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Purpose: Small extracellular vesicles (SEV) are a heterogeneous group of vesicles that
consist of proteins, lipids and miRNA molecules derived from the cell of origin. Although
xenogeneic sEV have been applied for soft tissue regeneration successfully, the regeneration
effect of allogeneic and xenogeneic sEV has not been compared systematically.

Methods: Our previous study has shown that sEV derived from rat adipose tissue successfully
induced neoadipose regeneration. In this study, SEV were isolated from rat adipose tissue (r-sEV-
AT) and porcine adipose tissue (p-sEV-AT), the morphology, size distribution and marker
proteins expression of r-sEV-AT and p-sEV-AT were characterized. Besides, the sEV/AT ratio
was evaluated and compared between r-sEV-AT and p-sEV-AT. Rat adipose-derived stromal/
stem cells (rASCs) and rat aorta endothelial cells (rECs) were adopted to test the cellular
response to allogeneic and xenogeneic SEV-AT. The effects of allogeneic and xenogeneic sEV-
AT on host cells migration and neoadipose formation were evaluated in a subcutaneous custom-
designed model. A full-thickness skin wound healing model was used to further compare the
ability of allogeneic and xenogeneic SEV-AT in inducing complex soft tissue regeneration.
Results: p-sEV-AT showed similar morphology and size distribution to r-sEV-AT. Marker
proteins of sEV were detected in both r-sEV-AT and p-sEV-AT. The sEV/AT ratio of porcine
was slightly higher than that of rat. The effects of r-sEV-AT and p-sEV-AT on the differ-
entiation of rASCs and rECs showed no significant difference. When allogeneic and xeno-
geneic sEV-AT were subcutaneously implanted into the back of SD rats, the host cells
chemotactic infiltration was observed in 1 week and neoadipose tissue formation was
induced in 8 weeks; no significant difference was observed between allogeneic and xeno-
geneic SEV-AT. For complex soft tissue regeneration, both allogeneic and xenogeneic sEV-
AT significantly promoted wound re-epithelialization, granulation tissue formation and hair
follicle regeneration and then accelerated skin wound healing.

Conclusion: Our results demonstrated that SEV derived from the same tissues of different
species might be loaded with similar therapeutic substance benefitting tissue repair and
regeneration, and paved the way for future research aimed at xenogeneic sEV application.

Keywords: xenogeneic, small extracellular vesicles, neoadipose formation, skin wound repair

Introduction
Small extracellular vesicles (sEV) are a heterogeneous group of cells-derived

membrane vesicles that consist of proteins, lipids, and coding or noncoding RNA
molecules derived from the cells of origin.' A lot of studies have shown that many

proteins® > and microRNAs®? are species-specific. Even for some conserved
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miRNAs, their targeting in different species will be differ-
ent, like let-7 miRNA family.'®"* The molecules-loaded
vesicles, in physiological or pathological conditions, are
involved in the regulation and maintenance of reproduc-
tion, blood coagulation, cell death, stem cell expansion,
neuronal communication, tumorigenesis, tissue repair and
inflammation, among others.'"*'® For example, in the
treatment of myocardial infarction (MI), Tseliou et al'
found that the ejection fraction increased by 15% after
injection of SEV secreted by rat cardiosphere-derived
cells into a rat myocardial infarction model. Ibrahim et al*’
and Gallet et al*' injected SEV secreted by human cardio-
sphere-derived cells to mice or mini-pig model, respec-
tively, and both of the results showed that xenogeneic sEV
was effective in the repairing of myocardial infarction and
the ejection fraction increased 10%. Both allogeneic and
xenogeneic sEV had shown a constructive and positive
impact on soft tissue repair. By comparing these studies,
we could find that the application of allogeneic sEV could
increase the ejection fraction by 15%, while the applica-
tion of xenogeneic SEV could only increase the ejection
fraction by 10%. Although we suspected that species
might have an impact on the outcome of the treatment,
in these studies, the differences in the sEV isolation
method, route of administration, and animal model might
lead to the differences in repairing of myocardial infarc-
tion. Therefore, the direct correlation between the efficacy
of tissue repair and species of SEV was still unknown.
Adipose tissue was initially regarded as a type of tissue
storing excess nutrients. However, recent studies demon-
strated that adipose tissue could function as an endocrine
organ that produced and secreted a wide range of media-
tors regulating adipose tissue and important distant targets
(such as the liver, skeletal muscle, the pancreas and the
cardiovascular system).”” In addition to adipocytes, the
other cell types such as precursor, endothelial, immune
cells and fibroblasts in the adipose tissue could also con-
tribute to the release of sEV to mediate the cross-talk
between adipose tissue and other distal tissues.”>** Our
previous study has shown sEV derived from adipose tissue
(sEV-AT) could trigger adipogenic signaling in ASCs,
resulting in adipogenic differentiation,”” so we chose sEV-
AT as the representative sSEV to compare the potential of
allogeneic and xenogeneic SEV in regenerative medicine.
There is an emerging need for soft-tissue replacements
in the field of reconstructive surgery for the treatment of

congenital deformities, posttraumatic repair and cancer
rehabilitation. The stem cell-based therapy or acellular
approaches to generate engineering adipose tissue were
studied to develop an ideal soft tissue replacement which
is well-vascularized, maximum neotissue formation and
long-term volume maintenance. We have successfully
induced neoadipose tissue regeneration with SEV-AT in
a subcutaneous silicone tube model. In this study, we
chose the same model to compare the effectiveness of
allogeneic and xenogeneic sEV-AT in inducing neoadipose
tissue formation. In order to further compare the repair
ability of sEV-AT in more complex soft tissue regenera-
tion, a well-established full-thickness skin wound healing
model was used.

Materials and Methods

Animals

Animals were obtained from Dashuo Experimental Animal
Co. Ltd. (Chengdu, China). 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. The approval number
is WCHSIRB-D-2019-032. The care and use of the labora-
tory animals followed the guidelines of the Institutional
Animal Care and Use Committee of West China School of
Stomatology, Sichuan University.

Preparation of sEV-AT

Our previous studies demonstrated that sEV could be
successfully isolated from rat adipose tissue using a kit-
based ultrafiltration method.?® Therefore, we chose the
same method with the following modifications to isolate
r-sEV-AT and p-sEV-AT from rat and porcine adipose
tissue, respectively. Fat pads were minced into small
pieces and transferred into a Celstir spinner flask
(Wheaton). Serum-free a-modified Eagle’s medium (a-
MEM, HyClone) with 100 U/mL penicillin and 100 U/
mL streptomycin was added into the flask and the tissues
were cultured in a 5% C0,-95% air atmospheric condition
at 37°C with speed at 100 rpm for 2 days. Tissue pieces
were removed by gauze and the debris of tissues and cells
were removed by centrifugation at 2000 rpm for 20 min,
followed by a 40 pm filter (BD falcon). The supernatant
obtained at this time was called adipose tissue extract
(ATE). For further isolation of SEV-AT, ATE was filtered
through 0.22 pm filters (Millipore), then concentrated by
Ultracel-3 membrane (Millipore) at 5000 g, 4°C for 30
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min, further filtrated by Ultracel-100 membrane
(Millipore) at 5000 g, 4°C for 30 min. The concentrated
ATE was mixed with the Total Exosome Isolation™
reagent (Life Technologies) at 4°C overnight and spun

down at 10,000 g, 4°C for 1 h to obtain sEV-AT.

Characterization of sEV-AT

SsEV-AT was resuspended in PBS and the concentration of
SEV-AT was measured in terms of their protein content
determined by the bicinchoninic protein assay method
using the manufacturer’s protocol (BCA Protein Assay
Kit, KeyGEN BioTECH). The morphology of sEV-AT
was observed by Transmission Electron Microscopy
(TEM). The particle size and size distribution of sEV-AT
were determined by ZetasizerNano ZS analysis system
UK).
Details were described in our previous studies.>>*® The
expression of actin, CD63, TSG101 and CD9 in sEV-AT
was detected by Western blot.

(Zetasizer version 6.12, Malvern Instruments,

Western Blot

Thirty-microgram sEV-AT was dissolved in RIPA Lysis
Buffer (KeyGEN, China), resolved on a 10% polyacryla-
mide gel, and blotted on to a nitrocellulose membrane. The
membranes were blocked and then incubated with primary
antibodies against CD9 (Zen Bioscience, 220,642),
TSG101 (Zen Bioscience, 512,216), CD63 (Zen
Bioscience, 510,953) and actin (Abcam, ab3280) at 4°C
overnight, followed by horseradish peroxidase (HRP)-
conjugated secondary antibodies for 1 h at room tempera-
ture. HRP
Substrate (Millipore) was used for the detection following

Immobilon Western Chemiluminescent
the manufacturer’s instructions. Signals were visualized
with a ImageQuant LAS 4000 mini machine (GE
Healthcare).

Cells Isolation and Culture

Adipose-derived stromal/stem cells (ASCs) were isolated
from SD rats. Inguinal fat pads were collected, cut into
small pieces, and digested with 0.075% type I collagenase
for 30 min at 37°C. The mixture was washed with PBS
and centrifuged at 1000 rpm for 5 min, and the remaining
pellet was cultured in o-modified Eagle’s medium (o-
MEM; HyClone), 10% fetal bovine serum (FBS; Gibco),
100 U/mL penicillin, and 100 U/mL streptomycin. Cells
were cultured in a 5% C0,-95% air atmospheric condition
at 37°C. The medium was replaced every 2 days, and cell

passaging was performed when the monolayer of adherent
cells reached 90% confluence.

Aorta endothelial cells (ECs) were obtained from the
thoracic aorta of SD rats as described by Tian et al*’ and
were cultured in endothelial cells growth medium (EGM-
2MV; Lonza). Cultures were maintained in a 5% C0,-95%
air atmospheric condition at 37°C. The medium was
replaced every 2 days, and cell passaging was performed
when the monolayer of adherent cells reached 90%
confluence.

sEV-AT Labeling and Cellular Uptake
Hundred-microgram r-sEV-AT and p-sEV-AT were labeled
with lpg membrane-labeling dye DiO (Invitrogen) in
serum-free o-MEM at 37°C for 20 min according to the
manufacturer’s protocol, then DiO-labeled sEV-AT was re-
purified with the Total Exosome Isolation™ reagent (Life
Technologies) to remove the unincorporated dye. The
obtained DiO-labeled sEV-AT pellet was resuspended in
serum-free o-MEM. Next, rASCs were co-cultured with
DiO-labeled sEV-AT for 6 h, washed with PBS, fixed in
4% paraformaldehyde, stained with phalloidin (Invitrogen)
and DAPI, washed with PBS and imaged by confocal
microscopy (Olympus FV1000, Japan).

Cell Differentiation Induced by sEV-AT
rADSCs or tECs, 1X10° cells per well in 12-well plates,
were continuously co-cultured with 50 pg/mL r-sEV-AT or
p-sEV-AT (50 pg sEV-AT in 1 mL culture medium) and
the culture medium containing sEV-AT was changed every
2 days to maintain the treatment effect. The cells cultured
with the basal medium alone were used as negative con-
trol. After co-culturing rECs with sEV-AT for 4 days, the
relative expressions of angiogenic genes (CD31, VEGF,
FGF?2 and angiogenin) were determined by real-time PCR.
Similarly, the relative expressions of adipogenic genes
(PPARy, C/EBPa, adiponectin and FABP4) in rASCs
were analyzed by real-time PCR after 5 days and 10
days of induction.

Tube Formation Assays

rECs (1.5X10%), suspended in endothelial cells growth
medium (EGM-2MV, Lonza) with 50 pg/mL r-sEV-AT or
p-EV-AT (10 pg sEV-AT in 200 pL culture medium)
respectively, were seeded onto 96-well plates coated with
Matrigel (Corning). After incubation for 5 h, phase-
contrast images were acquired on an inverted microscope
(Olympus). The total number and length of all tubing
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within each field were measured using Image Pro-Plus
software.

qRT-PCR

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). The synthesized
cDNAs were amplified with SYBR Premix ExTaq
(TaKaRa Biotechnology, Japan) using QuantStudio 6
Flex Real-Time PCR System (Life Technologies,
Carlsbad, CA). The PCR cycling parameters were 95°C
for 2 min, 44 cycles of 95°C for 5 s, and 60°C for 30
27T method and

normalized to the reference GAPDH gene. This experi-

s. The results were analyzed using the

ment was repeated at least three times. Primer sequences
were listed in Supplementary Table S1.

In vivo Experiments

In the adipose tissue regeneration model, 60 pL Matrigel
(Corning) was mixed with 60 puL. PBS contained 360 ug
r-sEV-AT or p-sEV-AT. The final concentration of sSEV-AT
of these mixtures was 3 mg/mL. Sixtymicroliter Matrigel
(Corning) mixed with 60 unL PBS was adopted as the blank
group. Then, we transferred them into a custom-designed
silicone tube to maintain the integrity and shape of implant
material, and subcutaneously implanted into the back of
SD rats. The incision was closed with 3/0 nylon suture. All
rats were sacrificed via the Ethics Committees approved
methods at 3D, 5D, 1W, 2W, 4W and 8W for analysis of
the implants.

In the skin wound healing model, full-thickness exci-
sional skin wounds (15 mm in diameter) were made on the
back of SD rats. A custom-designed silicone device was
used to keep the wound area clean, free of debris and
stabilized and prevent wound contraction. Hundred-
microliter Polyvinyl Alcohol (PVA) was mixed with 100
pL PBS contained 600 pg r-sEV-AT or p-sEV-AT. The
final concentrations of SEV-AT of these mixtures were
3 mg/mL. Hundred-microliter PVA was mixed with 100
uL PBS was as the blank group. Then, the mixtures were
dropped onto the surface of the wound. In order to ensure
the therapeutic effect of SEV-AT, the wounds were treated
once a week. Digital photographs were taken at 0D, 7D,
10D, 14D, and 21D, and the wound areca was measured
using the Image J software. Treated rats were sacrificed at
10D and 21D, respectively, via the Ethics Committees

approved methods and samples were harvested for further
testing.

Hematoxylin and Eosin (H&E) Staining

The samples were harvested and fixed in 4% neutral par-
aformaldehyde overnight. After removing the tubes,
remained tissues were dehydrated using graded ethanol
and paraffin-embedded and sectioned into 5 pm thick
sections for H&E staining and immunochemical staining.

Immunochemical Staining

Sections were blocked for 2 h and then incubated over-
night at 4°C with primary antibodies. Primary antibodies
against and perilipin A (Abcam, ab3526) were used in this
study to analyze adipocytes. The secondary antibody was
shown by the DAB kit (Gene Tech, Shanghai, China).

Statistical Analysis

Results are expressed as mean value—standard deviation.
One-way ANOVA with Tukey posthoc test was used to
determine the level of significance. A value of p < 0.05
was considered statistically significant.

Results
Characterization of r-sEV-AT and p-sEV-
AT

Our previous studies demonstrated that sEV could be
successfully isolated from rat adipose tissue using a kit-
based ultrafiltration method and possessed the defining
characteristics of sEV.>>?® In this study, we used the
same method to isolate adipose tissue-derived sEV from
rat and porcine. Firstly, the general characteristics of adi-
pose tissue from rat and porcine were compared. The color
of native adipose tissue from both rat and porcine showed
to be white and the adipose tissue of rat appeared soft, but
that of pig appeared dense. H&E staining revealed that the
adipocytes of porcine were larger than that of rat. The
diameter of adipocytes of rat was less than 50 pum, but
the diameter of adipocytes of porcine could reach 100 pm
(Figure 1A). Although the size of adipocytes observed in
two species was different, the shape and size distribution
of r-sEV-AT and p-sEV-AT showed to be similar.
Transmission electron microscopy (TEM) analysis con-
firmed that the presence of round shaped vesicles sur-
rounded by a bilayer membrane in each sample
(Figure 1B). NanoSight analysis indicated that the dia-
meter of r-sEV-AT and p-sEV-AT both ranged from 80
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Figure | Characterization of r-sEV-AT and p-sEV-AT. (A) Macro and H&E images of native rat and porcine adipose tissue. Scale bar = 100 um. (B) The morphology of r-sEV-
AT and p-sEV-AT was observed by transmission electron microscopy analysis. The black arrows pointed out the sEV-AT. Scale bar = 100 nm. (C) Size distribution of sEV-AT
was measured by NanoSight analysis. (D) The expressions of Actin, CD63, TSGI0l and CD?9 in cell debris, r-sEV-AT and p-sEV-AT were detected by Western blot. (E) The
amount of ATE and sEV-AT that could be isolated from | g native adipose tissue (n=3).

Abbreviations: ATE, adipose tissue extract; H&E, hematoxylin and eosin; p-sEV-AT, small extracellular vesicles derived from porcine adipose tissue; r-sEV-AT, small
extracellular vesicles derived from rat adipose tissue; sEV, small extracellular vesicles; sEV-AT, small extracellular vesicles derived from adipose tissue.
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nm to 200 nm, and the average diameter was about 130 nm
(Figure 1C). Western blot analysis confirmed the presence
of sEV characteristic markers (CD9, CD63, and TSG101)
in r-sEV-AT and p-sEV-AT. However, the presence of CD9
in r-sEV-AT was shown at different molecular weights
compared to p-sEV-AT. The CD9 positive signal in r-sEV-
AT was detected at 25kDa, but the presence of CD9 in
p-sEV-AT was about 50kDa. The cellular protein actin was
detected exclusively in the cell lysates (Figure 1D). These
results confirmed that the source of adipose tissue and the
size of adipocytes had little effect on the properties of SEV.

In order to compare the amount of sEV-AT that could
be isolated from lg adipose tissue (SEV/AT ratio), we
selected the same amount of adipose tissue from rat and
porcine, respectively, obtained adipose tissue extract
(ATE) through suspension culture, and then purified sEV-
AT from ATE, as described in our previous studies
(Figure 1E).*>*® Protein quantification is a common
method to calculate the amount of sEV and tissue extract
(TE). Therefore, the amount of obtained ATE and sEV-AT
was determined by protein quantification. The results
showed that the amount of r-ATE and p-ATE, respectively,
obtained from 1lg adipose tissue were similar, which
showed to be 54 mg and 5.8 mg, respectively
(Figure 1E). Then, we isolated r-sEV-AT and p-sEV-AT
from 5.4 mg r-ATE and 5.8 mg p-ATE, respectively. The
SsEV/AT ratio of rat was about 132 pg/g, slightly lower
than that of porcine, which showed to be 168.3 ng/g
(Figure 1E). In general, the sEV/AT ratio of porcine was
slightly higher than that of rat.

The Response of Cultured Cells to
Allogeneic and Xenogeneic sEV-AT

in vitro

rASCs and rECs were both isolated from SD rats and were
adopted to evaluate the cellular response against allo-
geneic and xenogeneic sEV-AT in vitro. After co-cultured
rASCs with r-sEV-AT and p-sEV-AT, respectively, we
observed that rASCs could successfully uptake allogeneic
and xenogeneic SEV-AT. In addition, there was no signifi-
cant difference in the endocytosis ability of cells to allo-
geneic and xenogeneic sEV-AT (Figure 2A). In order to
further study the effect of allogeneic and xenogeneic sEV-
AT on cell differentiation. The expression levels of adipo-
genic marker gene (PPARy, C/EBPo, adiponectin and
FABP4) in the ASCs co-cultured with different SEV-AT
were compared to the blank group. After cocultured for 5

days, the expressions of adipogenic marker genes in
rASCs, were significantly higher than those in the blank
group (Figure 2B). Except that the expression of C/EBPa
induced by p-sEV-AT was higher than that induced by
r-sEV-AT, other genes induced by sEV-AT derived from
two species showed no difference. After co-cultured for 10
days, the expressions of PPARy and Adiponectin in both
r-sEV-AT and p-sEV-AT groups were upregulated to about
15-fold compared with the blank group. The expression of
FABP4 in r-sEV-AT and p-sEV-AT groups was upregulated
to about
(Figure 2C).
Angiogenesis played a vital role in soft tissue regen-

7-fold compared with the blank group

eration. In order to further evaluate the effect of allogeneic
and xenogeneic sEV-AT on angiogenic differentiation of
cells, rECs were induced by r-sEV-AT and p-sEV-AT for 4
days. Compared with the blank group, both r-sEV-AT and
p-sEV-AT could promote tube-like structures formation,
represented as the increasing of the total nodes, total
junctions and total length. Besides, the inductivity of allo-
geneic and xenogeneic sEV-AT showed no difference
(Figure 2D). The expressions of selected angiogenesis
marker genes (CD31, VEGF, FGF2, and angiogenin)
were also detected, the results showed 2- to 10-fold up-
regulation in SEV-AT groups compared with the blank
group (Figure 2E).

Taken together, sEV-AT derived from two species both
could effectively induce the differentiation of rASCs or
rECs, and the inductivity of allogeneic and xenogeneic
sEV-AT showed no significant difference.

Host Cells Infiltration Induced by

Allogeneic and Xenogeneic seV-AT in vivo
In order to evaluate the response of host cells to allo-
geneic and xenogeneic sEV-AT in vivo, Matrigel only,
or mixed with r-sEV-AT and p-sEV-AT was transferred
into a custom-designed silicone tube, in which the cell-
free implants only contacted the host cells through the
upper and lower ends (Figure 3A). These mixtures
were subcutaneously implanted into the back of SD
rats. After 3D, 5D and 7D, the implants with the
tubes were photographed (Figure 3A). Then, the tubes
were removed and macro images showed that the
implants contained r-sEV-AT and p-sEV-AT were opa-
que compared with the blank group at all time points
(Figure 3B). We suspected that there might be more
infiltrated host cells in sEV-AT groups which caused
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the opaque appearances. To better compare the effect
of host cells infiltration, we separated the implants at
3D, 5D and 7D, made paraffin sections, and selected
sections that represented the center of the implants for
HE staining. The lower edge of the sheet-like pannicu-
lus carnosus skeletal muscle®® was defined as the start-
ing point (solid line) and the position where the cell
density significantly reduced was defined as the ending
point (dotted line). The thickness between the solid
line and the dotted line was used to evaluate the effi-
ciency of the infiltration of host cells. As shown in the
images from representative experiments, both the allo-
geneic and xenogeneic sEV-AT significantly promoted
the infiltration of host cells at 5D and 7D (Figure 3C).
After quantified over three independent studies, plani-
metry data showed that the average thickness in r-sEV-
AT group at 5D and 7D were 633.25 pm and 1099.48
pm, respectively. In p-sEV-AT group, the average
thickness was 704.19 pm at 5D and 1266.96 pm at
7D. These results indicated that chemotaxis host cell
infiltration was accelerated by sEV-AT derived from
two species. Moreover, there was no significant differ-
ence between allogeneic and xenogeneic SEV-AT
groups at any time point (Figure 3D).

Neoadipose Tissue Formation Induced by

Xenogeneic and Allogeneic sEV-AT in vivo
Our previous study has shown that sEV-AT derived
from rat could be used as a cell-free therapeutic
approach for adipose tissue regeneration. In order to
systematically compare the effectiveness of xenogeneic
and allogeneic SEV-AT in inducing neoadipose tissue
regeneration, we evaluated neoadipose tissue formation
after 2W, 4W and 8W of subcutaneous implantation. In
general, we observed obvious blood vessels extending
into the silicone tube in r-sEV-AT and p-sEV-AT
groups, especially at 4W and 8W (Figure 4A). The
implants in the blank group gradually absorbed with
time, and only fine fibers remained at 8W. While the
volume of regenerated tissue in allogeneic and xeno-
geneic SEV-AT groups at 4W and 8W were signifi-
cantly larger than that in the blank group. (Figure
4B). To evaluate the area of neoadipose tissue, we
calculated the area of immature or mature adipocyte
by immunohistochemical staining (stained with adipo-
cyte marker, perilipin A) so as to exclude the influence
of unabsorbed Matrigel and fiber tissue (Figure 4C).

We selected the sections in the middle of the silicone
tube, the dotted line represented the area of neoadipose
tissue (S1), the solid line represented the longitudinal
section area of the silicone tube (S0), and S1/S0 repre-
sented the proportion of the neoadipose tissue in the
silicone tube (Figure 4D). At 2W, immature adipocytes
firstly appeared in p-sEV-AT but there was no statisti-
cal difference compared with the blank and r-sEV-AT
groups. After 4W implantation, the average S1/S0 was
5.31% and 12.76% in r-sEV-AT and p-sEV-AT groups,
respectively, which was higher than that of the blank
group and showed significant difference, but there was
no statistical difference between these two species.
After 8W implantation, the average S1/SO0 was
27.47% in r-sEV-AT group and 23.80% in p-sEV-AT
group. In addition, regenerated adipose tissue in sEV-
AT groups at 8W was close to the normal adipose
tissue, which was accompanied by blood vessels to
provide nutrition (Supplementary Figure S1). There

was no significant difference in the area of neoadipose
tissue induced by allogeneic and xenogeneic sEV-AT,
but they were significantly higher than that of the blank
group, in which there was a tiny adipocyte in the tubes
(Figure 4E). These results indicated that the ability of
xenogeneic sSEV-AT to induce neoadipose tissue forma-
tion was not weaker than allogeneic SEV-AT in vivo.

Skin Wound Healing Accelerated by

Allogeneic and Xenogeneic sEV-AT in vivo
To further compare the repair ability of allogeneic SEV-AT
and xenogeneic SEV-AT in the soft tissue regeneration,
a more complex soft tissue, like skin, was considered.
The skin is not only the largest and most important barrier
structure of the human body?’ but also very complex in the
microstructure. The dermis contains fibroblasts, adipo-
cytes, hair follicles, sweat glands, blood vessels, fibers
and so on.”® Besides, the regeneration of epidermis is
always a question of great concern in the field of skin
repair.

In our study, full-thickness dermal wounds (15 mm
in diameter) were generated on the back of SD rats,
and then r-sEV-AT and p-sEV-AT mixed with Polyvinyl
Alcohol (PVA) were dropped onto the surface of the
wound. For the blank group, an equal volume of PBS
mixed with 200 pL. PVA was directly dropped onto the
surface of each wound. Wound areas were photo-
graphed at 0D, 7D, 10D, 14D, 21D to determine
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Figure 2 The response of cultured cells to allogeneic and xenogeneic sEV-AT in vitro. (A) The morphology of rASCs and cellular uptake were detected by Fluorescence
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marker genes (PPARy, C/EBPo, adiponectin and FABP4) were measured by real-time PCR (n=3). (D) Typical tube-like structures of rECs in different groups were shown (left,
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significance was tested with one-way ANOVA with Tukey posthoc test (*p<0.05, *p<0.01, ***p <0.001).

Abbreviations: C/EBPa, CCAAT enhancer-binding proteins; FABP4, fatty acid-binding protein 4; FGF2, fibroblast growth factor 2; PCR, polymerase chain reaction; PPARy, peroxisome
proliferator-activated receptor y; p-sEV-AT, small extracellular vesicles derived from porcine adipose tissue; rASCs, rat adipose-derived stromal/stem cells; rECs, rat aorta
endothelial cells; r-sEV-AT, small extracellular vesicles derived from rat adipose tissue; sEV-AT, small extracellular vesicles derived from adipose tissue; VEGF, vascular
endothelial growth factor.
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wound closure rate (Figure 5A). In order to show the
speed of wound healing more clearly, we made
a pattern map which was similar to the contour to
show the area of unhealed wounds at different time
points (Figure 5B). As shown in the images from
representative experiments and wound traces, the
wounds in r-sEV-AT and p-sEV-AT groups consistently
closed faster than that in the blank group (Figure 5A
and B). When quantified over three independent wound
studies, the biggest difference of the area of unhealed
between in sEV-AT groups and in the blank group was
at 10D post-wounding. Planimetry data showed that the
average wound area in allogenecic and xenogeneic
groups was significantly shrunk to about 20%, which
showed to be about 60% in the blank group (Figure
5C). in the
wound healing process was observed between wounds
treated with r-sEV-AT and p-sEV-AT at any time point.

Importantly, no significant difference

Re-Epithelialization, Granulation Tissue
and Hair Follicles Improved by Allogeneic

and Xenogeneic sEV-AT in vivo

Having confirmed that both r-sEV-AT and p-sEV-AT accel-
erated the wound healing process from gross observation,
we therefore wondered whether r-sEV-AT or p-sEV-AT
could provide a favorable microenvironment to speed up
the restoration of epidermal and dermal architecture. Next,
histological analysis was performed to assess the effect of
allogeneic and xenogeneic SEV-AT on skin wound healing
in the microstructure.

To visualize the degree of re-epithelialization, the
thickness of granulation tissue formation and hair fol-
licle regeneration, wounded skins were collected at
10D followed by H&E staining (Figure 6A and B).
We used black inverted triangles to mark the edge of
the original wound and used red inverted triangles to
represent the edge of re-epithelization (Figure 6A). The
edge of re-epithelization theoretically represented the
edge of the unhealed wounds which is depicted in
Figure 5A and B. At the same time, the orange star
represented the disordered wound area, which was
composed of irregular scab shell and granulation tissue
(Figure 5A). An epithelial tongue of migrating kerati-
nocytes was visible clearly in each group (Figure 6B).
Compared with the blank group, wound re-
epithelialization was remarkably enhanced after treat-
ment with allogeneic and xenogeneic sEV-AT (Figure

6A and C). Moreover, sEV-AT treatment significantly
improved the thickness of regularly arranged granula-
tion tissue compared to the blank group (Figure 6D),
which suggested that there were more capillaries in
wound beds treated with allogeneic and xenogeneic
sEV-AT. In addition, we observed regenerated hair fol-
licles in the repaired skin area in r-sEV-AT and p-sEV-
AT groups, which were pointed out by black arrows
(Figure 6A). Although we did not quantitatively ana-
lyze the number of regenerated hair follicles, there was
no obvious hair follicle structure in the blank group
(Figure 6A), which also proved the ability of allo-
geneic and xenogeneic SEV-AT to promote complex
soft tissue regeneration. In short, these results indicated
that r-sEV-AT or p-sEV-AT significantly promoted
wound re-epithelialization, granulation formation and
hair follicle regeneration and thus accelerated skin
wound healing.

Discussion

In recent years, a great deal of attention has been paid to
the application of not only allogeneic but also xenogeneic
sEV in various fields, such as therapeutic target,**>* diag-
nosis tools,* drug/gene delivery vector’® and inducer of
tissue regeneration.”>>’ Although the highly attractive
features of sEV, such as the absence of immunogenicity,
natural composition, and the ability to be loaded with
small molecules and biologics,>® the use of SEV derived
from xenogeneic tissue in clinical applications remained
limited because it was still unclear whether sEV derived
from different species would have an impact on their
therapeutic effects.

In our experiments, we successfully isolated r-sEV-
AT and p-sEV-AT from rat and porcine adipose tissue,
respectively. Although the size of adipocytes from rat
and porcine was quite different, the physical character-
istics of SEV-AT derived from two species assessed by
TEM and Nanosight revealed no significant difference
in what concerning shape, size and size distribution.
Western blot analysis indicated that both r-sEV-AT and
p-sEV-AT expressed the marker proteins, CD9, CD63
and TSG101. However, CD9 positive signal in r-sEV-
AT was detected at 25kDa, but the presence of CD9 in
p-sEV-AT was about 50kDa, in which CD9 might be
detected as a dimer. We also found that the sEV/AT
ratio of porcine was slightly higher than that of rat.
Adipose tissue consists of cellular components, such as
adipocytes, preadipocytes, ASCs, endothelial cells,
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Figure 3 Host cells infiltration induced by allogeneic and xenogeneic sEV-AT in vivo. Host cells infiltration in tubes was measured at 3D, 5D and 7D. (A) Schematic
view of the experimental operation process. Matrigel only, or mixed with r-sEV-AT and p-sEV-AT was transferred into the custom-designed silicone tube and
subcutaneously implanted it into the back of SD rats. After 3D, 5D and 7D implantation, samples with the tubes were photographed. (B) Macro images of the
implants after removing the tubes. (C) Host cells infiltration was confirmed by H&E staining. The solid lines represented the lower edge of the sheet-like panniculus
carnosus skeletal muscle in the skin, the dotted lines represented the position where the cell density is significantly reduced and the black arrows represented the
thickness of cell infiltration. Scale bar = 200 um. (D) The average thickness of cells infiltration in different groups (n=3). The significance was tested with one-way
ANOVA with Tukey posthoc test (**p<0.01, ***p <0.001).

Abbreviations: p-sEV-AT, small extracellular vesicles derived from porcine adipose tissue; r-sEV-AT, small extracellular vesicles derived from rat adipose tissue; sEV-AT,
small extracellular vesicles.
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fibroblasts, keratinocytes, macrophages and smooth
muscle cells, and acellular components, extracellular
matrix (ECM).* Previous study has shown that sEV
were almost secreted by active cells.*® Our study
showed that adipocytes of porcine were larger than
those of rat and the relative proportion of extracellular
matrix of porcine was little, so we speculated that there
were more active cells per unit mass of adipose tissue
in porcine than in rat.

Firstly, the uptake of sEV by target cells was the
premise of regulation.*' Several mechanisms have been
involved in sEV uptake by target cells, including pro-
tein interactions, endocytosis, cell surface membrane
fusion and cell-specific sEV uptake.'” In our study,
we co-cultured rASCs with r-sEV-AT or p-sEV-AT,
and the result showed that the uptake of allogeneic
and xenogeneic SEV-AT by rASCs showed no signifi-
cant difference. Although there was a specific protein-
protein recognition mechanism in sEV uptake,** we
speculated that in the process of uptake, non-specific
processes, such as endocytosis*® and cell surface mem-
brane fusion,** might play a large role.

In the process of soft tissue repair, the commitment
and remodeling of mesenchymal stromal cells and
endothelial cells was an important process. In order
to systematically compare the effectiveness of allo-
geneic and xenogeneic SEV on the commitment of
cultured cells, we evaluated the adipogenic differentia-
tion of rASCs and the angiogenic differentiation of
rECs induced by r-sEV-AT and p-sEV-AT. Our results
indicated that sEV had no species difference in indu-
cing the differentiation of cultured cells. This might be
related to the complexity of the regulatory mechanism
of cell differentiation. We have known that many
proteins*>*® and a lot of miRNAs**->! have been
reported to participate in adipogenic differentiation.

52-57 and

Similarly, for angiogenesis, both proteins
miRNAs** ¢ played a regulatory role. Due to the com-
plexity of regulatory pathways, we speculated that spe-
cies-specific proteins and pathways would be replaced
by other species-nonspecific pathways. In addition to
thousands of proteins carried by sEV, a large number
of miRNAs have been identified in sEV and been
reported to play a critical role in the regulation of

cell differentiation.®

' These miRNAs were generally
conserved in evolution, even about 70% miRNAs con-
served in mammals.®? Therefore, a part of regulatory

role of miRNAs might be another reason why there

was no significant difference in cell differentiation
induced by allogeneic and xenogeneic sEV. However,
whether species-nonspecific proteins and miRNAs play
a major role in regulating cell differentiation needed to
be investigated in further study.

The injury induced by the surgical procedure of
a cascade of host

implantation always initiates

responses. During the initial acute inflammatory
response, neutrophils and monocytes are recruited to
the site of injured site, may lead to restoration of tissue
integrity, finally repaired tissue defect.> Therefore,
whether host cells successfully migrated to the injured
site and the migration speed were the key parts of
tissue repair. In order to compare the effect of allo-
geneic and xenogeneic sEV on host cell migration, we
specially designed a silicone tube, in which the cell-
free implants only contacted the host cells through the
upper and lower ends. We found that SEV derived from
two species could significantly promote the migration
of host cells compared with the blank group at early
implantation stage, which might lead to elevated neoa-
dipose tissue formation in silicone tube at 8 weeks post
implantation. Up to now, immune response induced by
xenografts have been reported mainly at the organ®
and cellular® levels, but no study focuses on xeno-
geneic extracellular vesicle. In this study, although host
cells recruitment caused by implantation were pro-
moted in SEV-AT groups, there was no significant dif-
ference between allogeneic and xenogeneic SEV-AT
groups. Our results indicated that xenogeneic sEV did
not cause specific inflammatory response, which con-
firmed that sEV was a kind of bioactive material with
low immunogenicity.

The skin is the largest organ of the human body, and had
relatively complex structures, such as dermis, epidermis, hair
follicles, sweat glands and so on.?’ In recent years, some
studies applied allogeneic sEV in skin wound healing and
even compared the effectiveness of sEV from different cell
sources. For example, Pelizzo G et al compared the effect of
sEV derived from rabbit adipose stromal cells (ASC-sEV)
and rabbit bone marrow cells (BM-sEV) on rabbit cutaneous
wound healing. The results showed that these two kinds of
sEV accelerated skin wound healing and ASC-sEV-treated
wounds were significantly better than BM-sEVs.®® Some
others focused on the effect of xenogeneic sEV in skin
wound healing. For example, Zhang, W et al found that
injection of exosomes derived from human ASCs accelerated
full-thickness skin wound healing and attenuated scar
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Figure 4 Neoadipose tissue formation induced by xenogeneic and allogeneic sEV-AT in vivo. Macro images of the implants (A) with the tubes or (B) without the tubes in the
blank, r-sEV-AT and p-sEV-AT groups at 2W, 4W and 8W. The black arrows pointed out the blood vessels. (C) Immature and mature adipocytes were confirmed by
immunohistochemical staining (stained with adipocyte marker, perilipin A). Scale bar = 200 um. (D) Selected sections represented the center of the implants, the dotted line
represented the area of neoadipose tissue (S1), the solid line represented the longitudinal section area of the silicone tube (S0), and S1/SO represented the proportion of the
neoadipose tissue in the silicone tube. (E) The average of S1/S0 in different groups (n=3). The significance was tested with one-way ANOVA with Tukey posthoc test
(*p<0.05).

Abbreviations: p-sEV-AT, small extracellular vesicles derived from porcine adipose tissue; r-sEV-AT, small extracellular vesicles derived from rat adipose tissue; sEV-AT,
small extracellular vesicles derived from adipose tissue.
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Figure 5 Skin wound healing accelerated by allogeneic and xenogeneic sEV-AT. (A) Macro images of skin wounds at 0D, 7D, 10D,14D and 2ID. (B) From these images,
wound edge traces were established for each time point. (C) Quantification of the wound area from 0D to 21D (n=3).
Abbreviations: p-sEV-AT, small extracellular vesicles derived from porcine adipose tissue; r-sEV-AT, small extracellular vesicles derived from rat adipose tissue; sEV-AT,

small extracellular vesicles derived from adipose tissue.

formation in mice.%” However, there was no article focused
on the different effect of allogeneic and xenogeneic sEV on
skin wound repair. To solve this puzzle, we created a full-
thickness skin defect model and dropped sEV derived from
two species on the wound. By comparison of macro and
microstructure, we found that both allogeneic and xeno-
geneic SEV-AT accelerated skin wound healing and

significantly induced re-epithelialization, granulation tissue
formation and hair follicles regeneration. Notably, for this
complex soft tissue repair, the effectiveness of allogeneic and
xenogeneic SEV was almost the same. These results indi-
cated that sEV from the same tissue carried similar content
which played a role in soft tissue regeneration and species
might not be the main factor for sEV function.
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Figure 6 Skin wound healing in microstructure was improved by allogeneic and xenogeneic sEV-AT. (A) The microstructure of skin wounds at 10D was investigated by H&E
staining. The black inverted triangles pointed out the original wound edges; the red inverted triangles pointed out the edge of re-epithelization; the black arrows pointed out
the regenerated hair follicles; the orange star pointed out the disordered wound area. Magnified panels (B) the red inverted triangles pointed out the edge of re-
epithelization; the dotted red lines pointed out the area of regenerated epithelium; the black two-way arrows pointed out the thickness of regularly arranged granulation
tissue. Scale bar = 200 pum. (C) Quantification of the length of regenerated epidermal tongue at 10D. (D) Quantification of the thickness of granulation tissue at 10D (n=3).
Abbreviations: H&E, hematoxylin and eosin; p-sEV-AT, small extracellular vesicles derived from porcine adipose tissue; r-sEV-AT, small extracellular vesicles derived from
rat adipose tissue; sEV-AT, small extracellular vesicles derived from adipose tissue.
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Conclusion

The previous results demonstrated that the low immunogeni-
city of sSEV was to make xenogeneic applications possible,
but whether there were differences in the therapeutic effects
of different species was still confusing. Our work, for the first
time, systematically compares the characteristics of sEV
derived from different species and the effectiveness of allo-
geneic and xenogeneic SEV-AT on soft tissue regeneration.
The results showed the ability of allogeneic and xenogeneic
SEV-AT on promoting soft tissue regeneration was similar.
Considering the abundant sources, high yield and guaranteed
effectiveness, porcine adipose tissue-derived sEV appeared
to be a potential raw material for further application.
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