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Purpose: A lot of strategies have been attempted to achieve high-quality skin wound healing, among them, fat transplantation has
been used for skin wound repair and scar management and has shown beneficial effects. However, the underlying mechanism is still
unclear. Recently, studies found that transplanted cells underwent apoptosis within a short period and apoptotic extracellular vesicles
(ApoEVs) might play the therapeutic role.

Methods: In this study, we directly isolated apoptotic extracellular vesicles from adipose tissue (ApoEVs-AT) and evaluated their
characteristics. In vivo, we investigated the therapeutic role of ApoEVs-AT in full-thickness skin wounds. The rate of wound healing,
the quality of granulation tissue, and the area of scars were evaluated here. In vitro, we investigated the cellular behaviors of fibroblasts
and endothelial cells induced by ApoEVs-AT, including cellular uptake, proliferation, migration, and differentiation.

Results: ApoEVs-AT could be successfully isolated from adipose tissue and possessed the basic characteristics of ApoEVs. In vivo,
ApoEVs-AT could accelerate skin wound healing, improve the quality of granulation tissue, and reduce the area of scars. In vitro,
ApoEVs-AT could be engulfed by fibroblasts and endothelial cells, significantly enhancing their proliferation and migration. Moreover,
ApoEVs-AT could promote adipogenic differentiation and inhibit the fibrogenic differentiation of fibroblasts.

Conclusion: These findings indicated that ApoEVs could be successfully prepared from adipose tissue and showed the ability to
promote high-quality skin wound healing by modulating fibroblasts and endothelial cells.
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Introduction
The skin played a major role in interfacing between the external environment and the human body, so it always suffered
a variety of injuries.! Studies showed that the healing of skin injuries followed four overlapping steps: hemostasis,
inflammation, proliferation, and remodeling,>® and these steps were adjustable As dermal adipose tissue was an
important contributor to skin development and regeneration, transplantation of adipose tissue or its components was
considered a high-potential therapeutic strategy.* Several studies have applied adipose tissue for treating skin wounds and
scars and have achieved excellent therapeutic effects. However, the underlying mechanism was not fully understood. The
theory that transplanted live cells released growth factors, cytokines, and extracellular vesicles (such as exosomes)
through the paracrine pathway to exert therapeutic effects has been widely recognized. However, recent studies found
that transplanted cells underwent extensive apoptosis in a short time.”’ Therefore, they suggested that the process of
apoptosis might take a large part in the therapeutic abilities of transplanted cells.

Apoptosis, the process of programmed cell death, first reported in 1972 by Kerr et al® played an important role in
inflammation resolution, tissue homeostasis maintenance, pathogenesis, development, and aging.®*® Apoptotic cells could
release a great number of extracellular vesicles, which were identified as apoptotic extracellular vesicles (ApoEVs).'”
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Traditionally, Apoptotic bodies (ApoBDs, 1-5 um) were the only known population. In recent years, ApoEVs isolated by
gradient centrifugation mainly contained smaller extracellular vesicles (< 1 pum), which were also considered an
exosome-like subpopulation. Nanometer-sized vesicles were more conducive to various applications. Some studies
have reported that ApoEVs could be isolated from MSCs, including bone marrow mesenchymal stem cells
(BMSCs),' 17 adipose mesenchymal stem cells (ASCs),'* umbilical cord mesenchymal stem cells (UMSCs),'® and
deciduous pulp stem cells,' etc. However, whether ApoEVs could be isolated directly from whole tissue was unknown.

L1 endocrine

MSCs-derived ApoEVs showed a therapeutic effect in various diseases, like bone repair,12 oral disease,
disease,'” etc. As for the relationship between ApoEVs and skin tissue, only a few studies have been reported. Qu et al found
that human embryonic stem cells (ESCs)-derived ApoEVs inherited pluripotent-specific molecules SOX2 from ESCs. They
also found that ESCs-derived ApoEVs could accelerate skin wound healing via transferring SOX2 into skin MSCs via
activating the Hippo signaling pathway.'® Ma et al found that epithelial stem cells (EPCs)-derived ApoEVs could maintain the
number of stem cells and the homeostasis of epithelial tissue in the skin. Besides, they found that exogenous ApoEVs
promoted wound healing and hair growth via activating the Wnt/B-catenin pathway in skin and hair follicle mesenchymal stem
cells."® Therefore, based on previous reports on the relationship between adipose tissue and skin, as well as the functionality of
ApoEVs, we speculated that adipose tissue-derived ApoEVs might promote skin wound healing and scar remodeling.

In this study, we first assumed that ApoEVs could be prepared directly from adipose tissue and they would promote
high-quality skin wound healing. To verify this assumption, we improved the method of preparing ApoEVs from MSCs
to successfully isolate ApoEVs-AT from whole adipose tissue and identified their characteristics. Then, we treated full-
thickness skin wounds with ApoEVs-AT to investigate the ability to promote skin wound healing and reduce scar
formation. In addition, we also evaluated the effect of ApoEVs-AT on the behaviors of fibroblasts and endothelial cells.

Materials and Methods

Animals

Sprague Dawley (SD) rats were purchased from Chengdu Dashuo experimental animal Co., Ltd (China). All operations
of animals were reviewed and approved by the Ethics Committees of the State Key Laboratory of Oral Diseases, West
China School of Stomatology, Sichuan University (approval number: WCHSIRB-D-2023-218). All animal experiments
were performed according to protocols approved by the Institutional Animal Care and Use Committee (IACUC) at
Sichuan University and followed the Animal Research: Reporting of in Vivo Experiments (ARRIVE) guidelines.

Preparation of ApoEVs-AT

Inguinal adipose tissue was isolated from 4-week-old SD rats, cut into small pieces (1-2 cm?), and transferred into
a suspension culture flask (Wheaton, USA). Serum-free minimum essential medium o (a-MEM, HyClone, USA) with
250 nM staurosporine (STS, Beyotime, China) was added to the flask. The mixture was cultured in a 5% C0,-95% air
atmospheric condition at 37°C with speed at 200 rpm for 2 days. Tissue pieces were removed by gauze and the supernatant
was collected. The debris of tissues and larger extracellular vesicles were removed by centrifugation at 800 g for 10 min at
4°C and 2000 g for 15 min at 4°C. The supernatant was further collected and centrifuged at 16,000 g for 30 min at 4°C to
obtain ApoEVs-AT. ApoEVs-AT were suspended in PBS for further testing.

Characterization of Native and Apoptotic Adipose Tissue

Native adipose tissue and apoptotic adipose tissue were harvested, fixed in 4% neutral paraformaldehyde (Biosharp,
USA), dehydrated in gradient ethanol, transparent in xylene, and finally embedded in paraffin and cut into 5-6 pm thick
sections. The morphology was detected by H&E staining (Solarbio, China) according to the manufacturer’s protocol. The
apoptosis of adipose tissue was evaluated by TdT-mediated dUTP nick-end labeling (TUNEL) assay, which was usually
used for apoptosis detection.'” According to the manufacturer’s instruction of the TUNEL Apoptosis Assay Kit
(Beyotime, China), sections were incubated with TUNEL reagent at 37°C for 60 min. Then, DAPI (1:1000, Solarbio,
C0050) was used to further mark the nuclei at room temperature for 5 min. Images were captured by confocal
microscopy (Olympus FV1000, Japan).
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Characterization of ApoEVs-AT

The protein concentration of ApoEVs-AT was measured by the BCA protein assay kit (KeyGEN BioTECH, China) using
the manufacturer’s protocol. The size distribution was measured by the ZetaView analysis system (Particle Metrix,
Germany). For morphology observation, ApoEVs-AT were loaded onto formvar carbon-coated grids, negatively stained
with aqueous phosphotungstic acid at room temperature for 60 s, and imaged by transmission electron microscope (TEM,
Tecnai G2 F20 S-Twin, USA). For phosphatidylserine (PtdSer) detection, ApoEVs-AT were suspended in 100 pL PBS
and 5 pL FITC Annexin V (BD, USA) was added to incubate at room temperature for 15 min. Images were captured by
confocal microscopy (Olympus FV1000, Japan). The apoptosis-specific marker proteins were detected by Western blot.
Briefly, 50 pg ApoEVs-AT were mixed with 4xloading buffer (Solarbio, China) and boiled for 10 min. Proteins were
resolved on 10% or 15% SDS-PAGE gel electrophoresis (120 V, 90 min) and blotted onto a nitrocellulose membrane.
Then, the membrane was incubated with primary antibodies, cleaved caspase-3 (1:1000, Cell Signaling Technology,
#9664), caveolin-1 (1:1000, Sangon Biotech, D161423), RhoA (1:1000, Abcam, ab187027), Histone H3 (1:1000,
Invitrogen, PA5-16,183), perilipin A (1:1000, Abcam, ab3526), and actin (1:1000, Abcam, ab179467) at 4°C overnight.
Horseradish peroxidase (HRP) conjugated secondary antibodies were followed to incubate at room temperature for
2 h. High sig ECL Western Blotting Substrate (Tanon, China) was used for detecting protein signals by ImageQuant LAS
4000 mini machine (GE Healthcare, USA).

Animal Experiments

All operations were performed on 4-week-old male SD rats (75 £ 10 g, n=6) under general anesthesia with 1%
pentobarbital sodium (10 mL/kg, intraperitoneal injection). The dorsal area was shaved and sterilized with 75% ethanol.
Two circular full-thickness skin wounds (2 ¢cm in diameter) were prepared by resecting according to the circle marked
with a pen. The wounds were divided into two groups: the blank group (left) and the ApoEVs-AT group (right). In the
blank group, 100 pL. PBS was subcutaneously injected around the wounds at 4 points. In the ApoEVs-AT group, 100 pL
PBS containing 200 pg ApoEVs-AT also was subcutaneously injected around the wounds at 4 points. To ensure the
therapeutic effect of ApoEVs-AT, injections in each group were performed every 4 days. Digital photographs were taken
on days 0, 4, 8, 12, 16, and 40. The wound area was measured using the ImageJ 1.53a software. Rats were euthanized
on day 8 and day 40 respectively (n=3 per timepoint), via rapid cervical dislocation, and the samples were harvested for
further testing.

Hematoxylin and Eosin (H&E) Staining and Masson Staining

To conduct histological evaluation, the harvested samples were fixed overnight in 4% neutral paraformaldehyde
(Biosharp, USA), dehydrated in gradient ethanol, transparent in xylene, and finally embedded in paraffin and cut into
5—6 p m thick sections. The sections near the center of the wound were used for further testing. H&E staining (Solarbio,
China) was performed to visualize the structure of wounds and scars. Masson staining (Baso, China) was performed to
visualize the collagen fibers according to the manufacturer’s instructions.

Immunofluorescence Staining

To further evaluate the specific structure of the samples, the sections near the center of the wound were blocked with 5%
bovine serum albumin (BSA, Sigma-Aldrich, USA) at room temperature for 2 h and then incubated with primary
antibodies at 4°C overnight. Primary antibodies, CD31 (1:200, Abcam, ab24590) and perilipin A (1:200, Abcam,
ab3526), were used to mark blood vessels and adipocytes, respectively. Primary antibodies, alpha-smooth muscle actin
(a-SMA, 1:200, Abcam, ab5694), collagen 1(Col 1, 1:200, Abcam, ab270993), and collagen 3 (Col 3, 1:200, Abcam,
ab184993), were used to mark different types of fibers. Next, the secondary antibodies, goat anti-mouse 488 (1:200,
Invitrogen, A11008) and goat anti-rabbit 555 (1:200, Invitrogen, A21428), were followed to incubate at 37°C for 1
h. Lastly, DAPI (1:1000, Solarbio, C0050) was used to mark the nuclei at room temperature for 5 min. Images were
captured by confocal microscopy (Olympus FV1000, Japan) and analyzed by the ImageJ 1.53a software (n=3).
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Cell Culture

Fibroblasts (HFF cell line) and endothelial cells (HUVEC cell line) were purchased from the Cell Bank of the Chinese
Academy of Sciences (China). These cells were seeded in minimum essential medium o (o-MEM, HyClone, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 100 U/mL penicillin, and 100 g/mL streptomycin, and
cultured in a 5% C0,-95% air atmospheric condition at 37°C. When cells reached 85-95% confluence, they were
trypsinized and passaged at a 1:2 ratio.

Cellular Uptake

For cellular uptake, 5 x10* HFFs or HUVECs were first seeded into a confocal culture dish (NEST, China). Then,
100 pg ApoEVs -AT, suspended in 1 mL o-MEM, were labeled with 1 ug membrane-labeling dye DiO (Life Tech,
V22886) at 37°C for 30 min, re-purified with the centrifugation at 16,000 g for 30 min at 4°C. HFFs or HUVECs
were cultured with DiO-labeled ApoEVs-AT for 0, 4, and 8 h. Cells were fixed in 4% neutral paraformaldehyde
(Biosharp, USA) at room temperature for 10 min and underwent permeabilization with 0.05% Triton X-100
(Sigma-Aldrich, USA) at room temperature for 15 min. The cytoskeleton was stained with phalloidin (1:200,
Invitrogen, A34055-300U) at room temperature for 20 min and the nuclei were stained with DAPI (1:1000,
Solarbio, C0050) at room temperature for 5 min. Images were captured by confocal microscopy (Olympus
FV1000, Japan).

CCK-8 Assays

To investigate the proliferative activity of cells, CCK8 assays were usually chosen.”” HFFs or HUVECs were seeded at
2x10° cells per well into a 96-well plate. Cells were divided into the blank group (100 uL PBS per well) and the
ApoEVs-AT group (100 puL PBS containing 5 pg ApoEVs-AT per well). The culture medium per well was changed every
2 days to maintain the treatment effect. After 2, 4, 6, 8, and 10 days of culture, the proliferative activity was tested
according to the Cell Counting Kit-8 (CCK-8, KeyGEN BioTECH, China) procedure. Briefly, 10 uL. CCK8 solution was
added to each well and cultured at 37°C for 1 h. Then, the optical density (OD) value was measured at a wavelength of
450 nm and used to produce CCK-8 growing curves (n=3).

Scratch Assays

To investigate the migration ability of fibroblasts, HFFs were seeded at 1x10° cells per well into a 24-well plate. When
cells contacted and formed a confluent monolayer, pipette tips were used to scratch according to the marked line. Images
at this time (0 h) were captured by an inverted microscope (Olympus, Japan). Then, cells were divided into the blank
group (500 uL PBS per well) and the ApoEVs-AT group (500 pL PBS containing 25 pg ApoEVs-AT per well). After
culturing for 16 h, Images were captured again by an inverted microscope (Olympus, Japan). The migrated arca was
measured using ImageJ 1.53a software (n=3).

Transwell Assays

Transwell assays were also used to analyze the migration ability of cells. HFFs or HUVECs were seeded at 1.5x10* cells
per well into the upper chamber of a Transwell (Corning, USA). Cells were divided into the blank group and the
ApoEVs-AT group. In the blank group, 500 uL PBS was added to the lower chamber. In the ApoEVs-AT group, 500 uL
PBS containing 25 ug ApoEVs-AT was added to the lower chamber as a chemoattractant. After culturing for 12 h,
nonmigratory cells in the upper chamber were removed. The migrated cells were fixed with 4% neutral paraformaldehyde
(Biosharp, USA) at room temperature for 10 min and stained with 0.1% crystal violet (Sigma-Aldrich, USA) at room
temperature for 15 min. Images were captured by an inverted microscope (Olympus, Japan) and the number of migrated
cells was measured using ImageJ 1.53a software (n=3).
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Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR)

To investigate the differentiation of fibroblasts induced by ApoEVs-AT, HFFs were seeded at 1x10° cells per well into a 24-
well plate. Cells were divided into the blank group (500 puL PBS per well) and the ApoEVs-AT group (500 uL PBS containing
25 pg ApoEVs-AT per well). The culture medium per well was changed every 2 days to maintain the treatment effect. After 20
days of culture, cells were collected. The RNAiso Plus (TaKaRa Biotechnology, Japan) was used to extract total RNA, which
was reverse transcribed into cDNAs using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA). The
synthesized cDNAs were amplified with SYBR Premix ExTaq (TaKaRa Biotechnology, Japan) using QuantStudio 6 Flex
Real-Time PCR System (Life Technologies, China). The PCR cycling parameters were at 95 °C for 2 min, 44 cycles at 95 °C
for 5 s, and at 60 °C for 30s. Primer sequences were listed in Supplementary Table S1 (n=3).

Tube Formation Assays

To investigate the angiogenesis of endothelial cells induced by ApoEVs-AT, HUVECs were divided into the blank group
and the ApoEVs-AT group. In the blank group, cells were cultured in the normal culture medium. In the ApoEVs-AT
group, cells were pretreated with 50 pg/mL ApoEVs-AT overnight. Then, cells were collected, and seeded at 1x10* cells
per well into a 96-well plate, which was coated with 50 pL Matrigel (Corning, USA). After culturing for 5 h, images
were captured by an inverted microscope (Olympus, Japan). The number of nodes, number of meshes, and total length
were analyzed by ImageJ 1.53a software (n=3).

Statistical Analysis

All statistical analyses were performed using Microsoft Excel or GraphPad Prism 7 software. All results were expressed as mean
value =+ standard deviation. An unpaired two-tailed Student’s #-test was used to determine the level of significance. *p < 0.05,
**p < 0.01, ¥**p < 0.001, ****p < 0.0001.

Results
Preparation and Characterization of ApoEVs-AT

First, adipose tissue (AT) was isolated, cut into small pieces, and transferred into a suspension culture flask. Then, o- MEM and
staurosporine (STS) were added to the flask. The mixture was cultured for 2 days to induce apoptosis of adipose tissue. Then,
ApoEVs-AT were isolated from the supernatant by gradient centrifugation as described by Zhang et al'* (Figure 1A). The
structure and apoptosis of adipose tissue were evaluated by H&E and TUNEL staining, respectively. Compared with native
adipose tissue, apoptotic adipose tissue was structurally loose and irregular (Figure 1B). TUNEL-stained images demonstrated
apoptosis occurred in many cells of apoptotic adipose tissue, in contrast, no TUNEL-stained nuclei appeared in native adipose
tissue (Figure 1C). To further evaluate the characteristics of ApoEVs-AT, the morphology, size distribution, and specific
markers were analyzed. By transmission electron microscopy (TEM) analysis, ApoEVs-AT showed a typical double-
membrane spherical structure (Figure 1D). By nanoparticle tracking analysis (NTA), most ApoEVs-AT ranged from 25 to
400 nm and the average size was 155.4 nm (Figure 1E). Immunofluorescence images indicated that ApoEVs-AT were positive
for the apoptosis-specific marker, phosphatidylserine (PtdSer),'” which was presented by Annexin V staining (Figure 1F).
Western blot analysis indicated that ApoEVs-AT expressed apoptosis-specific marker proteins,'* cleaved caspase-3, caveolin-
1 (Cav-1), RhoA, and histone H3, and adipocyte-specific marker protein, perilipin A. The cytoskeleton protein, actin, was also
slightly expressed in ApoEVs-AT (Figure 1G). These results suggested that ApoEVs could be successfully prepared from
adipose tissue after culturing with STS for 2 days and the characteristics of ApoEVs-AT identified their high purity.

ApoEVs-AT Accelerated Full-Thickness Skin VWound Healing

To evaluate the effect of ApoEVs-AT in promoting full-thickness skin wound healing, two full-thickness skin wounds
(2 cm in diameter) were established on the dorsum of each SD rat. In the blank group (left), 100 uL PBS was
subcutaneously injected around the wounds every 4 days as a control to support comparison. In the ApoEVs-AT
group (right), 100 uL PBS containing 200 pg ApoEVs-AT also was subcutaneously injected around the wounds every
4 days (Figure 2A). Digital photographs were taken on day 0, day 4, day 8, day 12, and day 16 to measure the rate of
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Figure | Preparation and characterization of ApoEVs-AT. (A) Schematic view of the process of preparing ApoEVs-AT from adipose tissue. (B) Representative images of native
adipose tissue and apoptotic adipose tissue with H&E staining. (Scale bar =200 pm.) (C) Representative images of native adipose tissue and apoptotic adipose tissue with TUNEL
staining. (Green: TUNEL-stained apoptotic cells; Blue: DAPI-stained nuclei. Scale bar = 200 um.) (D) Representative images of ApoEVs-AT with transmission electron
microscopy. (Scale bar = 500 nm.) (E) The size distribution of ApoEVs-ATwas measured by nanoparticle tracking analysis. (F) Representative images of ApoEVs-AT with Annexin
V staining. The white dotted box represented the area that was magnified in the right-magnified panel. (Green: Annexin V-stained ApoEVs-AT. Scale bar = 10 um.) (G) Western

blot analysis of marker proteins, cleaved caspase-3, caveolin-1 (Cav-1), RhoA, histone H3, perilipin A, and actin.
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Figure 2 Skin wound healing was accelerated by ApoEVs-AT. (A) Schematic view of the experimental operation process. (B) Representative digital photographs of wound areas
on day 0, day 4, day 8, day 12, and day 16. Pattern graphs of wound areas were established for each time point. The dotted circles pointed out the initial wounds, and the colored
parts pointed out the wound areas at different time points. (Diameter of the ring = 2 cm.) (C) The area of unhealed wounds was analyzed (n=3). Wound area (%) was defined as:
unhealed wound area at day X / initial wound area at day 0x100%. The significance was tested with an unpaired two-tailed Student’s t-test. ("*p>0.05, *p<0.05, **p<0.01).

healing. Pattern graphs were established to indicate the edge of wounds more clearly. The dotted circle represented the
edge of initial wounds at day 0 and the colored part represented the area of unhealed wounds at different time points
(Figure 2B). Wound area (%) was defined as: unhealed wound area at day X / initial wound area at day 0x100%. After
statistics, we found that ApoEVs-AT showed the ability to accelerate wound healing after twice of injections (day 0
and day 4), based on the results on day 8 that adding ApoEVs-AT reduced the average wound area from 48.27% (the
blank group) to 34.03% (the ApoEVs-AT group) (Figure 2C). Similarly, after 3 times of injections (day 0, day 4,
and day 8), adding ApoEVs-AT reduced the average wound area from 36.87% (the blank group) to 20.57% (the ApoEVs-
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AT group) on day 12 (Figure 2C). Further, after 4 times of injections (day 0, day 4, day 8, and day 12), all full-thickness
skin wounds healed in the ApoEVs-AT group on day 16, in contrast, the average wound area on day 16 in the blank
group was 25.87%, significantly different from that of the ApoEVs-AT group (Figure 2C). These results suggested that
ApoEVs-AT were able to accelerate full-thickness skin wound healing.

ApoEVs-AT Improved the Quality of Granulation Tissue

In addition to the rate, the quality of healing was another issue that researchers focused on. The regeneration of skin structure was
optimal, but most wounds were eventually replaced by scars. To evaluate the quality of skin wound healing, we first evaluated the
quality of unhealed wounds (granulation tissue), which would greatly affect the quality of healed skin. Skin wounds on day 8 were
collected and sections were made for subsequent staining. By H&E staining, the rate of re-epithelization was accelerated by
ApoEVs-AT, based on the results that the area without epithelization was narrower in the ApoEVs-AT group than that in the blank
group (Figure 3A), which was consistent with the results of digital photographs (Figure 2B and C). Therefore, the statistical
analysis of the re-epithelization length was omitted here. By H&E staining and Masson staining, wounds were mainly connected
by granulation tissue and covered with a scab shell. In the ApoEVs-AT group, the granulation tissue was thicker, and the
composition was more diversified than that of the blank group (Figure 3B). The average thickness of granulation tissue in the
ApoEVs-AT group was 1342.26 um. However, the average thickness in the blank group was 826.32 um, and the difference was
statistically significant (Figure 3C). By Masson staining, we found that collagen fiber was the main component of granulation
tissue both in the ApoEVs-AT group and in the blank group, but there were more blood vessels in the ApoEVs-AT group, which
was further confirmed by immunofluorescence staining of CD31, a universal marker of endothelial cells (Figure 3D). Besides, the
number of blood vessels in the ApoEVs-AT group was statistically different from that in the blank group (Figure 3E). Moreover,
previous studies have reported that adipocytes were extremely important in skin development and regeneration.”'** Interestingly,
adipocytes appeared in each wound of the ApoEVs-AT group, which were stained by perilipin A, in contrast, nearly no adipocyte
appeared in the blank group (Figure 3D and F). Therefore, these results confirmed that ApoEVs-AT could improve the quality of
granulation tissue during skin wound healing.

ApoEVs-AT Reduced Scar Formation

To assess the quality of healing at a later stage, we collected the healed skin on day 40 and made sections for subsequent staining.
Based on the digital photographs, scar area (%) was defined as: scar area at day 40 / initial wound area at day 0x100%. After
statistics, we found that the average scar area was reduced from 55.93% (the blank group) to 15.77% (the ApoEVs-AT group) by
ApoEVs-AT (Figure 4A). Images with H&E staining also indicated that the scar was narrower in the ApoEVs-AT group than that
in the blank group (Figure 4B). The complete epidermal structure could be found both in the ApoEVs-AT group and the blank
group. However, in the ApoEVs-AT group, there were many regenerated hair follicles, which were similar to native skin. In the
blank group, there was no hair follicle or other appendages (Figure 4C and D). Masson staining indicated that fibers were the main
component of scars, so we further performed immunofluorescence staining on these fibers to distinguish different types. Results
showed that ApoEVs-AT could reduce the expression of a-SMA, a marker of myofibroblast (Figure 4C). The relative fluorescence
density (a-SMA/DAPI) was significantly reduced in the ApoEVs-AT group (Figure 4E). Besides, we also distinguished collagen
1 (Col 1) and collagen 3 (Col 3) by immunofluorescence staining and found the positive signals of Col 3 were more in the
ApoEVs-AT group than that in the blank group (Figure 4C). The relative fluorescence density of Col 3/Col 1 was increased by
ApoEVs-AT from 0.10 (the blank group) to 0.26 (the ApoEVs-AT group) (Figure 4F), which was related to the reduction of scar
and the increase of skin softness. These results confirmed that ApoEVs-AT could promote high-quality full-thickness skin wound
healing, accompanied by a decrease in scar formation and an increase in hair follicle regeneration.

ApoEVs-AT Regulated the Behavior of Fibroblasts and Endothelial Cells

To explore the cellular mechanism of ApoEVs-AT in promoting high-quality skin wound healing, we selected two types of
important cells (fibroblasts and endothelial cells) in skin regeneration for in vitro experiments. After culturing fibroblasts with
Dio-labeled ApoEVs-AT for 4 h, a small amount of ApoEVs-AT could be detected in fibroblasts. After extending the culture time
to 8 h, the ApoEVs-AT in fibroblasts was gradually increased (Figure 5SA). CCKS8 assays indicated that 50 pg/mL ApoEVs-AT
could considerably promote the proliferation of fibroblasts compared with the blank group (Figure 5B). The results of transwell
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Figure 3 The quality of granulation tissue was improved by ApoEVs-AT. (A) Representative images of wounds on day 8 with H&E staining. The black inverted triangles
pointed out the edge of the wound area/the edge of re-epithelization. The black solid boxes represented areas that were magnified. In the right magnified panels, the black
dotted lines pointed out the area of the regenerated epidermis. The black dotted boxes represented areas with H&E staining that were magnified in (B). (Ep.: epidermis; De.:
dermis. Scale bar = 200 um.) (B) Representative images of granulation tissue at day 8 with H&E staining and Masson staining. The dotted lines pointed out the edge of the
granulation tissue. The solid lines with double arrows represented the thickness of granulation tissue. The white solid boxes represented areas with Masson staining that
were magnified in (D). (G.T.: granulation tissue; S.S.: scab shell. Scale bar = 500 pum). (C) The thickness of granulation tissue was analyzed (n=3). (D) Representative images of
magnified areas with Masson staining and immunofluorescence staining. The yellow arrows pointed out the blood vessels. The yellow stars pointed out the area of
adipocytes. (Green: CD3-stained blood vessels; Red: perilipin A-stained adipocytes, blue: DAPI-stained nuclei. Scale bar = 200 pm). (E) The number of blood vessels per
field of view (scale bar=200 pum) was analyzed (n=3). (F) The area of adipocytes was analyzed (n=3). Area of adipocytes (%) was defined as: area of adipocytes/area of
granulation tissuex 100%. The significance was tested with an unpaired two-tailed Student’s t-test. (*p<0.05, *p<0.01).

assays and scratch assays both showed that ApoEVs-AT could significantly promote the migration of fibroblasts (Figure SC-F).
Besides, after treating fibroblasts with ApoEVs-AT for 20 days, the expression of fibrogenic-related genes (Col 1, Col 3, and
0o-SMA) and adipogenic-related genes (PPARy and C/EBPa) were evaluated by qRT-PCR. The results showed that ApoEVs-AT
could reduce the expression of fibrogenic-related genes (Col 1, Col 3, and a-SMA) and increased the expression of adipogenic-
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Figure 4 Scar area was reduced by ApoEVs-AT. (A) Representative digital photographs of scars on day 40 and the area of scars were analyzed (n=3). The black dotted lines pointed out
the edge of the scars. (Diameter of the ring = 2 cm.) (B) Representative images of scars at day 40 with H&E staining. The black dotted boxes represented areas that were magnified in
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related genes (PPARy and C/EBPa) (Figure 5G), which might contribute to the reduction of scar formation. Besides, results also
indicated that the ratio of Col 3/Col 1 was increased by ApoEVs-AT (Figure SH), which was consistent with the experimental
results in vivo (Figure 4F).

The cellular uptake of ApoEVs-AT by endothelial cells was also evaluated in this study. After culturing endothelial
cells with Dio-labeled ApoEVs-AT for 4 h, ApoEVs-AT aggregation towards endothelial cells could be observed. After
culturing for 8 h, ApoEVs-AT were detected inside endothelial cells (Figure 6A). The proliferation and migration of
endothelial cells were also promoted by ApoEVs-AT (Figure 6B-D). Besides, tube formation assays showed that
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Figure 6 Behaviors of endothelial cells were regulated by ApoEVs-AT. (A) Uptake analysis of ApoEVs-AT by endothelial cells (Red: phalloidin-stained endothelial cells; Green: Dio-
labeled ApoEVs-AT, blue: DAPI-stained nuclei. Scale bar = 40 pm.) (B) The proliferation of endothelial cells was measured by the CCK8 assays. (C) Representative images of migrated
cells in transwell assays. (Scale bar = 100 ym.) (D) Migrated cells per field of view (scale bar = 100 um) were analyzed (n=3). (E) Representative images of tube-like structure formation
of endothelial cells. Images in the upper left area represented the results analyzed by Image] |.53a software. (Scale bar = 500 pm.) (F) The number of nodes, number of meshes, and total
length per field of view (scale bar = 500 pm) were analyzed (n=3). The significance was tested with an unpaired two-tailed Student’s t-test. (*p<0.05, *p<0.01, ***p<0.01).
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ApoEVs-AT significantly induced the angiogenesis of endothelial cells, based on the results that the number of nodes, the
number of meshes, and total length were increased after pretreating endothelial cells with 50 pg/mL ApoEVs-AT
(Figure 6E and F). Taken together, ApoEVs-AT promoted high-quality skin wound healing, which might be related to
the regulation of the behavior of fibroblasts and endothelial cells.

Discussion

Due to the importance of dermal adipocytes in skin development and regeneration, transplantation of adipose tissue and its
components was considered to be one of the most advanced therapies for skin repair. Many studies used adipose tissue,* nano
fat,>* adipose stromal cells (SVF),>>® ASCs,?” and other cellular components to treat skin wounds and scars and showed
therapeutic effects. However, cellular therapies have been restricted by factors such as necrosis, immune rejection, ethical
issues, and tumor risk. Small extracellular vesicles, also known as exosomes, as the research hotspot of cell-free tissue
engineering in the past years®® and have been used for skin wound repair.*’ >> However, recent studies have shown that
apoptosis occurred soon after cell transplantation,” so apoptotic extracellular vesicles (ApoEVs) were more likely to play
a regulatory role than exosomes.

In this study, we first tried to isolate ApoEVs directly from adipose tissue. Tissue-derived ApoEVs were closer to the internal
microenvironment under real conditions than single-cell-derived ApoEVs. So far, most of the studies have used staurosporine
(STS) to induce apoptosis of MSCs.'*"'71%33735 STS  an antibiotic, was originally extracted from the bacterium Streptomyces in
1977°° and reported to induce apoptosis by activating caspase 3 and preventing cells from being in the G1 or G2 phase of the cell
cycle. Most studies treated MSCs with STS for no more than 16 hours. Considering the difference between tissues and cells, our
study extended the culture time to 2 days. The results showed that after 2 days of culture, STS could successfully induce apoptosis
of adipose tissue. To our surprise, the results of TEM and marker protein analysis indicated that ApoEVs-AT extracted from
adipose tissue showed the characteristics of high purity. In other studies, Metronidazole®” was used by Brock et al to induce the
apoptosis of epithelial stem cells. HO, and starvation were also used by Zhang et al in their study."* Xin et al exposed stem cells
to UVC light to induce apoptosis in UMSCs.*® Le et al found that high hydrostatic pressure (HHP), one of the physical
techniques, could effectively induce the apoptosis of MSCs.* This method contained no chemical reagent, so it was considered
safe to manufacture therapeutic products simply. However, more studies were needed to investigate the characteristics and
effectiveness in the disease treatment of ApoEVs induced by this method.

To further evaluate the therapeutic effect of ApoEVs-AT on full-thickness skin wounds, we made skin defects with
a diameter of 2 cm, which could be considered as large defects in the wound healing model and was more prone to scar
formation.*° Since we did not mix ApoEVs-AT with any sustained-release materials, we injected ApoEVs-AT every 4 days to
ensure the therapeutic effect. Compared with Qu et al’s study in 2022 using PSCs- derived ApoEVs to promote skin wound
healing,'® we used tissue-derived ApoEVs to achieve the same effect and further improved the quality of wound healing.
However, the delivery method needed to be further improved. No matter which injection method was used, it could only
improve the function of ApoEVs-AT themself. An excellent drug delivery method, such as wrapping ApoEVs-AT in scaffolds,
could not only reduce the iatrogenic trauma and pain caused by local injection, but also slowly release ApoEVs-AT, and
improve the antibacterial and adhesive properties.*' ** ApoEVs-AT showed sizes in the nanometer scales, so they were
suitable for a variety of delivery methods. Therefore, in the future, we would combine ApoEVs-AT with a more efficient
delivery method to maximize its value in the treatment of skin wounds.

Skin wound repair was a complex process; many kinds of cells were involved, including fibroblasts, endothelial cells,
inflammatory cells, stem cells, etc.! Fibroblasts were the cells with the largest number and the most critical role. Although
fibroblasts did not show the multi-directional differentiation potential of MSCs, they showed the ability to differentiate into
fibroblasts or adipocytes.***> Some studies also confirmed that PPARy" or C/EBPa" preadipocytes were particularly critical for
the regulation of skin development.*®*” In this study, we treated fibroblasts with ApoEVs-AT for 20 days and the results showed
ApoEVs-AT could promote the expression of PPARy or C/EBPa, which might be related to the appearance of adipocytes in the
ApoEVs-AT group in vivo. In normal skin, collagen 1 was the main type of collagen and was thick. Collagen 3 was relatively
small. The presence of collagen 3 improved the softness and elasticity of the skin. Studies have shown that a higher relative
proportion of collagen 3 meant better wound healing.48 Our results were consistent with previous reports, which was reflected in
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the increased ratio of Col 3: Col 1 in the ApoEV-AT group. The regulation of ApoEVs-AT on the behavior and differentiation
direction of fibroblasts might be one of the key steps in ultimately reducing the area of scars.

In addition to the behavior of fibroblasts, the angiogenesis of endothelial cells also played a significant role in
improving the rate and quality of skin wound healing.** Many cellular-based and non-cellular-based strategies have been
used to enhance angiogenesis. In terms of using ApoEVs to promote angiogenesis, ApoEVs, isolated from human
deciduous pulp stem cells, have been reported to recruit endogenous ECs and activate the angiogenic process in dental
pulp regeneration.'” In a myocardial infarction (MI) model, Liu et al found that after local transplantation, MSCs
underwent apoptosis and released abundant ApoEVs, which were uptaken by ECs. Then, in these ECs, ApoEVs activated
the function of lysosomes and increased the expression of TFEB, which was considered a master gene in the biogenesis
of lysosomal and the process of autophagy. Finally, the increase of TFEB further enhanced the expression of autophagy-
related genes in ECs and promoted angiogenesis activity.** In this study, our findings also indicated that adipose tissue-
derived ApoEVs also showed the ability to promote the proliferation, migration, and angiogenesis of ECs, which largely
contributed to improving skin wound healing and scar remodeling.

Despite these results confirming the therapeutical potential of ApoEVs-AT, there are some limitations. For example,
the components of ApoEVs-AT (proteins, nucleic acids, lipids) need further testing. Which components of ApoEVs-AT
play the key role in the repair of skin wounds is unclear. The molecular mechanisms by which ApoEVs-AT regulate
various cells require further exploration. Only by clarifying the issues related to the mechanism could sufficient
theoretical support be provided for the effectiveness and safety of clinical transformation.

Conclusion

In conclusion, we, for the first study, isolated ApoEVs-AT from adipose tissue and confirmed that it showed encouraging
effectiveness in skin wound repair. Besides, we also indicated that the ability of ApoEVs-AT to induce high-quality full-
thickness skin wounds might be related to the regulation of the behavior of fibroblasts and endothelial cells. Considering
the abundant sources, high yield, and guaranteed effectiveness, ApoEVs-AT appeared to be a potential raw material for
further application.
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