:' frontiers ‘ Frontiers in Molecular Biosciences

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Hao Chen,

Guangdong Academy of Medical
Sciences, China

REVIEWED BY
Hui-Min David Wang,

National Chung Hsing University,
Taiwan

Guokun Zhang,

Changchun Sci-Tech University, China

*CORRESPONDENCE
Xiaogian Dang,
dangxiaogian@vip.163.com
Chen Zhang,
osteozhang@163.com

SPECIALTY SECTION

This article was submitted to
Nanobiotechnology,

a section of the journal

Frontiers in Molecular Biosciences

RECEIVED 01 August 2022
ACCEPTED 26 September 2022
PUBLISHED 11 October 2022

CITATION
Lyu L, Cai Y, Zhang G, Jing Z, Liang J,
Zhang R, Dang X and Zhang C (2022),
Exosomes derived from

M2 macrophages induce angiogenesis
to promote wound healing.

Front. Mol. Biosci. 9:1008802.

doi: 10.3389/fmolb.2022.1008802

COPYRIGHT

© 2022 Lyu, Cai, Zhang, Jing, Liang,
Zhang, Dang and Zhang. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Molecular Biosciences

TYPE Original Research
PUBLISHED 11 October 2022
pol 10.3389/fmolb.2022.1008802

Exosomes derived from

M2 macrophages induce
angiogenesis to promote wound
healing

Leifeng Lyu, Yuanqing Cai, Guangyang Zhang, Zhaopu Jing,
Jialin Liang, Rupeng Zhang, Xiaogian Dang* and Chen Zhang*

Department of Orthopedics, The Second Affiliated Hospital of Xi‘an Jiaotong University, Xi‘an, China

There is an urgent clinical need for an appropriate method to shorten skin
healing time. Among most factors related to wound healing, M2 macrophages
will be recruited to the wound area and play a pivotal role in a time-limiting
factor, angiogenesis. The exploration of exosomes derived from M2 in
angiogenesis promotion is an attractive research field. In this project, we
found that exosomes from M2 (M2-EXO) promoted the angiogenic ability of
HUVECs in vitro. With a series of characteristic experiments, we demonstrated
that M2-EXO inhibited PTEN expression in HUVECs by transferring miR-21, and
further activated AKT/mTOR pathway. Then, using a full-thickness cutaneous
wound mice model, we demonstrated that M2-EXO could be used as a
promotor of angiogenesis and regeneration in vivo. Furthermore, M2-EXO-
treated skin wounds exhibited regeneration of functional microstructures.
These results demonstrate that M2-EXO can be used as a promising
nanomedicine strategy for therapeutic exploration of skin healing with the
potential to be translated into clinical practice.
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Introduction

As the human body’s largest organ, our skin protects us from environmental stimuli
(Gravitz, 2018). However, the skin is frequently damaged by accidental trauma, burns, or
surgical procedures and develops wound infections or scarring because of delayed healing
(Broughton et al.,, 2006). Therefore, shortening the healing time after skin damage and
restoring its structural integrity is urgently needed in clinical practice (Chin et al., 2019).
Except for medical needs, impaired wound healing has also been a social and economic
problem. It is reported that the global wound care market has exceeded more than

Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase; BUN, Blood urea nitrogen;
Ctrl, Control; EXO; exosome derived from M2 macrophages; Inh, inhibitor; LY, LY294002; M2, Type
2 macrophages; Rap, Rapacymin.
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$20 billion (Nussbaum et al., 2018). Although various therapeutic
attempts have been made to promote wound healing over the
past decades, challenges still need to be addressed, involving scar
formation, abnormal tissue hyperplasia, and ischemia of wound
tissue. Most tissue injuries involve localized vascular system
disruption, and the vascular system’s reconstruction is
essential for tissue repair; this process of growing new blood
vessels from existing vessels is called angiogenesis (Gurevich
et al, 2018). Angiogenesis and blood supply restoration are
considered time-limiting factors in wound healing (Morel
et al., 2006). Therefore, therapies to improve angiogenesis in
wounds are critical and feasible.

Angiogenesis is a critical mechanism in wound healing
involving the dynamic coordination of extracellular matrix,
cells, and cytokines (Greaves et al, 2015). Extensive studies
have shown that macrophages are closely associated with
angiogenesis at the wound site (Hesketh et al, 2017). These
healing-associated macrophages are named alternatively
activated or M2 macrophages (Mahdavian Delavary et al,
2011). In addition, during the later stages of skin repair,
wound macrophages upregulate Metallo-matrix protease
(MMP) to remodel the extracellular matrix to prevent scar
formation (Okuno et al, 2011). Therefore, some research
focused on regulating the number or activation level of M2 at
the wound site to improve wound healing and got excellent
results (Shook et al,, 2016; Toita et al., 2021). However, few
studies have applied M2-EXO to skin healing. Exosomes are
considered cellular fingerprints, due to their close correlation
with the derived mother cells, which determines that these
natural vesicles can trigger specific biological processes at the
target site (Hettich et al., 2020). Therefore, it is reasonable to
assume that M2-EXO may induce the angiogenesis at the wound
site. Exosomes, the pivotal regulator in the intercellular
communication process (Colombo et al, 2014), have great
potential in skin wound healing. For instance, exosomes
derived from human umbilical cord blood stem cells, bone
marrow mesenchymal stem cells, adipose mesenchymal stem
cells, efc., have been proved owe excellent repair effects (Shabbir
etal, 2015; Hu et al., 2018; Zhang et al., 2018; An et al., 2021). In
conclusion, exploring the role of M2-EXO in promoting
angiogenesis and the exact mechanism under the promotion
effect is of great interest.

In this project, we found that M2-EXO can promote the
angiogenic ability of HUVEC in vitro. We also demonstrated that
miR-21-5p was transferred to HUVEC via exosomes from
M2 and worked as a critical mediator within M2-EXO,
inhibiting PTEN activating AKT/mTOR
followed by regulating endothelial cell function. Besides, we

and signaling
constructed a full thickness cutaneous wound mice model to
evaluate the influence of M2-EXO treatment on wound healing.
Results showed that the injection of M2-EXO into murine real
skin wounds enhanced angiogenesis and accelerated skin healing.
Overall, Our study provides a new perspective on the promotion
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of angiogenesis by M2 and a promising cell-free therapeutic
strategy for wound healing.

Mateials and methods
Cell culture

HUVEC was purchased from Shanghai Cell Bank (Chinese
Academy of Sciences, Shanghai, China). The authentication of
cells by Short Tandem Repeat (STR) DNA profiling has been
done. Monthly mycoplasma testing to confirm that cells were not
contaminated with mycoplasma. A complete endothelial cell
medium (ScienCell, CA, United States) was used for HUVECs
in vitro. Obtain monocyte-derived macrophages (MDM)
according to the previous protocol (Menck et al., 2014; Kelly
etal,, 2018). Briefly, peripheral blood mononuclear cells (PBMC)
were purified from human peripheral blood buffy coats by two
gradient centrifugations, Mature MDM (M,) was then obtained
by culturing in 1640 complete medium (BasalMedia, Shanghai,
China) containing 50 ng/ml M-CSF for 7 days. Finally, M2 was
obtained by polarizing M0 with 20 ng/ml of IL-4 for 48 h. M-CSF
(# 300-25) and IL-4 (# 200-04) were purchased from PeproTech
(N7, United States).

Flow cytometry

The M2 macrophages were separated from the culture plate
with cell scrapers and suspended in the staining buffer (1xPBS,
0.1%BSA, 0.1% NaN3;). Then, non-specific binding was blocked
by Human TruStain FcX™ (BioLegend, CA, United States)) for
10 min and then staining with antibodies at 4°C in a dark
environment for 30 min. The antibodies used in the process
were PE/Dazzle™ 594 anti-human CD200R (OX-108, 1:100) and
APC anti-human CD206 (15-2, 1:100), which were purchased
from BioLegend (CA, United States). The fluorescence was
collected with an ACEA NovoCyte flow cytometer (Agilent,
Hangzhou, China), and the data were analyzed and presented
by Flowjo 10 (Flowjo, LLC, OR, United States).

Exosomes isolation and identification

The conditioned culture medium of M2 was collected after
48h of incubation. Dead cells and large-sized debris were
removed by a centrifugation procedure at 2 000 x g for
10 min, followed by a centrifugation procedure at 10 000 x g
for 30 min to remove large micro-vesicles. A final exosome-
enriched supernatant is collected.

Initial isolation of exosome by PEG precipitation (Ludwig
et al., 2018): An equal volume of PEG solution was added to the
exosome-enriched solution and mixed thoroughly, PEG buffer
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containing 20% w/v PEG6000 in 150 mM NaCl, pH 7.0. The
mixture was incubated overnight at 4°C and then centrifuged at
1500 g for 30 min for total precipitation. Then the precipitate was
resuspended in PBS.

Purification of exosome by size exclusion chromatography
(SEC) (Martinez-Greene et al., 2021):
preparation, Sepharose CL-2B was loaded onto an Econo-Pac

For SEC column

chromatography column (Bio-Rad, CA, United States), and the
column was washed with 60 ml PBS/0.32% citrate (pH 7.4,
0.22 pm filtration) to remove any ethanol residues from the
gel, resulting in a column with a diameter of 1.5cm and a
height of 6.2 cm. 500 ul exosome PBS solution was added to
the top of the SEC column, followed by elution with PBS/0.32%
citrate. The eluate was collected in 26 consecutive 0.5 ml
fractions, and the filtrate from fractions 5-16 was taken and
concentrated by ultrafiltration through a 100 kd ultrafilter to give
the final purified exosome. PEG6000, Sepharose CL-2B, and
citrate were purchased from Sigma-Aldrich (MO, United States).

For the identification of exosomes, the morphology of
exosomes was observed by transmission electron microscopy
(Hitachi H-7650; Hitachi, Tokyo, Japan); in brief, the exosome
products were stained with 2% UO, acetate and photographed
and observed by TEM at 80 kV; the particle size distribution of
exosomes was analyzed by nanoparticle tracking analysis (Flow
NanoAnalyzer, NanoFCM, Xiamen, China). Protein markers
such as CD9, CD63, TSG101, and calnexin were detected by
Western blot.

Internalization of exosomes

According to the manufacturer’s instructions, exosomes were
labeled with the red fluorescent dye PKH26 (Sigma-Aldrich, MO,
United States). The PKH26-labelled exosomes were incubated with
HUVECs for 3h at 37°C in the dark, after which the HUVECs
were fixed in 4% paraformaldehyde for 15 min. HUVECs were
then treated with 2 mg/ml DAPI for 5 min to stain the nucleus.
Finally, they were observed by laser confocal microscopy (Leica
SP8, Leica, Wetzlar, Germany) and photographed.

Cell proliferation assay

Cell counting Kit-8 (absin, Shanghai, China) was used to
detect cell proliferation. Proper concentration cells were
suspended in 96 wells standard culturing plate. After 8 h of
culturing, 10% CCK solution was added to the well, followed
by incubating for 40 min. Then the OD 450 nm was collected by a
microplate reader.

EdU incorporation was assayed using a Cell-Light EdU
Apollo488 In Vitro Kit (RiboBio, Guangzhou, China) according
to the manufacturer’s instructions. Briefly, Treated or untreated
HUVECs were labeled with EdU for 2h, fixed with 4%
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paraformaldehyde for 20 min, neutralized with 2 mg/ml glycine
for 5 min, permeation with 0.5% TritonX-100 for 10min, stained
with Apollo” buffer for 10min at room temperature. EAU
incorporation was quantified by measuring the absorbance at
4838 nm by a microplate reader (Agilent, Hangzhou, China).

Wound migration assay

Wound migration assays were carried out by seeding
HUVECs into the Culture-Insert 2 Well (ibid; martinsried,
Germany). Removed the culture insert after 12h standard
culture, a cell-free gap was created, followed by moving the
culture plate into the live-cell working station (Cytation5,
BioTek, VT, United States) and setting it to take pictures at
specified time points. The wound area was analyzed by Image]J
and calculated according to the equation: migration Rate % =
(Ag— A)/Ag x 100%. A, presented the initial wound area, and A,
gave the test wound area.

Transwell assay

Transwell assay was used to estimate HUVEC migration
ability. Briefly, co-culture chambers, purchased from BD
Biosciences (CA, United States), were placed in a proper cell
culturing plate and divided the well into a top and a bottom
region. 1 ml complete medium with 10% fetal serum was added
into the base region. Cells suspended within a serum-free medium
were evenly added into the top chambers, followed by culturing for
24 h. The non-migration cells were gently removed from the top
chambers with a Qtip. The chambers were fixed with 4% methanol
for 30 min at room temperature, then stained with crystal violet for
another 20 min at room temperature. Before counting stained cells
with a microscope, the chambers were washed with PBS and pure
water three times and air-dried.

Tube formation assay

50 ul Matrigel (BD Bioscience, NJ, United States) was added to
the 96-well plate, followed by incubating at 37°C for 30 min to
form substrate gel. Then, HUVECs from each group were seeded
to the substrate gel at a density of 2 x 10*/well (three replicates per
group). After 6 h incubation at 37°C, tube formation was observed
by inverted microscopy (Leica DMI6000B, Wetzlar, Germany).
Image] measured total branching points and total tube length.

Cell transfection

The mTOR pathway inhibitor Rapamycin (T1537),

purchased from Topscience (Shanghai, China), was dissolved
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with DMSO in 25nM. The PI3K/AKT pathway inhibitor,
LY294002 (T2008T2008) from (Shanghai, China),
dissolved with DMSO in 50 uM. Incubating time with cells
depends on the experiments” design.

was

PTEN overexpressed and general control lentivirus was
purchased from Genechem (Shanghai, China). The vector was
CV186, and the element order was Ubi-MCS-3FLAG-SV40- EGFP
-IRES-puromycin. EGFP was employed to validate successful
transfection, while puromycin was used to select virus-transfected
cells. The transfection process was performed following the standard
protocol. Briefly, lentivirus was diluted with the enhanced transfection
liquid and polybrene to proper concentration, incubating with cells for
18 h. Subsequently, a fluorescence microscope was employed to
validate the successful transfection, and 0.5 mg/ml puromycin was
used to filter virus-transfected cells.

The INTERFERin® (Polyplus-transfection® SA, Illkirch,
Franch) was used to transfer Cy3-labeled mimics of miR-21
into M2, followed by deriving exosomes from them. These Cy3-
mimics-EXO were incubated with HUVECs for 3h. These
HUVECs were fixed in 4% paraformaldehyde and then
stained with phalloidin for cytoskeleton and DAPI for nuclei,
respectively, followed by observation and photography using
fluorescence microscopy. The transfection of miR-21 inhibitor
was performed following the same procedure.

Quantitative reverse transcription-PCR

According to the standard protocol, the total cell RNA
solution was extracted with Trizol (Invitrogen, Carlsbad,
United States). RNA concentration was validated by Nanodrop
(Invitrogen, United States), followed by in vitro cDNA synthesis
with PrimeScriptTM RT Master Mix kits (Takara, Japan). Then
SYBR” Select Master Mix kit (designed for total RN'A) was used for
RT-qPCR analysis on the Bio-Rad CFX96 qPCR instrument (Bio-
Rad, Hercules, CA). p-Actin was selected as a reference gene for the
coding mRNA test, while U6 was used as a reference gene for the
microRNA test. The primers were: PTEN-forward:5'-CAA GAT
GAT GTT TGA AAC TAT TCC AAT G-3'; PTEN-Reverse: 5'-
CCT TTA GCT GGC AGA CCA CAA-3'; miR-21-5'-GCC CGC
TAG CTT ATC AGA CTG ATG-3'; B-actin-F-5'-CTG AAC CCT
AAG GCC AAC CG-3'; p-actin-R-5'-GTC ACG CAC GAT TTC
CCT CTC-3'; U6-F-5'-GCT TCG GCA GCA CAT ATA CTA
AAA T-3';U6-R-5'-CGC TTC ACG AAT TTG CGT GTC AT-3'.

Full-thickness cutaneous wounds on mice

All animal experiments were performed following the Guide
for the Care and Use of Laboratory Animal (8th edition, Institute
of Laboratory Animal Resources, U.S.) and approved by the
Animal Care and Experimental Committee of the Faculty of
Medicine of Xi’an Jiaotong University.

Frontiers in Molecular Biosciences

04

10.3389/fmolb.2022.1008802

8-weeks-old male Balb/c mice were obtained from the
Medical Laboratory Animal Center of Xian Jiao Tong
University and randomly separated into 2 groups (20 mice/
04¢g
(mean * 30). All mice were housed under specific pathogen-

group). The initial body weights of mice were 20 +

free conditions before and after the operation. Mice were
anesthetized with isoflurane, then created a full-thickness
cutaneous wound using a 5-mm diameter biopsy punch under
an aseptic environment. The M2-EXO solution (200 ug
dissolving in 100 ul PBS) or an equal volume of PBS was
injected subcutaneously around the wounds, followed by being
covered with a skin patch (3 M Health Care, MN, United States).
Wounds images were collected by a digital camera on the Oth,
3rd, 7th, and 14th days. Image] was used to calculate the wound
size. The formula calculated the closure rate of the wounds:
Closure rate of the wounds (%) = (Cy — C,)/Cy x 100%. C, was
used to present the wound area on the Oth day; Ct was used to
represent the wound areas at various time points. At specified
time points, the mice were sacrificed with cervical dislocation
under anesthetization, then collected 1 cm (Broughton et al,
2006) skin with a sterile instrument and processed according to
the subsequent experiments’ design.

Bioavailability and biosafety testing of
exosomes

DIR (Thermo Fisher Scientific; MA, United States) was used
to label and visualize M2-EXO for bioavailability assays. DIR-
M2-EXO solution (200 pg dissolved in 100 ul PBS) was injected
subcutaneously into the mice’s lower back. Fluorescence
efficiency of the region of interest (ROI) was collected every
24h by an in vivo imaging system (IVIS) Lumina Series III
(PerkinElmer, Massachusetts, United States). Quantifying the
fluorescence efficiency was analyzed using Living Image software
(PerkinElmer, Massachusetts, United States).

After the experiment, mice blood was collected for a biosafety
test. The creatine, BUN, ALT, and AST levels were measured and
compared with the reference levels according to the reagent
manufacturer’s instructions. The Mouse AST (ab263882),
Mouse ALT (ab282882), and Mouse Creatine Kinase
(ab285231) were purchased from Abcam (MA, United States).
At the same time, the Urea Nitrogen ELISA (EIABUN) kit was
bought from Thermo Fisher Scientific (MA, United States).

Histochemical staining and
immunofluorescence analysis

Skin specimens from the 14th day were fixed overnight in 4%
paraformaldehyde, dehydrated using serially diluted ethanol,
incised pieces individually embedded in paraffin wax, and
finally cut into 5mm sections. Then, wound sections were

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1008802

Lyu et al.

stained with hematoxylin-eosin (H&E) and Masson’s trichrome
staining. Tissue sections were viewed using an inverted

microscope (Leica DMI6000B, Wetzlar, Germany) and
scanned with a slicing Scanner (Pannoramic DESK,
3DHISTECH, Budapest, Magyarorszag). For

immunofluorescence analysis, paraffin sections were blocked
with 1.5% goat serum after dewaxing and antigen repair.
Next, sections were incubated with anti-CD31 (1:200) and
Anti-alpha Actin  (a-SMA, 0.034 pg/ml)
overnight at 4°C, followed by Cy3 or FITC conjugated

smooth muscle

secondary antibody and finally nuclear staining with DAPI (1:
50). Tissue sections were observed in a dark environment using a
fluorescence microscope (Leica DMI6000B, Wetzlar, Germany)
and scanned with (Pannoramic MIDI,
3DHISTECH, Stained
sections were analyzed using Image]. CD31 (ab76533) and a-
SMA (ab7817) were purchased from Abcam (MA, United States).
Secondary antibodies were purchased from Jackson Immuno
Research (Cambridge, United Kingdom).

The spacing of wound edges in HE sections was measured to

slicing  Scanner

Budapest, Magyarorszag). tissue

determine the wound width, the percentage of collagen stained
area in the sarcomeres of Masson sections to determine their
collagen volume, the relative thickness of sarcomeres, and the
a-SMA  in
of area

percentage of area stained positively for
the

positively for CD31 in sarcomeres, and five random fields of

immunofluorescence sections, rate stained
CD31 in each section of sarcomeres were counted and a-SMA

double-positive vessels in each tissue section.

Western blot assay

Lysis buffer, PMSF, and protease inhibitor were purchased
from Thermo Fisher Scientific (MA, United States). Protein was
extracted from cells or wound tissue following classical protocol.
The protein solution was quantified by a BCA Protein Assay Kit
(Beyotime, Shanghai, China). The protein samples were diluted
to the same concentration with Sample Loading Buffer and used
for standard western blot running. Briefly, the protein was added
to the running SDS-PAGE gel, and the protein on the gel was
transferred to a PVDF membrane (Millipore, Sigma, MO,
United States). Subsequently, a 5% BSA-TBST (Sigma, MO,
United States) was used for blocking to reduce non-specific
binding. After incubating the membrane with the primary
antibody overnight, the membrane was washed with TBST
and incubated with the secondary antibody for 2h. After
another washing cycle, the membrane was visualized by an
ultra-sensitive ECL kit. Results were calculated by Target
protein/B-actin based on band intensity tested by ImageJ. The
related antibodies used were as follows:

CD9 (ab223052), CD63 (ab216130), TSG101 (ab125011), and
calnexin (ab22595) were purchased from Abcam (MA,
United States). mTOR (#2983), Phospho-mTOR (Ser2448)
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(#5536), p70S6K (#9202), Phospho-p70S6K(Thr389) (#9234),
PTEN (#9188) were purchased from CST (MA, United States).
Phospho-AKT (Ser473) (66444—1—Ig), AKT (10176-2-AP), MMP-
2 (10373-2-AP), MMP-9 (10375-2-AP), and B-actin (66009-1-Ig)
were purchased from Proteintech (Wuhan, China).

Enzyme-linked immunoassay

The VEGF ELISA Kits used in this project were all purchased
from the R&D system (Human VEGF Quantikine ELISA Kit,
DVEO00; Mouse VEGF Quantikine ELISA Kit MMV00, Mouse
IL-10 Quantikine ELISA Kit MI1000B, Mouse IL-1 beta
Quantikine ELISA Kit MLB00C, Mouse TNF-alpha
Quantikine ELISA Kit MTAO00B, and Mouse TGF-beta
1 Quantikine ELISA DB100C).

The whole ELISA process was performed following standard
protocol. Briefly, samples were collected from a cell culture
medium. 50 pl assay diluent buffer was added to each well,
followed by 200 ul of standards, control, or samples per well.
After 2 h of incubation, the plate was washed with washing buffer
three times, and then the washing buffer was entirely removed by
decanting. Subsequently, 200 pl of Detection antibody was added
to each well, followed by 2-h room temperature incubation.
200 pl of Substrate Solution was added to each well in a dark
environment, and the reaction was stopped by adding 50 pl of
Stop Solution after 20 min. The optical density of each well was
collected by microplate reader setting to 450 nm.

Statistics methods

The data in this article are shown as the mean + 30. Data were
collected from at least three independent experiments. Paired
Student-test was used to test the difference between paired
groups. Unpaired Student-test was used to test the difference
between un-paired groups. The Chi-square test was used to test
the difference for binary variables. Wilcoxon paired test was used
to test differences between paired patients’ samples because the
difference value does not obey normal distribution. Graphpad
(GraphPad Software, La Jolla, CA, United States) was used to
analyze the statistics. Image] was used to collect intensity from the
western blot figure. p < 0.05 was marked as *; p < 0.01 was marked
as **; p < 0.005 was marked as*™*, p < 0.001 was marked as ****,

Results

The characterization of M2 and exosomes
derived from M2

The M2 macrophages used in our project was induced
from PBMC (Figure 1A). To verify the polarization of
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FIGURE 1

The characterization of M2 and exosome derived from M2. (A) Schematic of PEG precipitation exosome extraction flow. A detailed description

was shown in the Methods part. Created with BioRender.com. (B) Flow cytometry scatter plots of M2 representative surface biomarkers CD200R and
CD206 expression level. With a 58.9% CD200R+/CD206+ expression level, these cells were verified as M2 cells. (C) gRT-PCR was used to test the
expression levels of M2 markers, MRC1, and TGM2. (D) ELISA kit was used to test the concentration of IL-10 in the MO and M2 cell culture
medium. (E) TEM image of extracted exosomes. Exosomes were labeled by white arrows. (F) Nanoparticle Tracking Analysis (NTA) of exosomes.
(G) Western blot was used to test exosome biomarkers expression. With a higher expression of TSG-101, CD63, CD9, and lower expression of
Calnexin compared with normal cells, the extracted vesicles are verified as exosomes. (H) Representative immunofluorescence images of PKH26-
labeled M2-EXO (red) internalized into HUVECs. Scale bar was shown in the images. Data was expressed as mean + 3o (n = 3); * = significant, *p < 0
05; ** p < 0.01,***p < 0.005; ****p < 0.001, Student t-test.
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FIGURE 2

M2-EXO promotes Angiogenesis. (A) ELISA assay used to test VEGF concentration in gradient exosomes treated HUVEC culture medium. The
VEGF concentration increased with M2-EXO concentration from 0 ug/mlto 1.0 ug/ml and got the optimal concentration in the 0.5 yg/ml group. (B)
CCK-8 assay was used to estimate HUVEC viability. (C) Flow cytometry was used to evaluate the percentage of EdU-positive cells. With a higher EdU
positive cell count (46.6 + 9.2%) than the control group (30.0 + 5.7%), M2-EXO can increase DNA synthesis, indicating a proliferation
improvement. (D) Wound healing assay used to test migration ability. Scratch distance and width closure was collected at O h, 12 h, and 24 h. The
wound area collected at 0 h was qualified and standardized as 100%. After 12 h, the control cells migrated and covered 29.3 + 3.7% of the wound
area, while the exosome incubation cells covered 56.4 + 3.6% of the wound area. 24 h later, exosomes co-incubated cells migrated 94.5 + 8.1% of
the wound area, significantly higher than the migration area of the control cells. (E) Tube formation assay was used to demonstrate the influence of
M2-EXO on angiogenesis. Imaged analyzed the number of branch points and the total tube length. M2-EXO incubated HUVECs had 9992.3 +
745.8 sizes of entire tube and 76 + 13.1 branch points, which proved the angiogenesis improvement ability of M2 exosomes. Exosomes derived from
M2 was presented as EXO in figures. Data was expressed as mean + 3o (n = 3); * = significant, *p < 0.05; ** p < 0.01,***p < 0.005; ****p < 0.001,

Student t-test.

macrophages, we employed flow cytometry, qRT-PCR, and
ELISA to test several characteristic M2 biomarkers, including
CD200R, CD206 (MRC1), TGM2, and the secretion of IL-10.
The percentage of CD206*/CD200R* M2 cells tested by flow
cytometry was 58.9% showing a positive result (Figure 1B).
After the inducement, the expression of MRC1 (CD206) and
TGM2 mRNAs in M2 cells and the IL-10 in M2 culture media
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significantly increased (Figures 1C,D). These characteristics
are consistent with previous studies (Shiratori et al., 2017;
Unuvar Purcu et al.,, 2022), indicating that we successfully
obtained M2 macrophages.

We employed PEG precipitation with SEC (Figure 1A) to
isolate and purify exosomes from M2 cells (M2-EXOs), and these
M2-EXOs were identified by transmission electron microscopy
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(TEM), nanoparticle tracking analysis (NTA), and western blot.
Under the TEM detection field view, M2-EXOs exhibited a
1E). The extracted
is concentrated around 60-100 nm,

classical disc or cup shape (Figure

exosomes’ range an
exosome characteristic NTA distribution range (Figure 1F).
Moreover, the exosome’s generally positive biomarkers, TSG-
101, CD63, and CD9, were positive in our M2-EXOs, while the
cellular endoplasmic reticulum-specific protein marker, calnexin,
was negative (Figure 1G).

To investigate the M2-EXOs entry feasibility of HUVEC, we
performed an in vitro tracer experiment. We labeled M2-EXOs
with the lipophilic red fluorescent dye PKH26 and incubated
them with HUVECs for 3 h, followed by being observed with
1H, the red

indicates the

confocal microscopy. As shown in Figure
concentrated in the perinuclear region
internalization of M2-EXOs in HUVEC.

M2-EXO promotes angiogenesis

Angiogenesis was an essential process in wound healing,
and M2 cells were able to promote the process (Mahdavian
Delavary et al, 2011). We hypothesized that exosomes
derived from M2 played a pivotal modality during
angiogenesis promotion. To verify the function of M2-
EXO, we test the concentration of VEGF, a commonly
recognized angiogenesis indicator (Ferrara, 2004), within
different concentrations of M2-EXO treated HUVECs. As
shown in Figure 2A, the concentration of VEGF had a dose-
dependent increase with M2-EXO, which indicated M2-EXO
had a potential for angiogenesis promotion. Meanwhile, we
found that 0.5 ug/ml was the optimal M2-EXO working
concentration and chose it as the working concentration in
the following assays.

To further validate the role of M2-EXO in angiogenesis, we
performed several characteristic assays to test the M2-EXOs’
effect on HUVEC viability, proliferation, migration, and tube
formation. Firstly, a significantly higher CCK-8 absorbance
signal validated viability promotion in the M2-EXO group
(Figure 2B). Meanwhile, a higher EAU positive cell percentage
in the M2-EXO group than in the control group proved the
promotion of proliferation induced by M2-EXO (Figure 2C).
Subsequently, we employed a wound migration assay to
evaluate the migration level of M2-EXO treated HUVECs.
Compared with the control group, the M2-EXO-incubated-
HUVEC migrated more of the wound area, indicating a
migration promotion role of M2-EXO (Figure 2D). Finally,
we performed a tube formation assay on Matrigel, which is
recognized as a brilliant mimic of angiogenesis assay in vitro
(Arnaoutova et al, 2009). As shown in Figure 2E, longer
length of the total tube and more branch points proved
that M2-EXO
HUVEC cells.

treatment increases tube formation in
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mMTOR signaling participates in
angiogenesis promotion induced by
M2-EXO

As discussed by recently published research, VEGF signaling
was closely associated with mTOR pathway activation and drove
angiogenesis (Karali et al., 2014; Oberkersch et al., 2022). Based
on the increase of VEGF induced by M2-EXO treatment, we
speculated that M2-EXO acted on the mTOR pathway,
increasing VEGF expression and angiogenesis.

To assess the role of the mTOR pathway in M2-EXO
treatment, we test the expression level of key indicators. We
observed phosphorylation promotion of the mTOR and its
downstream marker p70S6K (Thr389) in the M2-EXO
treatment group, which indicated the activation of the mTOR
pathway (Figure 3A). Subsequently, we incubated HUVEC and
M2-EXO with or without an mTOR pathway-specific inhibitor,
Rapamycin, then tested VEGF expression with ELISA and its
results proved that M2-EXO treatment increased VEGF
The fought by
Rapamycin (Figure 3C). The inhibition role of Rapamycin on

expression. increasement was against
the mTOR pathway was verified through the expression of
p70S6K tested by western blot (Figure 3B).

To further confirm the role of mTOR in M2-EXO-induced
angiogenesis, we test the influence of Rapamycin on M2-EXO-
induced angiogenic capacity, including proliferation, migration,
and tube formation. Priority, we employed EdU incorporation to
investigate proliferation capacity, and the results showed that
M2-EXO treatment increased the proliferation level of HUVEC,
but the co-treatment with rapamycin counteracted this effect
(Figures 3D,E). We also assessed the migratory ability of HUVEC
with the scratch assay. The migratory area of M2-EXO-treated-
HUVEC was nearly twice that of the control group, while the
migratory level dropped back in the M2-EXO and rapamycin co-
treatment HUVEC (Figures 3F,G). We performed a tubule
formation assay of HUVEC on Matrigel. As shown in
Figure 3H and Supplementary Figure S1, the treatment of
M2-EXO notably increases tube formation, which was proved
by the total tube length and branch points. But the addition of
rapamycin inhibited the increase. In conclusion, the mTOR’s
essential pathway participates in the angiogenesis induced
by mTOR.

M2-EXO activates AKT/mTOR signaling by
targeting PETN through miR-21

PI3K/AKT is commonly regarded as an activator of mTOR
driving VEGF secretion in the epithelium. Meanwhile, PTEN is a
negative indicator of the PI3K/ATK pathway (Karar and Maity,
2011) (Figure 4A). Hence, we employed western blot to test
several essential factors in AKT/mTOR. As shown in Figure 4B,
the expression of phosphorylated mTOR and AKT notably

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1008802

Lyu et al.
A B Cc
Ctrl EXO
p-mTOR { 4 EXO -+ + = £ 100
—— Ra 2
Y = — =4 4= 5 800+
600+
p-p70S6K |n - | .
p-p70S6K . - ‘.>_ 400+
o
70S6K |- - e .| 5 200
p70S6K P - e
o 0~ T T
(&)
i -+ + -
B-actin | Nl . B-actin |--- d EXO
Rap - - + +
b _ Bl
£4 -= EXO é’ 80 F S,
S -e- Rap+EXO [/} o X e
a 3 -+ control 3 60 11 ;‘ 100+ =
]
= o 1 =
[} [}
O 24 2 404 " o
s - 5 S 50
© ) X -
<! 7 009 8 == E=]
e o 20- ©
o) S
@ =) 2
©
<0 T w o T T T = 0
0 1 2 3 EXO -+ 4+
Rap - -+
G
Oh
24h
H
FIGURE 3
mTOR pathway participates in angiogenesis promotion induced by M2-EXO. (A) Western blot was used to test critical markers in the mTOR
pathway. Treatment of M2-EXO increased phosphorylation of mTOR and p70S6K. (B) Western blot was used to test p-p70S6K expression.
Rapamycin treatment counteracted the expression promotion of p-p70S6K induced by M2-EXO. (C) ELISA was used to test VEGF expression in
Rapamycin treatment HUVEC culture medium. Treatment of Rapamycin counteracted the secretion promotion of VEGF induced by M2-EXO. (D)
CCK-8 assay was used to demonstrate the promotion role of M2-EXO and the counteraction role of Rapamycin. After M2-EXO treatment, the viability of
the cells was sharply increased, while after co-treated with Rapamycin, the viability of the cells was barely equal to the control group. (E) Flow cytometry
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FIGURE 3 (Continued)

was used to evaluate the percentage of EdU-positive cells. A higher EdU positive cell count (52.3 + 8.2%) than the control group (23.9 + 5.6%),
while the EdU positive cell counts (25.4 + 8.1%) of the Rapamycin + M2-EXO were similar to the control group. (F, G) The Wound healing assay was
used to test migration ability. M2-EXO co-incubated HUVEC migrated the wound area significantly higher than the migration area of the control
cells. The Rapamycin + M2-EXO group wound area had no statistical differences from the control group. (H) Tube formation assay was used to
demonstrate the influence of M2-EXO on angiogenesis. M2-EXO treated group had more lengths of total tube and branch points than the control
group, while Rapamycin + M2-EXO treated group had no statistical differences from the control group. Exosomes derived from M2 was presented as
EXO in figures. Data was expressed as mean + 3o (n = 3); * = significant, *p < 0.05; ** p < 0.01,***p < 0.005; ****p < 0.001, Student t-test.

increased in M2-EXO treated group, while the expression of
PTEN decreased. These expression changes suggested that M2-
EXO induces Akt activation by inhibiting PTEN expression,
further activating the downstream mTOR pathway. To
investigate this hypothesis, we first employed 1Y294002, a
of PI3K, to the
phosphorylation of AKT. Results showed that pre-treatment
with LY294002 attenuated M2-EXO-induced mTOR activation
in HUVECs, confirming that M2-EXO activated PI3K/Akt and
acted upstream of mTOR (Figure 4C). Subsequently, to verify
that M2-EXO activates ATK through targeting PTEN, we built a
PTEN overexpressed cell line with lentivirus. We confirmed the

commonly used inhibitor reduce

successful transfection of PTEN-overexpressed-lentivirus in

HUVEC (Figures 4D,E), and then we verified that
overexpressed PTEN counteracted the AKT and mTOR
activating  function of M2-EXO (Figure 4F). This

counteraction indicated that M2-EXO activates AKT/mTOR
pathway by targeting PTEN.

It has been reported that functional miR-21 is transferred
from macrophages to target cells via exosomes and acts as a
negative regulator of target genes expression (Lan et al., 2019;
Chang et al,, 2021). To investigate the role of miR-21 in M2-
EXO-induced PTEN decrease, we employed qRT-PCR to test
miR-21 and PETN expression levels in M2-EXO treated
HUVEC. As M2-EXO treatment
increased miR-21 expression and reduced PTEN expression.

shown in Figure 4G,
Subsequently, we transfected Cy3 conjugated miR-21 mimics
into M2 macrophages and extracted exosomes from these M2s.
We incubated HUVEC with these exosomes and performed an
optical test under a fluorescence microscope. We noticed that
these HUVEC cells had some red particles, which indicated the
transportation of Cy3-labeled-miR-21 mimics (Figure 4H).
inhibitors into M2,
followed by extracting M2-EXO with low expression of miR-
21 (M2-EXO inh) (Supplementary Figure S2). Then we co-
incubated M2-EXO inh or M2-EXO with HUVEC and tested
the expression of PTEN and miR-21. qPCR results show that
miR-21-inhibitors confront the miR-21 promotion and PTEN
reduction induced by M2-EXO. (Figure 4I). Meanwhile, the
western blot also showed that the knockdown of miR-21
rescued PTEN expression levels and caused corresponding

Besides that, we transfected miR-21

changes in AKT and mTOR phosphorylation levels (Figure 4]).
Next, we tested the effect of miR-21 knockdown on
angiogenesis induced by M2-EXO. CCK-8 assay and EdU
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incorporation assay exhibited a proliferation promotion in
M2-EXO treated group, while the knockdown of miR-21
counteracted this promotion. (Figures 5A,B). Meanwhile, we
employed scratch assay and transwell assay to test the
migratory ability of HUVEC. With the knockdown of miR-21,
the migration promotion induced by M2-EXO sharply decreased
(Figures 5C-F). Similarly, tube formation experiments show
similar results (Figure 5G; Supplementary Figure S3). In
conclusion, M2-EXO targets PTEN via miR-21 to activate
AKT/mTOR pathway and promote angiogenesis in vitro.

M2-EXO promotes mice cutaneous
wound healing

Angiogenesis is essential for wound healing (Noishiki et al,
2019). To assess the influence of M2-EXO to wound healing, we
constructed a 5 mm diameter full-thickness cutaneous wound on
mice’s back, followed by injecting PBS solution with or without
M2-EXO around the wound area. The schematic was shown in
Figure 6A. IVIS real-time imaging system showed that the
exosomes labeled with DIR had significant fluorescence signals
in the subcutaneous tissue, which gradually degraded over 7 days
to less than 10% (Figures 6C,D). Due to the degradation rate, we
injected M2-EXO solution into the wound site every 7 days. The
experimental design of the animal study was shown in Figure 6B.
According to the wound closure images at each time point, the
M2-EXO group had a faster healing rate than the control
group. As shown in Figures 6E,F, on the 14th day, the wound
of the M2-EXO group was healed entirely, while the damage of
the control group only healed around 81.85 + 6.62%. The
promotion of wound healing was most likely attributed to the
positive effect of M2-EXO on angiogenesis.

To accurately evaluate the wound healing status, we
performed histochemical staining with the wound tissue on
the 14th day. Hematoxylin and eosin (H&E) staining showed
that M2-EXOs-treated wounds exhibited a better level of tissue
regeneration, shorter width of scar, and thicker and denser
granulation tissue with regenerated skin attachments such as
hair follicles and glands, which indicated that M2-EXOs
accelerated the skin regeneration process (Figures 6G,H).
Masson staining showed that the M2-EXO treated mice had
more mature collagen fibers and more extensive collagen
deposition than the control group, indicating a higher ECM
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M2-EXO activates AKT/mTOR signaling by targeting PETN through miR-21. (A) The schematic of angiogenesis working through the PTEN/AKT/mTOR
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PCR was used to test miR-21 and PTEN expression levels after M2-EXO and M2-EXO-miR-21-inhibitor treatment. M2-EXO-inh counteracted the function of
M2-EXO. (J) Western blot was used to test PTEN and AKT and mTOR phosphorylation after M2-EXO inh treatment. Data was expressed as mean + 3o (n = 3);
* = significant, *p < 0.05; ** p < 0.01,***p < 0.005; ****p < 0.001, Student t-test.

Frontiers in Molecular Biosciences

1

frontiersin.org


http://BioRender.com
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1008802

Lyu et al.

10.3389/fmolb.2022.1008802

A C
’g 4 - 60 450 o 100 Kk K%
c -&— Ctrl é el Fkk | fakd I o~ |_|
e = & 2 T 400 @ 907 r
L) 3 =+ EXO(nh) - = Q 9
< 3 404 &= ©
~ ° qh, m 80+
N g g as0- c
= = » Q2 70~ k
© 8 20~ = =
2 14 o G 3007 S el
) =) o 2
3 = 3] =
g 0 w g 250 . 50 milepddy
0 + EXO - + +
+ -
inh - - +
E
! = EXO(inh)
iy Tigd
F
G
FIGURE 5
M2-EXO promotes Angiogenesis via miR-21. (A) CCK-8 assay was used to estimate HUVEC viability. The treatment of M2-EXO significantly
increased absorbance at 450nm, while the co-transfection of miR-21 inhibitor counteracted this increasement. The M2-EXO + inhibitor group had
slightly higher viability than the control group. (B) Flow cytometry was used to evaluate the percentage of EdU-positive cells. The M2-EXO incubated
group had a higher EdU-positive cell count than the control group, while the M2-EXO + inhibitor group had a similar EdU-positive cell count to
the control group. (C,E) Transwell assay was utilized to confirm the metastasis promotion role of M2-EXO treatment visually, and co-transfection of
miR-21 inhibitor was used as a rescue factor to confirm M2-EXO works through miR-21. The average number under four fields was regarded as
(Continued)
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FIGURE 5 (Continued)

migration cell amounts. (D,F) Wound healing assay was used to test migration ability. The M2-EXO + inhibitor group had a higher wound area
than the control group but lower than the M2-EXO group, indicating the against the role of miR-21 inhibitor on M2-EXO; (G) Tube formation assay
was employed to demonstrate the influence of M2-EXO on angiogenesis. M2-EXO incubated HUVECs had longer lengths and more points, while
M2-EXO + inhibitor group had similar results to the control group. Data was expressed as mean + 3o; (n = 3), * = significant, *p < 0.05; ** p <

0.01,***p < 0.005; ****p < 0.001, Student t-test.

remodeling level (Figures 61,]). Besides, we tested renal function
indicators (creatine and BUN) and liver function indicators (ALT
and AST) to assess the health status of the mice. With no
these confirmed the biosafety of
exosome treatment (Supplementary Figure 54).

abnormalities, results

M2-EXO treatment promotes
angiogenesis and regeneration in wound

The interconversion expression between pro-inflammatory
and anti-inflammatory cytokines was a critical regulator of
wound healing. Hence, we employed ELISA to analyze the
expression level of pro-inflammatory cytokines (IL-1f and
TNF-a) and anti-inflammatory cytokines (IL-10) on the 7th
day. ELISA results showed a significantly lower expression of
IL-1p and TNF-a and higher expression of IL-10 in the M2-EXO
treated mouse wounds than in the control mouse (Figures
7A-C), which indicated treatment with M2-EXO significantly
promoted the conversation from pro-inflammatory to anti-
inflammatory expression in wound tissue. Then, we tested the
expression of growth factors (TGE- B, and VEGF) to evaluate
tissue repair and regeneration levels. Compared with the control
mouse, the wound tissue of the M2-EXO treated mouse has a
high level of TGF- B, and VEGEF. These results suggested that M2-
EXO treatment promotes an anti-inflammatory phenotype
conversion in mouse wound, increases growth factors TGF-f
and VEGF expression, and accelerates wound healing. (Figures
7D,E). High levels of growth factors indicate high levels of tissue
regeneration. To assess tissue repair and regeneration levels, we
quantified the relative thickness of granulation tissue and
employed it as an indicator of tissue regeneration. We found
that M2-EXO-treated mice showed greater relative thickness of
granulation tissue than control mice on the 7th day (Figures
7E,H). Meanwhile, a-SMA, a marker of myofibroblasts, can
reflect the maturation level of granulation tissue. The
immunofluorescence images showed that the positive a-SMA
percentage exhibited no statistical differences between M2-EXO
treated group and the control group. (Figures 7F,T). However, the
a-SMA positive region in the M2-EXO group was mainly located
in the skin functional structures such as hair follicles, glands, and
blood vessels, which were largely absent in the control group
(Figure 7F, a-SMA part, labeled by yellow arrows). These results
proved a higher level of granulation tissue maturation in the M2-
EXO treated group, which indicated that the treatment of M2-
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EXO reduced myofibroblasts in middle and late wound healing
and prevented hyper-fibrosis development and scar formation,
which is also consistent with our observation of less scar
formation in M2-EXO-treated mice.

The vascularization process was essential for complex and
dynamic wound healing [ref]. CD31 was a vascular endothelial
cells indicator and cooperated with a-SMA to localize mature
vessels. We found the wound tissues of M2-EXO treated mice
had a higher level of vascularization with higher vessel density
and more mature vessels than the wound tissues of control mice
(Figures 7G,],K). Besides, results of western blot angiogenesis-
MMP-9 and MMP-2,
illustrated a higher expression in M2-EXO treated mice
(Figure 7L). These results suggested treatment of M2-EXO
promoted the vascularization process. We have confirmed
M2-EXO working through targeting PETN to promote
phosphorylation of AKT and mTOR in vitro. Subsequently,

related Metallo-matrix proteases,

we aim to demonstrate the gene regulator role of M2-EXO in
vivo. Consistent with the results in HUVEC cells, p-AKT and
p-mTOR significantly increased in the 7th mice wound tissue
(Figure 7M). These results indicated that treatment of M2-EXO
promoted angiogenesis in mice tissue and played a beneficial role
in skin repair by improving the speed and quality of wound
healing.

Discussion

The angiogenesis promotion role of M2 macrophages has
been a consensus (Sunderkotter et al., 1991; Jetten et al., 2014),
and studies about the relationship between M2 and angiogenesis
have caught researchers’ attention. M2 promotes angiogenesis in
several ways (Ngambenjawong et al., 2017; Ueta et al, 2019;
Zhang et al, 2020), and the exosomes derived from M2 have
broadly been regarded as an essential angiogenesis promotion
(Gangadaran et al., 2020; Luo et al, 2021; Yang et al., 2021).
However, the exact mechanisms of angiogenesis promotion
induced by M2 are still unclear. In our project, we found that
M2-EXO target PTEN via miR-21 to activate AKT/mTOR
pathway and promote angiogenesis in vitro. Besides, we
employed a whole model to
demonstrate that the treatment of M2-EXO significantly
promotes angiogenesis and accelerates the wound healing

skin  wounding mouse

process, proving the potential of M2-EXO therapy in
repairing skin injury.
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FIGURE 6

M2-EXO treatment promotes skin wound healing in mice. (A,B) Schematic of animal surgery and schedule for animal study. Created with
BioRender.com. (C,D) IVIS images of Dir-labeled exosomes injected mouse. Images were collected from the same individual mouse. The average
fluorescence efficiency was managed and analyzed by Living Image software. (n = 4). (E,F) The gross view and healing trace of the wound in control
and M2-EXO treated groups. Images and healing traces were collected from the same mouse randomly chosen from the control and the M2-

EXO treated group. The wound closure rate was analyzed according to the healing trace. (n = 3). (G) Representative figures of HE staining wound.
Scale bar was labeled in the figure. (H) Width of scar. (n = 3). (I) Representative figures of Masson staining wound. Scale bar was labeled in the figure.
(J) Quantitative analysis of collagen volume in each group. (n = 3). Data was expressed as mean + 3o0; * = significant, *p < 0.05; **p < 0.01,***p < 0.
005; ****p < 0.001, Student t-test.
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FIGURE 7

M2-EXO treatment promotes angiogenesis and tissue regeneration in the wound. (A—E) ELISA assay used to test TNF-a, IL-1p, IL-10, TGF-p, and
VEGF concentration in on the 7th day. (n = 6). (F) Immune-fluorescence images were collected from tissue homogenization on the 14th day from the
control group, and the M2-EXO treated group, respectively. Red dye was used to label CD31; Green dye was used to label a-SMA; DAPI was used to
label the nucleus; Merge figure was presented by integrating all the figures. Scale bar was labeled in the figures. (G) Representative
immunofluorescence figures selected from (F) followed by being enlarged. (H) Quantification analysis of the relative thickness of granulation tissue
(n = 3). (1) Quantification analysis of a-SMA-positive staining area (n = 3) (J) Quantification analysis of vessel density in sarcomeres (n = 3) (K)
Quantification analysis of the number of mature blood vessels in sarcomeres (n = 3). (L—M) Western blot was used to test the expression level of
MMP-2, MMP-9, PTEN, p-AKT, AKT, mTOR, and p-mTOR in tissue homogenization collected on the 7th day. Data was expressed as mean + 30; * =
significant, *p < 0.05; ** p < 0.01,***p < 0.005; ****p < 0.001, Student t-test.
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VEGF is one of the most effective angiogenesis promotion
factors and an essential indicator of angiogenesis (Ferrara, 2004).
To test the function of M2-EXO on VEGEF secretion, we used a
VEGF ELIS kit to test the culture medium of HUVEC. We found
that M2-EXO promoted VEGF secretion in a dose-dependent
way, which strongly suggested the positive role of M2-EXO on
angiogenesis. Subsequently, we tested proliferation, migration,
and tube formation ability with CCK-8, Edu, wound healing, and
tube formation assays. The results of these assays clarified the
angiogenesis-promoting effect of M2-EXO in vitro. Then, we
investigated the molecular mechanism of angiogenesis
stimulated by M2-EXO in vitro. mTOR is a highly stable
serine/threonine-protein kinase that plays an essential role in
cell proliferation and metabolism (Liu and Sabatini, 2020).
Activated mTOR phosphorylates the downstream factors S6K1
4EBP1 and STAT3, followed by synthesizing transcription
factors, such as HIF-1 a, which leads to a high expression of
VEGF and promotes angiogenesis (Dodd et al, 2015). We
investigated the M2-EXO treatment leaded phosphorylation of
S6K1 at the Thr-389 site, indicating the activation of the mTOR
pathway after M2-EXO treatment. Rapamycin worked as an
mTOR pathway inhibitor by forming a complex with the
endogenous protein FKBP (Yang et al,, 2013). We employed
Rapamycin as a rescue factor in our project, and the results
showed that treatment of Rapamycin counteracted the VEGF
expression increase induced by M2-EXO. These results fully
explained the role of the mTOR pathway in angiogenesis
promotion induced by M2-EXO treatment. PI3K-AKT is an
essential mitogenic signaling pathway closely associated with
cell growth, proliferation, survival, and motility (Somanath
et al, 2008; Karar and Maity, 2011). Meanwhile, PI3K
promotes the conversion of PtdIns (4,5) P2 to PtdIns (3,4,5)
P3, and PtdIns (3,4) P2. While PtdIns (3,4,5) P3 and PtdIns (3,4)
P2 are able to directly bind with AKT on PH structural domain,
followed by recruiting PDK1 to the plasma membrane and
promoting AKT phosphorylation on the Thr308 site, which
activated downstream mTOR and other signals (Primo et al,
2007). In contrast, PTEN negatively regulates the PI3K-AKT/
mTOR pathway by converting PtdIns (3,4,5) P3 to PtdIns (4,5)
P2 to antagonize PI3K (Song et al., 2012). In this study, HUVECs
treated with LY294002 + M2-EXO had a lower mTOR level
activation than the M2-EXO individually treated group,
suggesting that PI3K/Akt acts upstream of mTOR. Meanwhile,
the overexpression of PTEN also counteracted the activation of
AKT/mTOR, which indicated that M2-EXO activates Akt/
mTOR signaling by targeting PTEN.

Our next aim was to reveal the inhibition mechanism of
PTEN expression induced by M2-EXO. Numerous studies have
shown that the most biological effects of exosomes are attributed
to their translocated miRNAs (Zhang et al, 2015). Some
publications have reported that exosomal-miR-21 transfers
from macrophages to target cells followed by targeting PTEN
(Zheng et al., 2017). Meanwhile, some fascinating studies have
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identified the role of miR-21 in regulating angiogenesis, EC
survival, and vascular remodeling (Canfran-Duque et al., 2017;
Spinetti et al., 2020; Liao et al., 2021). Besides, exosomes derived
from umbilical cord blood mesenchymal stem cells and amniotic
fluid stem cells are able to promote skin regeneration by carrying
miR-21 (Zhang et al., 2021a; Zhang et al., 2021b). Therefore, it is
reasonable to hypothesize that M2-EXO promotes angiogenesis
by transferring miR-21 into HUVEC and targeting PTEN to
activate the AKT/mTOR pathway. Our study found that M2-
EXO transferred miR-21 into HUVEC, inhibiting PTEN mRNA
expression. In contrast, the exosomes derived from miR-21
inhibiting M2 reduced the transfection of miR-21 to HUVEC
and then recovered PTEN mRNA expression, while the
phosphorylation levels of AKT and mTOR showed a
corresponding decrease. Additional characteristic experiments
of proliferation, migration, and tube formation also exhibited
that M2-EXO-associated miR-21 promoted angiogenesis.

Poor postoperative and post-trauma healing influences
millions of people worldwide (Kim et al, 2019), and the
acceleration of the wound healing process is critical to
reconstructing damaged skin tissue and restoring the integrity
of 2017).
M2 macrophages, the vital cells for wound healing, is able to

skin structure and function (Sorg et al,
promote migration of epithelial cells, angiogenesis, and
proliferation of fibroblasts to further improve wound healing.
But the role of exosomes derived from M2 macrophages in
wound healing has not been clarified. Our project showed that
M2-EXO was highly effective in promoting wound healing,
confirmed by observations of wound appearance and wound
length measurements in tissue sections. Quality is another crucial
factor beyond the speed when evaluating the wound healing
process (Kim et al, 2019). The microstructure of the wound
tissue exhibited that M2-EXO-treated wounds had a better level
of tissue regeneration than PBS-treated control wounds. We
observed thicker and denser granulation tissue and more
extensive mature collagen deposition in the M2-EXO treated
group and found skin attachment structures such as hair follicles
and glands in their granulation tissue, with a low level of
inflammation facilitated tissue remodeling (Sindrilaru and
Scharffetter-Kochanek, 2013; Hesketh et al., 2017). Besides,
myofibroblasts in wound granulation tissue are closely
associated with scar formation (Pakshir et al, 2020). The
wound tissue treated by M2-EXO had fewer myofibroblasts,
which explained the smoother skin wound appearance in the
M2-EXO treatment group and a scar tendency in the control
group. Overall, M2-EXO treatment significantly promoted high-
quality skin healing, which could be attributed to the
angiogenesis-promoting effect of M2-EXO. Wound healing is
an orderly and complex process of tissue regeneration, and
angiogenesis is present throughout (Veith et al, 2019).
Because only the transport of building materials involving
cells, growth factors, and oxygen by new blood vessels to the
reconstructed wound site can ensure continuous and orderly
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tissue regeneration (Arnold and West, 1991). In this study, M2-
EXO administration produced many CD31-positive vessels in
the wound area, which mechanistically could be since M2-EXO
induced the proliferation, survival, and migration of vascular
endothelial cells through activation of the PTEN/AKT/mTOR
pathway and thus promoting massive angiogenesis. We also
noted that the M2-EXO-treated group showed increased
expression of TGF-B, VEGF, MMP2, and MMP-9. TGF-p and
VEGF are significant for granulation tissue formation and
vascularization (Barrientos et al,, 2008; Behm et al, 2012),
MMP-2 and MMP-9 (the MMPs
angiogenesis) are also important for ECM remodeling (van
2006; Quintero-Fabidn et 2019).
Therefore, we suggested that M2-EXO created positive

while related to

Hinsbergh et al, al.,
conditions for angiogenesis in wound tissue at the cellular
level and the extracellular matrix microenvironment, thus
promoting the healing process with high efficiency and quality
and playing an active role in the repair and regeneration of skin
wounds.

The exosome treatment, a cell-free therapy, has emerged as a
promising nanomedicine strategy with low immunogenicity, high
stability, and easy clinical translation (Kalluri and LeBleu, 20205
Aslan et al, 2021; Lin et al,, 2022). Except for wound healing,
exosome therapy can be employed in treating other ischemic
diseases involving peripheral arterial disease, coronary artery
disease, bone defects, and osteonecrosis (Ibrahim and Marban,
2016; Shan etal., 2019; Bei et al,, 2021). Our findings suggested that
M2-EXO therapy had reliable applications in the treatment of skin
tissue regeneration. With lots of reliable results, our project was
limited by the differences in pathophysiology between rodents and
human skin (Lindblad, 2008). Hence, our further task would be to
conduct experiments on animals with closer anatomy and
physiology, such as swine (Swindle et al, 2012), followed by
optimizing the treatment protocol, including adjusting the dose
and timing of administration. Besides, the model constructed in
this project is an acute wound healing model (Masson-Meyers
et al,, 2020), while more efforts should be targeted to chronically
healing wounds, such as diabetic or aging skin wounds (Wilkinson
and Hardman, 2020). These chronic wounds will be another
direction to explore the M2-EXO therapy function further.
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