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Purpose: The promotion of angiogenesis is an effective strategy for skin wound repair. While the transplantation of endothelial cells
has shown promise in vascularization, the underlying mechanism remains unclear. Recent studies have suggested that transplanted
cells undergo apoptosis in a short period and release apoptotic extracellular vesicles (ApoEVs) that may have therapeutic potential.
Methods: In this study, we isolated ApoEVs from human umbilical vein endothelial cells (HUVECs) and characterized their
properties. In vitro, we assessed the effects of ApoEVs on the proliferation, migration, and differentiation of endothelial cells and
fibroblasts. In vivo, we investigated the therapeutic role of ApoEVs-AT in full-thickness skin wounds, evaluating wound closure rate,
re-epithelialization, granulation tissue formation, vascularization, scar area, and collagen 3(Col3)/collagen 1(Col 1) ratio.

Results: ApoEVs derived from HUVECsS displayed typical characteristics. In vitro, ApoEVs significantly enhanced the proliferation,
migration, tube formation, and expression of angiogenic-related genes in endothelial cells and slightly promoted the proliferation and
migration of fibroblasts. In vivo, ApoEVs improved the wound closure rate, re-epithelialization, the formation of granulation tissue,
and vascularization. Besides, ApoEVs reduced scar formation, accompanied by an increase in the Col 3/ Col 1 ratio.

Conclusion: Given their abundant source and effectiveness, this study provided a novel approach for angiogenesis in tissue
regeneration and deepened the understanding of from death to regeneration.

Keywords: apoptotic extracellular vesicles, human umbilical vein endothelial cells, skin regeneration, angiogenesis

Introduction
The skin serves as the primary barrier against external pathogens and any serious damage to it can impact human health
and quality of life. Stimulating angiogenesis, the formation of new blood vessels is one of the most effective approaches
for skin tissue repair.! Vascularization plays a critical role in facilitating nutrient delivery, maintaining oxygen levels,
supporting cellular proliferation, and promoting tissue regeneration.” In previous studies, endothelial cells have been used
for promoting vascularization in tissue repair and regeneration.*’ However, the safety and ethical concerns associated
with live cells have posed significant limitations in clinical translational applications.® As a result, researchers have
started investigating the mechanisms through which live cells exert therapeutic effects and have been searching for
alternative solutions.

In recent years, it has become widely accepted that transplanted live cells release growth factors, cytokines, and
extracellular vesicles, such as exosomes, through paracrine signaling to exert therapeutic effects.”'® However, growing
studies have revealed that transplanted cells undergo extensive apoptosis within a short time, leading to the release of
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apoptotic extracellular vesicles (ApoEVs), which play a crucial role in therapeutic processes.!'™'* Therefore, it has been
suggested that ApoEVs may significantly contribute to the therapeutic abilities of transplanted cells. Furthermore, studies
have demonstrated that direct delivery of apoptotic mesenchymal stem cells (MSCs) or ApoEVs derived from apoptotic

MSCs offers advantages over viable MSCs.'*!?

13.1622 o5 the source of

Previous studies have primarily utilized bone marrow mesenchymal stem cells (BMSCs)
ApoEVs. Other cell types, including adipose mesenchymal stem cells (ASCs),'® embryonic mesenchymal stem cells
(ESCs),>* umbilical cord mesenchymal stem cells (UMSCs),* and deciduous pulp stem cells,?* as well as whole adipose
tissue,” have also been selected in various studies. Among them, ApoEVs, isolated from BMSCs*? and deciduous pulp
stem cells,”* were reported to regulate endothelial cell behavior and promote angiogenesis. Besides, ApoEVs, isolated
from human embryonic stem cells (ESCs),®> bone marrow mesenchymal stem cells (BMSCs),® and whole adipose
tissue,” have been reported to promote skin wound healing.

Given the abundant availability of human umbilical vein endothelial cells (HUVECs) and the demonstrated effec-
427733 we hypothesized that ApoEVs isolated from apoptotic HUVECs
could promote full-thickness skin wound healing by enhancing angiogenesis. To test this hypothesis, we adapted the
method of preparing ApoEVs from MSCs and successfully isolated ApoEVs from HUVECs. We characterized these
ApoEVs and evaluated their effects on the behavior of endothelial cells and fibroblasts in vitro. Furthermore, we

tiveness of their derivatives in multiple studies,

investigated the therapeutic potential of ApoEVs in vivo by treating full-thickness skin wounds and assessing wound
closure, re-epithelialization, granulation tissue formation, vascularization, scar reduction, and Col 3/Col 1 ratio.

Materials and Methods
Cell Culture

Primary human umbilical vein endothelial cells (HUVECs) were obtained from Procell Life Science & Technology
(China). The characterization of morphology and endothelial cell marker, CD31, confirmed the purity of HUVECs
(Supplementary Figure S1). HUVECs were cultured in endothelial cell growth medium (EGM, Lonza, Switzerland)
supplemented with 10% fetal bovine serum (FBS, Gibco, USA) at 37°C in a 5% C0,-95% air atmospheric condition.
When cells were 80-90% confluence, the adherent cells were trypsinized and passaged at a 1:2 ratio. HUVECs in the

third-seventh passages were used for experiments.

Human foreskin fibroblasts (HFFs, a cell line) were obtained from the Cell Bank of the Chinese Academy of Sciences
(China). HFFs were cultured o-modified essential medium (a-MEM, Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA) at 37°C in a 5% C0O,-95% air atmospheric. When cells were 80-90% confluence, HFFs were
trypsinized and passaged at a 1:2 ratio.

Induction of HUVEC Apoptosis and Isolation of ApoEVs

Induction of HUVEC apoptosis was performed as induction of MSC apoptosis reported by Zhang et al'® with
modifications. Briefly, HUVECs were washed twice with PBS and the culture medium was replaced by EGM supple-
mented with 250 nM staurosporine (STS, Beyotime, China). After 8 h induction, ApoEVs were isolated from the culture
medium using sequential centrifugation. After sequential centrifugation once at 800 g for 10 min and once at 2000 g for
20 min, cell debris and larger vesicles were removed. The supernatant was further collected and centrifuged at 16,000
g for 30 min at 4°C to obtain ApoEVs.

Characterization of Apoptotic HUVECs

For morphology detection, images were captured by an inverted microscope (Olympus, Japan). The apoptosis of
HUVECs was further evaluated by TdT-mediated dUTP nick-end labeling (TUNEL) assay and flow cytometry analysis,
which was usually used for apoptosis evaluation. For the TUNEL assay, cells were fixed with 4% paraformaldehyde
(Biosharp, USA) for 10 min and underwent permeabilization with 0.05% Triton X-100 (Sigma-Aldrich, USA) for 15
min. Then, cells were incubated with TUNEL reagent (Beyotime, China) for 60 min at 37°C. The nuclei were marked by
DAPI (C0050, Solarbio, China) for 10 min. Images were captured by confocal microscopy (Olympus FV1000, Japan).
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For flow cytometry analysis, cells were trypsinized, centrifugated, and resuspended in the binding buffer. Then, according
to the manufacturer’s instruction of the Kit (BD, USA), cells were incubated with FITC Annexin V and PI reagent for 15
min at room temperature. After the same volume of the binding buffer was added to stop the reaction, the apoptosis of
HUVECs was measured by flow cytometry (BD, USA). The percentage of positive cells was analyzed by FlowlJo
software (n=3).

Characterization of ApoEVs

For protein concentration analysis, the BCA protein assay kit (KeyGEN BioTECH, China) was used according to the
manufacturer’s protocol. For size distribution, ApoEVs were resuspended in deionized water and measured in 488 nm
laser scatter mode by Nanoparticle Tracking Analysis (NTA, Particle Metrix, Germany). The data was analyzed by
ZetaView software 8.02.31. For morphology observation, ApoEVs were loaded onto formvar carbon-coated grids, and
negatively stained with aqueous phosphotungstic acid for 60s. Then, images were captured by a transmission electron
microscope (TEM, Tecnai G2 F20 S-Twin, USA). For phosphatidylserine (PtdSer) detection, ApoEVs were suspended in
100 uL PBS and 5 pLL. FITC Annexin V (BD, USA) was added to mark ApoEVs. Images were captured by confocal
microscopy (Olympus FV1000, Japan). The apoptosis-specific marker proteins were detected by Western blotting
analysis. 50 pg normal HUVECs, Apoptotic HUVECs, or ApoEVs were mixed with 4xloading buffer (Solarbio,
China) and boiled for 10 min. Proteins were resolved in 10% or 15% SDS-PAGE gel for 90 min and blotted onto
a nitrocellulose membrane. Then, the membrane was incubated with primary antibodies, cleaved caspase-3 (9664, Cell
Signaling Technology, USA), caveolin-1 (D161423, Sangon Biotech, China), Fas (ab82419, Abcam, UK), and B-actin
(200068-8F0, Zen Bioscience, China) overnight at 4°C. Horseradish peroxidase (HRP) conjugated secondary antibodies
were bound to the primary antibodies for 2 h. Finally, High-sig ECL Western Blotting Substrate (Tanon, China) was used
to detect protein signals. Images were captured by a Chemidoc imager (Bio-Rad, USA).

ApoEVs Uptake by HUVECs and HFFs

To test whether HUVECs or HFFs could engulf ApoEVs, 5x10* HUVECs or HFFs were seeded into confocal dishes. 20
pg ApoEVs, resuspended in 1 mL culture medium, were labeled with 1 ug DiO (V22886, Life Technology, USA) for 30
min at 37°C, reprecipitated with centrifugation once at 16,000 g for 30 min at 4°C. Cells were cultured with DiO-labeled
ApoEVs for 24 h. Then, cells were washed twice with PBS, fixed for 10 min with 4%l paraformaldehyde (Biosharp,
USA), and underwent permeabilization for 15 min with 0.05% Triton X-100 (Sigma-Aldrich, USA). The cytoskeleton
was stained for 20 min with phalloidin (A34055-300U, Invitrogen, USA), and the nuclei were stained for 10 min with
DAPI (C0050, Solarbio, China). Images were captured by confocal microscopy (Olympus FV1000, Japan).

The Proliferation of HUVECs and HFFs

To test the proliferative ability of HUVECs and HFFs regulated by ApoEVs, 2x10° cells per well were seeded into a 96-
well plate. In the ApoEVs groups, a culture medium containing 10pg/mL, 20pg/mL, 30pug/mL, or 40pug/mL ApoEVs was
added. Cells treated with a culture medium only were considered as the control group. After 1, 2, 3, 4, and 5 days of
treatment, the optical density (OD) value was tested according to the Cell Counting Kit-8 (CCK-8, KeyGEN BioTECH,
China) procedure. Briefly, 10 pL. CCKS8 solution was added to each well and cultured for 1 h at 37°C. Then, the OD value
was measured at a wavelength of 450 nm and used to produce growing curves (n=3).

Migration of HUVECs and HFFs

To test the migrative ability of HUVECs and HFFs regulated by ApoEVs, 1x10° cells per well were seeded into a 24-
well plate. When cells contacted and formed a confluent monolayer, we used pipette tips to scratch lines. Images at this
time (0 h) were captured by an inverted microscope (Olympus, Japan). In the ApoEVs groups, we added a culture
medium containing 10pug/mL, 20ug/mL, 30pg/mL, or 40pg/mL ApoEVs without any inhibitors. In the control group,
cells were added with a culture medium without any inhibitors. After treatment for 24 h, Images were captured by an
inverted microscope (Olympus, Japan). The relative migrated area was measured using ImageJ 1.53a software (n=3).
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Tube Formation of HUVECs

To test the tube formation of endothelial cells regulated by ApoEVs, In the ApoEVs groups, a culture medium containing
10pg/mL, 20pg/mL, 30pg/mL, or 40pug/mL ApoEVs was added to pretreat HUVECs for 24 h. Cells treated with a culture
medium only were considered as the control group. Then, cells were trypsinized, centrifugated, and resuspended in

a culture medium. A 96-well plate was coated with 50 pL Matrigel (Corning, USA) and 1x10? cells per well were seeded
into the plate. After culturing for 3.5 h, images were captured by an inverted microscope (Olympus, Japan). The number
of nodes, number of junctions, and total length were analyzed by Image] 1.53a software (n=3).

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

To investigate the differentiative ability of HUVECs and HFFs regulated by ApoEVs, cells 1x10° cells per well were
seeded into a 24-well plate. In the ApoEVs groups, a culture medium containing 10pg/mL, 20pg/mL, 30pug/mL, or 40ug/
mL ApoEVs was added. Cells treated with a culture medium only were considered as the control group. The culture
medium per well was changed every 2 days to maintain the treatment effect. After 4 days of culturing HUVECs and 10
days of culturing HFFs, cells were trypsinized and centrifugated. The RNAiso Plus (TaKaRa Biotechnology, Japan) was
added to isolate the total RNA. The RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA) was used to
reverse transcribe RNA into cDNAs. 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. The results were analyzed by using
the 2 24T relative quantitative method. The relative expression of CD31, vascular endothelial growth factor (VEGF),
angiogenin, Col 1, and Col 3 was evaluated with GAPDH as an internal control (n=3). Primer sequences were listed in
Supplementary Table S1.

Full-Thickness Skin Wound Model

Sprague Dawley (SD) rats (4-week-old, 75 + 10 g, n=6) were purchased from Chengdu Dashuo experimental animal Co.,
Ltd (China). All animal experiments followed the Animal Research: Reporting of in Vivo Experiments (ARRIVE)
guidelines and were performed according to protocols approved by the Institutional Animal Care and Use Committee
(IACUC) at Sichuan University. Besides, this study was 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-2023-217).

All operations of rats were performed under general anesthesia with pentobarbital sodium. Two circular full-thickness
skin wounds (16 mm in diameter) were constructed on the left and right sides of the rat dorsum. 4 ug ApoEVs
resuspended in 200 pL PBS (20 pg/mL) were subcutaneously injected around the wounds on the right side as the
experimental group, while 200 uL. PBS only was subcutaneously injected around the wounds on the left side as the
control group. Injections in each group were performed every 3 days until day 15. Digital pictures were taken on day
0, day 3, day 6, day 9, day 12, day 15, and day 45. The relative wound area was measured by ImagelJ 1.53a software. Rats
were euthanized via rapid cervical dislocation on day 6 and day 45 respectively (n=3).

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

To evaluate the structure of wounds and scars, samples were fixed overnight with 4% paraformaldehyde (Biosharp,
USA), dehydrated with gradient ethanol, transparent with xylene, and finally embedded with paraffin and cut into 5-6 pm
sections. H&E staining (Solarbio, China) was used to visualize the structure of wounds and scars. Masson staining (Baso,
China) was used to visualize the collagen fibers.

Immunofluorescence Staining

To further evaluate the types of collagen fibers, the sections of scars on day 45 were blocked for 30 min with 5% bovine
serum albumin (BSA, Sigma-Aldrich, USA) and then incubated overnight at 4°C with primary antibodies, Col 1
(ab270993, Abcam, UK) and Col 3 (ab184993, Abcam, UK). Secondary antibodies, goat anti-rabbit 488 (A11008,
Invitrogen, USA) and goat anti-rabbit 555 (A21428, Invitrogen, USA), were used to bind to the primary antibodies for 1

418 hetps: International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=441453.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

h at 37°C. Finally, DAPI (C0050, Solarbio, China) was used to mark the nuclei for 10 min. Fluorescent images were
captured by confocal microscopy (Olympus FV1000, Japan). The fluorescence intensity of DAPI, Col 1, and Col 3 was
measured using ImageJ 1.53a software. The image was converted to grayscale, a threshold was set, and the density was
automatically calculated by the software. The relative fluorescence intensity was determined as the ratio of Col 1/DAPI,
Col 3/DAPI, and Col 3/Col 1 (n=3).

Statistical Analysis
Statistical analysis was performed by Microsoft Excel or GraphPad Prism 7 software. Results were presented as mean value
+ standard deviation or violin plot. The level of significance was determined by an unpaired two-tailed Student’s #-test.

Results
Characterization of HUVEC Apoptosis and ApoEVs

We used staurosporine (STS) to induce apoptosis of HUVECs and then isolated ApoEVs using a sequential centrifugation
method (Figure 1A). After 8 h of STS induction, HUVECs showed significant morphological changes and apoptotic
responses as assessed by TUNEL assay and flow cytometry analysis with FITC Annexin V and PI staining (Figure 1B-E).
We used nanoparticle track analysis (NTA) and transmission electron microscopy (TEM) to confirm the morphology and
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Figure | Isolation and characteristics of ApoEVs. (A) Schematic view of the process of isolating ApoEVs. Briefly, HUVECs were induced by 250 nM STS for 8 h and then the
culture medium was sequentially centrifuged to obtain ApoEVs. (B) The morphology of normal and apoptotic HUVECs. Scale bar=200 pum. (C€) TUNEL analysis of normal
and apoptotic HUVECs. Apoptotic cells were indicated by TUNEL-positive cells (green). Scale bar=100 um. (D) Flow cytometry analysis of normal and apoptotic HUVECs.
(E) Statistic analysis of the percentage of positive cells. (F) NTA analysis of the size distribution of ApoEVs. (G) TEM analysis of the morphology and size of ApoEVs. Scale
bar=200 nm. (H) Immunofluorescence staining of ApoEVs. ApoEVs were indicated by an apoptosis-specific surface marker, Ptdser (shown by Annexin V staining, green). (I)
Western blotting analysis of cleaved caspase 3, Cav I, Fas, and B-actin expressed in normal HUVECs, apoptotic HUVECs, and ApoEVs. The significance was tested with an
unpaired two-tailed Student’s t-test. (*p<0.05, ****p<0.0001).
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size of HUVECs-derived ApoEVs (Figure 1F—G). To further confirm the purity of ApoEVs, we used FITC Annexin
V staining to detect the apoptosis-specific marker, phosphatidylserine (PtdSer) (Figure 1H), and used Western blotting
analysis to show that ApoEVs expressed high levels of apoptosis-specific markers such as cleaved caspase-3, caveolin- 1
(Cav-1), and Fas (Figure 1I). Besides, ApoEVs expressed low levels of cytoskeleton protein, actin (Figure 1I).

ApoEVs Significantly Promoted the Proliferation, Migration, and Angiogenic

Differentiation of HUVECs in vitro

We tried to determine whether ApoEVs derived from apoptotic HUVECs could regulate the biological function of
endothelial cells. First, we verified whether HUVECs could engulf ApoEVs. After treatment of ApoEVs for 24 h,
fluorescent images showed that phalloidin-labeled HUVECs engulfed a lot of Dio-labeled ApoEVs (Figure 2A). Then,
we tested the effect of different concentrations of ApoEVs (10pg/mL, 20pg/mL, 30pug/mL, and 40pg/mL) on the
behaviors of HUVECs. In the CCK8 assay, all concentrations of ApoEVs showed a positive effect. 10 pg/mL
ApoEVs could considerably promote the growth of HUVECs compared with the control group, and the increase of
ApoEVs showed no significantly increased effect on HUVEC proliferation. But importantly, no inhibitory effect was
detected for ApoEVs on HUVECs (Figure 2B and C). In the scratch assay, all concentrations of ApoEVs accelerated the
migration of HUVECs, but 20 pg/mL was the most effective (Figure 2D and E). To test the effect of ApoEVs on the
angiogenic differentiation of HUVECs, HUVECs were pre-treated with different concentrations of ApoEVs. Tube
formation assays indicated that ApoEVs could increase the number of nodes, the number of junctions, and the total
length. 20 pg/mL and 30 pg/mL were both more effective (Figure 2F and G). To further determine whether the optimal
concentration is 20 pg/mL or 30 pg/mL, we also evaluated the expression of angiogenic-related genes (CD31, VEGF,
angiogenin) in HUVECs treated with 20 pg/mL and 30 pg/mL ApoEVs and the results indicated that there was no
significance between these two concentrations (Figure 2H).

ApoEVs Slightly Promoted the Proliferation and Migration of HFFs in vitro

Since fibroblasts also played an important role in skin wound healing, we examined whether ApoEVs could regulate the
behavior of fibroblasts. Similarly, we verified whether recipient HFFs could engulf ApoEVs. After treatment of ApoEVs
for 24h, fluorescent images showed that phalloidin-labeled HFFs engulfed Dio-labeled ApoEVs (Figure 3A). Then, 10ug/
mL, 20pug/mL, 30pg/mL, and 40pug/mL were added into the culture medium to test their effect on the growth of HFFs.
After treating for 4 days, 30pug/mL, and 40pg/mL showed the ability to promote the growth of HFFs. After treatment for
5 days, only 40pg/mL showed the difference between the control group (Figure 3B and C). A scratch assay indicated that
10pg/mL ApoEVs could not promote the migration of HFFs, while higher concentrations (20pg/mL, 30pg/mL, and 40pg/
mL) of ApoEVs promote the migration of HFFs (Figure 3D and E). The expression of fibrogenic-related genes in HFFs
showed no difference after treatment with ApoEVs (Figure 3F). These findings indicated that ApoEVs could slightly
promote the proliferation and migration of HFFs, but could not regulate the fibrogenic differentiation of HFFs.

ApoEVs Increased Wound Closure, Re-Epithelialization, the Formation of Granulation

Tissue, and Vascularization in vivo

Full-thickness skin wound models were used to evaluate the effect of ApoEVs on skin regeneration in vivo. Notably,
20pg/mL and 30 ug/mL ApoEVs from HUVECSs showed a similar effect on the proliferation, migration, and angiogenic
differentiation of HUVECsS (Figure 2). Therefore, the concentration of 20 ug/mL was used as a work concentration in the
follow-up study. Skin defects with a diameter of 16 mm were constructed on the left and right sides of the rat dorsum,
respectively. ApoEVs suspended in PBS were injected into the right side as the experimental group, while PBS only was
injected into the left side as the control group (Figure 4A). The digital pictures (Figure 4B) and pattern diagrams
(Figure 4C) of wounds showed that on day 15, skin wounds in the ApoEVs group healed; in contrast, skin wounds in the
control group did not. The semiquantitative measure showed treatment with ApoEVs increased the wound closure rate
from 6 days to 15 days (Figure 4D).
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Figure 2 The effect of ApoEVs on the function of HUVECs in vitro. (A) Immunofluorescence staining of Dio-labeled ApoEVs (green) engulfed by HUVECs (red). Scale
bar=20 um. (B and C) CCK-8 analysis of the effect of different concentrations of ApoEVs on the proliferation of HUVECs. (D) Scratch analysis of the effect of different
concentrations of ApoEVs on the migration of HUVECs. Scale bar=400 um. (E) Statistic analysis of migrated area (n=3). (F) Tube formation analysis of the effect of different
concentrations of ApoEVs on the angiogenesis of HUVECs. Scale bar=200 pm. (G) Statistic analysis of the number of nodes, number of junctions, and total length. (H) qRT-
PCR analysis of the difference between 20 pg/mL and 30 pg/mL ApoEVs on the angiogenic differentiation of HUVECs. The significance was tested with an unpaired two-tailed
Student’s t-test. ("p>0.05, *p<0.05, **p<0.01, ***p<0.001).

During the proliferative phase of wound healing, granulation tissue is formed concurrently with re-epithelialization and
vascularization. To visualize these structures, skin wounds were collected on day 6. In H&E-stained images, we used black
inverted triangles to point out the edge of re-epithelization (Figure 4E). The area of re-epithelialization was increased by ApoEVs
(Figure 4F). H&E staining (Figure 4G) and Masson staining (Figure 4H) both indicated that wounds treated with ApoEVs
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Figure 3 The effect of ApoEVs on the function of HFFs in vitro. (A) Immunofluorescence staining of Dio-labeled ApoEVs (green) engulfed by HFFs (red). Scale bar=20 um.
(B and C) CCK-8 analysis of the effect of different concentrations of ApoEVs on the proliferation of HFFs. (D) Scratch analysis of the effect of different concentrations of
ApoEVs on the migration of HFFs. Scale bar=400 um. (E) Statistic analysis of migrated area (n=3). (F) qRT-PCR analysis of the effect of different concentrations of ApoEVs
on the fibrogenic differentiation of HFFs. The significance was tested with an unpaired two-tailed Student’s t-test. ("p>0.05, *p<0.05, *p<0.01).

showed a significantly higher thickness of granulation tissue formation (Figure 4I) and more blood vessel regeneration
(Figure 4J) than the control group. These findings confirmed the function of ApoEVs in increasing the wound closure rate, re-
epithelialization, the formation of granulation tissue, and vascularization.

ApoEVs Reduced Scar Formation in vivo
To assess the formation of scars, we collected healed skins on day 45 and made sections for subsequent staining. Based
on digital pictures and pattern diagrams, we found that the relative scar area was reduced by ApoEVs (Figure SA-C).
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Figure 4 The effect of ApoEVs on wound closure, re-epithelialization, the formation of granulation tissue, and vascularization in vivo. (A) Schematic view of the
experimental process in vivo. (B) Digital pictures of wounds on day 0, day 3, day 6, day 9, day 12, and day 16. The inner diameter of the ring=16 mm. (C) Pattern diagrams
of wounds at each time point. (D) Statistic analysis of the wound closure rate (n=3). (E) H&E staining of wounds on day 6. The black inverted triangles pointed out the edge
of re-epithelialization. The black lines pointed out the area of the regenerated epidermis. Scale bar=200 um. (F) Statistic analysis of the re-epithelialization rate (n=3). (G)
H&E staining and (H) Masson staining of granulation tissue on day 6. The solid lines with stops represented the thickness of granulation tissue. The arrows pointed out the
blood vessels. Scale bar (left)=500 um. Scale bar (right)=200 pm. (I) Statistic analysis of granulation tissue thickness (n=3). (J) Statistic analysis of the number of blood vessels
per field of view (scale bar=200 pm, n=3). The significance was tested with an unpaired two-tailed Student’s t-test. (*p<0.05, **p<0.01).

Images with H&E staining also indicated that the scar was narrower in the ApoEVs group than that in the control group
(Figure 5D-F). Masson staining indicated that fibers were the main component of scars, so we further performed
immunofluorescence staining on these fibers to distinguish different types (Figure 5D and E). The relative fluorescence
density (Col 1/DAPI) showed no difference between the control group and the ApoEVs group (Figure 5G). The relative
fluorescence density (Col 3/DAPI) was higher in the ApoEVs group than that in the blank group (Figure 5G). The
relative fluorescence density of Col 3/Col 1 was increased by ApoEVs (Figure 5G), which was related to the reduction of
scar and the increase of skin softness. These findings confirmed that ApoEVs could decrease scar formation.
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DAPI, Col 3/DAPI, Col 3/Col 1) (n=3). The significance was tested with an unpaired two-tailed Student’s t-test. ("p>0.05, *p<0.05, **p<0.01).

Discussion
Apoptosis, which is the programmed cell death, occurs daily to ensure cell turnover and maintain tissue homeostasis.
Efficient removal of apoptotic cells is necessary to prevent further damage to healthy tissue.>” Apoptotic cells go through

a series of biological events, including blebbing, cell shrinkage, nuclear fragmentation, chromatin condensation, and

34-36

chromosomal DNA fragmentation, leading to the formation of ApoEVs. ApoEVs contain various cellular components
such as nucleic acids, proteins, and lipids.'®** These ApoEVs are ultimately cleared by different types of phagocytes,
including professional, non-professional, and specialized phagocytes, which recognize “Find-Me” signals that promote
the engulfment process.’’** Apoptosis has also gained attention in cell transplantation, as transplanted MSCs undergo
extensive apoptosis shortly after injection.'****'*? Direct delivery of apoptotic MSCs or ApoEVs has shown to be more
effective than viable MSCs in disease treatment.'*'> Additionally, apoptosis of terminally differentiated somatic cells,
compared to young cells like stem cells, may better mimic physiological conditions. Therefore, there is a growing focus
on apoptosis in current studies.

Most previous studies induced apoptosis of cells by using staurosporine (STS).'® 2244346 STS has been reported to
activate caspase 3 and inhibit cells from entering the G1 or G2 phase of the cell cycle, thereby inducing apoptosis. In this
study, we also chose STS as it is commonly used and has been proven effective. Other substances such as
Metronidazole*” and H,0,'®*® have also been found to induce apoptosis in stem cells. Additionally, non-chemical
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methods like UVC light,** high hydrostatic pressure (HHP),>® and starvation'® have shown effectiveness in inducing
apoptosis in stem cells. However, further research is needed to investigate the effectiveness of disease treatment using
ApoEVs induced by these methods, particularly non-chemical approaches that do not involve the use of exogenous
chemical reagents.

In the process of inducing cell apoptosis, there are variations in the apoptosis process among thousands of cells. To
prevent excessive cells from entering the late stage of apoptosis, most studies choose to terminate induction when the

proportion of apoptosis reaches 60-90%,'%!%48

which is similar to our termination timing. However, even though the
vesicles show basic characteristics of apoptotic vesicles, such as positive expression of PtdSer, Caspase-3, Cavl, and Fas,
normal extracellular vesicles are inevitably mixed in. Yang et al conducted a comparison between ApoEVs and normal
EVs in diabetic skin wound healing and found no difference.’' However, comprehensive comparisons like this are rarely
conducted. Similarly, further research is needed to understand the composition and function of apoptotic and normal
vesicles derived from HUVECs.

The skin serves as the body’s primary defense mechanism, making it susceptible to damage.’> The process of
classical cutaneous wound healing is intricate. Initially, a clot forms to seal the wound. The repair and regeneration of the
area then occur, involving the introduction of fibroblasts, capillaries, and immune cells into the clot, which leads to the
formation of granulation tissue. Eventually, the wound edges come together, and the epidermal layer covers the wound
surface. The formation of multilayered skin relies on a delicate balance between various cellular activities, including
proliferation, migration, differentiation, and apoptosis.’*>> Angiogenesis, the development of new blood vessels, plays
a crucial role in the regeneration of damaged skin.'>® It involves the proliferation, migration, and branching of
endothelial cells to form new blood vessels. In previous years, researchers have explored the potential of using of

>72% endothelial cells-derived conditioned medium,?” and exosomes>*>'> for vascularization in tissue

endothelial cells,
repair and regeneration. In this study, ApoEVs isolated from HUVECs were found to be engulfed by HUVECs, leading
to a significant enhancement in the migration and angiogenesis abilities of HUVECs within one day of treatment.
Moreover, the proliferation of HUVECs was also significantly enhanced by ApoEVs within five days. In vivo experi-
ments also indirectly confirmed the angiogenic function of ApoEVs, as more blood vessel formation was observed in the
ApoEVs group. These findings suggest that ApoEVs promote cutancous wound healing at least partially by regulating the
angiogenesis of endothelial cells.

Fibroblasts, which are present throughout the connective tissue of every organ system, play a crucial role in wound
healing. They deposit and remodel the extracellular matrix (ECM) and are responsible for ECM synthesis, proliferation,
and migration, which are fundamental processes in wound healing.’*>° Furthermore, fibroblast-mediated collagen
synthesis and deposition differ between fetal and adult wounds. While both types of wounds contain collagen types
I and III, fetal wounds have a higher ratio of type III to type I collagen. The presence of collagen type III improves the
softness and elasticity of the skin, which decreases as the fetus develops. This transition from scarless to fibrotic repair
correlates with changes in collagen organization.®™®' Previous studies found adipose tissue-derived ApoEVs could
directly increase the ratio of type III to type I collagen in fibroblasts and promote skin wound healing.*® The effects
of HUVECs-derived ApoEVs on fibroblasts were investigated in this study. In vitro experiments revealed that ApoEVs
could slightly promote the proliferation and migration of fibroblasts. However, no significant changes were observed in
the expression of collagen type I and collagen type III. It is worth noting that fibroblasts, as non-professional phagocytes,
may have limited phagocytic abilities compared to endothelial cells. Therefore, they might not engulf and process large
amounts of HUVECs-derived ApoEVs. However, the in vivo results showed an increased ratio of type III to type
I collagen in response to ApoEVs. The complexity of the wound healing process may be regulated by the wound
microenvironment, rather than just direct regulation by ApoEVs. ApoEVs may have created a favorable microenviron-
ment for fibroblast differentiation by regulating the behavior of other cells. However, further research is needed to
investigate and confirm this assumption and possibility.

Furthermore, ApoEVs are one type of extracellular vesicles, containing various components such as proteins, nucleic
acids, and lipids. These components are believed to have an important role in disease treatment. For example, Zhu et al
discovered that ApoEVs derived from human bone marrow mesenchymal stem cells (1(BMMSCs) enriched in miR1324
could attenuate bone loss.** Qu et al found that ApoEVs derived from human embryonic stem cells (ESCs) promoted
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Figure 6 Conclusion. HUVECs-derived ApoEVs promoted skin wound healing.

mouse skin wound healing by transferring SOX2 into skin MSCs.>* Although we have confirmed that ApoEVs derived
from HUVECs showed a significant effect on promoting angiogenesis, the explanation of its mechanism is limited.
Further investigation is needed to identify the specific components of HUVECs-derived ApoEVs that play a crucial role

in modulating angiogenesis.

Conclusion

In summary, the study demonstrated that an appropriate dosage of ApoEVs derived from HUVECs has the potential to
promote full-thickness wound healing by enhancing the proliferation, migration, and angiogenesis of endothelial cells
(Figure 6). This finding provides a novel and promising approach to enhancing tissue regeneration through the
stimulation of angiogenesis and deepens the understanding of from death to regeneration.
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