SE). These findings indicate that the G-Exo treated group
experienced a more accelerated conversion of skin collagen from COL 3 to COL 1. This accelerated collagen transformation
in the G-Exo treated group likely contributed to enhanced epithelialization processes and a faster pace of skin repair.

AMSC-Exo miRNA Sequencing and Target Gene Cluster Analysis

MicroRNAs (miRNAs) are critically active components within exosomes and play significant roles in various stages of skin
injury repair, thereby accelerating wound healing. Notably, several miRNAs such as miRNA-181c, miR-21-5p, miR-29b,
miR-486-5p, miR-17-5p, miR-125b, miR-126, mmu-miR-291a-3p, and miRNA-192-5p have been identified in MSC-Exo.
Herein, we conducted miRNA sequencing analysis of AMSC-Exo. Next, the target genes of the top 20 miRNAs (Figure 6A)
were subjected to Gene Ontology (GO) functional clustering analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) signaling pathway enrichment analysis for comprehensive understanding.
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Figure 6 AMSC-Exo miRNA sequencing and target gene cluster analysis. (A) Top 20 miRNAs expressed in AMSC-Exo. (B) GO enrichment barplot. (C) Top 20 of biological

process enrichment. (D) Top 20 of KEGG enrichment.
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The GO functional annotation categorized gene functions into three domains: biological process (BP), cellular component
(CC), and molecular function (MF). Visualization of the results revealed the top attributes within each domain, highlighting

EEINT3

that the most enriched BP terms included “cell division”, “cell cycle”, and “angiogenesis”, which are crucial for cell
proliferation and the formation of new blood vessels (Figure 6B and C). These findings underscore the pivotal role of AMSC-
Exo in promoting cell proliferation and angiogenesis, confirming observations from prior experimental results.

Further analysis using the KEGG database provided a systematic view of the gene networks influenced by these miRNAs. The
top pathways identified were significantly associated with cell proliferation, including the Ras signaling pathway, Hippo pathway,
PI3K-Akt pathway, and MAPK signaling pathway. Angiogenesis-related pathways, notably the HIF-1 signaling pathway and
again the PI3K-Akt pathway, were also highlighted (Figure 6D). These pathways suggest that AMSC-Exo may regulate gene

expression crucial for these processes, thereby enhancing the cellular activities necessary for effective wound healing,.

STAT3 is the Direct Target of miR-21-5p

miR-21-5p, the predominant miRNA in AMSC-Exo, plays a crucial role in activating the PI3K/Akt and ERK1/2
signaling pathways by down-regulating the SPRY2 gene. This regulation promotes the proliferation and migration of
HUVEC and HSF cells.*® Suggesting that miR-21-5p is a key active component in these exosomes. To further understand
the impact of miR-21-5p on skin healing, we analyzed its target genes using TargetScan, focusing on those with
prediction scores above 90 (Figure 7A). One significant target, the signal transducer and activator of transcription 3
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Figure 7 STAT3 is the direct target of miR-21-5p. (A) Prediction of miR-21-5p target genes by TargetScan. (B) The binding sites between miR-21-5p and STAT3. (C) Dual
luciferase reporter gene analysis in HaCaT cells. (D) Relative protein expression of STAT3, TIMP3, MMP| and GAPDH in HaCaT cells after miR-21-5p mimics (miR-21) or
miR-21-5p inhibitor (miR-21i) treatment. In the picture **Means p < 0.005, and **Means p < 0.001, ***Means p < 0.0001.
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(STAT3), was identified as critical, particularly for cell migration. Further analysis confirmed that miR-21-5p could bind
to the 3°-UTR of STAT3, as demonstrated in a dual luciferase reporter gene system. This system was co-transfected with
miR-21-5p mimics into HaCaT cells, and the results validated the binding of miR-21-5p to STAT3’s 3’-UTR (Figure 7B).
Subsequent assays showed that the luciferase activity associated with the wild type (WT) STAT3 decreased following
transfection with miR-21-5p mimics, whereas the mutant (MUT) STAT3 remained unchanged, confirming the specificity
of the interaction (Figure 7C). Further experiments revealed that treatment with miR-21-5p mimics led to a reduction in
STAT3 and MMP1 gene expression levels, while increasing the expression of the TIMP3 gene in HaCaT cells, compared
to control and miR-21li-treated cells (Figure 7D). These findings highlight the pivotal role of miR-21-5p in modulating
gene expression that contributes to the enhanced healing properties of AMSC-Exo (summarized in Figure 8).

Discussion
Stem cell therapy, recognized as a novel treatment strategy for skin injuries, allows MSCs to differentiate into various
cell types such as keratinocytes, endothelial cells, and fibroblasts.** Despite its potential, stem cell therapy faces
significant limitations. Notably, the survival rate of transplanted stem cells is low, with less than 3% of mesenchymal
stem cells integrating into target organs in models of heart, kidney, liver, and pancreas injuries.'®*** The harsh
microenvironment of skin injuries, characterized by cell necrosis, inflammation, and low oxygen levels, further
complicates the survival of MSCs. Studies tracking fluorescence-labeled bone marrow stem cells (BMSCs) have
shown that these cells are depleted from wound sites within a week,* indicating transient presence rather than prolonged
integration. Moreover, concerns exist regarding the consistency and stability of stem cell-based products, especially
given the potential for xenogeneic stem cell rejection and long-term risks that may not be immediately apparent post-
administration. The isolation and culture methods used for MSCs, which often involve animal serum, can expose cells to
endotoxins, adding another layer of complexity to their clinical use.

Despite these issues, MSCs exhibit substantial therapeutic effects, mainly through paracrine actions rather than direct
cell replacement.'® This understanding has shifted focus towards MSC-derived exosomes (MSC-Exo), which offer
several advantages: smaller size, lower complexity, and absence of a nucleus, reducing the risk of tumor formation
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and increasing stability and storage potential. They can also be engineered to deliver specific proteins, small molecules,
or RNA directly to injury sites.”®

Among MSCs, AMSC are distinguished by their unique capability to repeatedly and completely regenerate antler
tissue, showcasing rapid, scar-free healing not observed in other stem cell types. This exceptional regenerative ability
underscores the potential of AMSC-Exo as an innovative and effective therapy for managing difficult-to-treat chronic
wounds and enhancing post-surgical healing. Compared to conventional MSC sources, AMSC demonstrate superior
efficacy in promoting rapid and scar-free wound repair, positioning their exosomes as a powerful option for decellular-
ization therapies. The therapeutic effectiveness of AMSC-Exo is, at least in part, mediated by specific miRNAs, including
miR-21-5p, among others. These miRNAs significantly influence crucial signaling pathways, including PI3K/Akt and
MAPK, which are essential for promoting cell migration, angiogenesis, and collagen remodeling. The impact on these
pathways confirms the significant potential of AMSC-Exo in regenerative medicine, making them a promising treatment
option for improving wound healing and tissue regeneration.

This study demonstrates the significant therapeutic potential of AMSC-Exo in treating full-thickness skin injuries. AMSC-
Exo facilitated the proliferation and migration of HaCaT keratinocyte cells and enhanced migration and tube formation in
HUVEC endothelial cells, vital for effective wound healing. Additionally, treatment with G-Exo, a specific formulation of
AMSC-Exo, resulted in increased skin healing rates, enhanced neovascularization, and accelerated collagen transition from
type III to type I, leading to orderly collagen arrangement. Notably, the treated mice exhibited a complete, scar-free healing
process, and the thickness of their new epidermis closely matched that of healthy skin. This was accompanied by a lack of skin
appendages, possibly due to the influence of growth factors and cytokines from AMSC.

MiRNAs hold significant promise for disease treatment due to their ability to modulate gene expression, providing
a powerful tool for therapeutic intervention.’’? In our study, the excellent outcomes observed are linked to specific
microRNAs present in AMSC-Exo, particularly miR-21-5p, miR-27b, miR-29a, miR-125b, and miR-155. These miRNAs
regulate key signaling pathways, such as PI3K/Akt and MAPK, which are essential for controlling cell behavior and gene

1°** promotes cell proliferation and migration by down-regulating VHL,> while miR-21-5p

expression. For instance, miR-2
enhances these processes by targeting SPRY2* and supports angiogenesis and granulation through macrophage polarization
towards the M2 phenotype.*® It also boosts fibroblast migration by targeting RASA1, accelerating skin repair,®” and regulates
STAT3 and TIMP3 to reduce MMP1 production, curbing excessive cell migration and minimizing scar formation. Similarly,
miR-27b promotes angiogenesis and skin repair by regulating VEGF-C expression and accelerates cutaneous wound healing
through the E3 ubiquitin ligase ITCH pathway. Studies have shown that miR-27b enhances angiogenesis and skin regeneration
in scalded rats by modulating VEGF-C levels, and extracellular vesicle-carried miR-27b from mesenchymal stem cells has
been found to expedite wound healing by activating the ITCH pathway.>**° These findings underscore the significant impact

of AMSC-Exo on skin regeneration and highlight its potential as a novel therapeutic strategy for complex skin injuries.

Conclusion

In conclusion, our study utilized AMSC-Exo to treat skin wounds. We extracted exosomes from conditioned culture
medium of AMSC (AMSC-Exo0). The AMSC-Exo effectively promotes the proliferation and migration of HaCaT
keratinocyte cells and enhances migration and tube formation in HUVEC endothelial cells. In the skin injury mice
models, AMSC-Exo treatment improved the healing quality of skin in mice by stimulating angiogenesis, regulating
extracellular matrix deposition, and promoting re-epithelialization. Notably, miR-21-5p within AMSC-Exo played
a pivotal role by down-regulating STAT3 and activating TIMP3, which led to decreased MMP1 production and reduced
scar formation. These findings highlight the promise of exosome-based therapies in utilizing antler stem cells’ regen-
erative abilities to enhance skin repair and regeneration.
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