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via METTL3-mediated m6A modification of TLR2
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Abstract: Objective: To investigate the therapeutic potential of adipose-derived stem cell exosomes (ADSC-Exos)
in airway repair and the underlying mechanisms, with a particular focus on the role of N6-methyladenosine (m6A)
modification. Methods: ADSC-Exos were isolated and characterized via ultracentrifugation. In vitro effects of ADSC-
Exos were evaluated using transforming growth factor-B1 (TGF-B1)-induced fibroblast models. A rabbit airway injury
model was established, and exosomes were locally administered. Molecular mechanisms were investigated using
methylated RNA immunoprecipitation sequencing (MeRIP-seq), RNA-seq, Western blotting, and gRT-PCR. Results:
ADSC-Exos significantly upregulated the expression of m6A methyltransferase methyltransferase-like 3 (METTL3)
in both in vivo and in vitro experiments. This upregulation further enhanced the m6A methylation level of Toll-like
receptor 2 (TLR2) mRNA, leading to decreased TLR2 expression. Additionally, the phosphatidylinositol 3-kinase-
protein kinase B (PI3K-AKT) signaling pathway was inhibited, accompanied by decreased expression of the myofi-
broblast markers a-smooth muscle actin (a-SMA) and Collagen |. Notably, overexpression of METTL3 reversed the
inhibitory effects induced by ADSC-Exos on myofibroblast differentiation. Conclusion: ADSC-Exos promote airway
repair by upregulating METTL3, which enhances m6A methylation of TLR2 mRNA, downregulates TLR2, and inhibits
PI3K-AKT pathway activation, thereby inhibiting myofibroblast differentiation. This study reveals a novel epigenetic
mechanism for the treatment of benign airway stenosis (BAS).
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Introduction lenges. Airway injury repair is initiated by a

localized inflammatory response, followed by

Benign airway stenosis refers to airway narrow-
ing caused by various mechanical, physical,
and chemical factors, including tracheal intuba-
tion, tracheotomy, surgery, trauma, inhalation
burns, and nonmalignant lesions secondary to
chronic airway inflammatory diseases [1-3].
Over the past decade, the fields of respiratory
and critical care medicine have advanced rap-
idly. With notable progress in respiratory thera-
peutic technologies and the increasing applica-
tion of complex procedures such as lung trans-
plantation, the incidence of benign airway ste-
nosis has continued to rise [4]. Consequently,
airway scar formation and restenosis have
emerged as common and pressing clinical chal-

the proliferation and migration of endothelial
cells and fibroblasts, leading to the formation of
granulation tissue that fills the tissue defect. As
repair progresses, excessive numbers of myofi-
broblasts are generated, which contract the
wound and secrete collagen. Subsequently,
granulation tissue undergoes fibrosis, epithe-
lial regeneration occurs, and the extracellular
matrix (ECM) is remodeled, ultimately complet-
ing the injury repair process [5, 6].

Myofibroblasts are specialized cells that exhi-
bit an intermediate phenotype between fibro-
blasts and smooth muscle cells. They originate
from the proliferation of resident cells, transdif-
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ferentiation of other cell types (e.g., fibroblasts),
and recruitment of circulating precursor cells.
Myofibroblasts are characterized by robust
ECM secretion, expression of a-smooth mu-
scle actin (x-SMA), and strong contractile
capacity. Consequently, they play a crucial role
in pathophysiological processes, such as
wound healing, scar formation, and pulmonary
fibrosis [7]. Excessive transdifferentiation of
myofibroblasts, driven by activation of signal-
ing pathways including transforming growth
factor-B (TGF-B), angiotensin I, and endothe-
lin-1, results in abnormal collagen deposition,
disordered ECM architecture, and sustained
matrix contraction. These changes constitute
the pathological basis of airway scar forma-
tion and restenosis [8, 9]. Therefore, effectively
inhibiting fibroblast-to-myofibroblast transdif-
ferentiation and promoting myofibroblast apop-
tosis represent promising strategies for im-
proving airway repair and optimizing clinical
outcomes.

Adipose-derived stem cells (ADSCs) are adult
multipotent stem cells that play an important
role in regulating tissue repair [10]. In addition
to their capacity to differentiate into multiple
cell types and replace damaged tissue, their
paracrine activity represents another predomi-
nant mechanism underlying their therapeutic
effects [11-13]. A key component of this para-
crine activity is the secretion of exosomes-
vesicular structures with a diameter of 30-
100 nm that are released through intracellular
pathways. These exosomes are enclosed by a
phospholipid bilayer and contain various bioac-
tive substances, including lipids, proteins, and
nucleic acids. Mesenchymal stem cell (MSC)-
derived exosomes promote wound healing,
inhibit scar formation, and optimize tissue
repair by delivering functional molecules to tar-
get cells [14-16].

N6-methyladenosine (m6A) is the most preva-
lent modification of eukaryotic mRNA and
involves methylation of the nitrogen at the six-
th position of adenine residues [17]. METTL3-
mediated m6A modification serves as a critical
regulator of diverse biological processes and
developmental pathways in eukaryotes, includ-
ing circadian rhythm regulation, DNA damage
responses, stem cell self-renewal and pluripo-
tency, maternal-zygotic transition, neural func-
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tion regulation, sex determination in Droso-
phila, and early embryonic development in
mice. Accumulating evidence indicates that
METTL3 is also critically involved in fibrotic
diseases. Specifically, deletion of METTL3 in
renal fibroblasts reduces m6A methylation and
exacerbates TGF-B1-induced collagen deposi-
tion [18]. Moreover, in respiratory diseases,
MSC-derived exosomes alleviate asthma-as-
sociated airway remodeling by delivering
METTL3-enriched vesicles that enhance m6A
modification of proinflammatory genes [19].

This study aimed to investigate whether
METTL3-mediated m6A modification is involv-
ed in the inhibitory effects of ADSC-derived
exosomes (ADSC-Exos) on fibroblasts-to-myofi-
broblast transdifferentiation and whether this
mechanism contributes to attenuation of air-
way scar formation. To elucidate the underlying
molecular mechanisms, high-throughput meth-
ylated RNA immunoprecipitation sequencing
(MeRIP-seq), RNA sequencing (RNA-Seq), bio-
informatics analyses, and functional pheno-
type assays were performed using in vitro cell
models. Additionally, this study seeks to pro-
vide a theoretical foundation for the applica-
tion of ADSC-Exos in the prevention and treat-
ment of airway scar formation. Elucidating the
regulatory mechanisms and downstream tar-
gets of METTL3 may further support the de-
velopment of standardized stem cell-derived
component therapies for common fibrotic
diseases.

Materials and methods
ADSC culture

ADSCs were harvested from the inguinal sub-
cutaneous adipose tissue of New Zealand
white rabbits [20]. Primary ADSCs were isolat-
ed by enzymatic digestion using 0.1% type |
collagenase, and digestion was terminated by
the addition of serum (SKU: SH30084.03,
Hyclone, USA). After 16 days of culture, cells
were passaged using trypsin (SKU: 25200072,
GIBCO, USA). Third-passage ADSCs were then
washed with PBS (SKU: E607008, Sangon
Biotech, Shanghai). The ADSC phenotype was
confirmed by flow cytometry using antibodies
against CD90, CD73, CD105, CD44, and CD45,
as previously described [21].
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Lipogenic, osteogenic, and chondrogenic dif-
ferentiation of ADSCs

ADSCs were seeded into 6-well plates and
cultured at 37°C with 5% CO,, for 24 h. The cul-
ture medium was then replaced with adipogen-
ic induction medium (AIM), osteogenic induc-
tion medium (OIM), or chondrogenic induction
medium (CIM). The induction media were
refreshed every three days, while control cells
were maintained in standard culture medium.
Adipogenic differentiation was assessed two
weeks after induction using Oil Red O stain-
ing. Osteogenic differentiation was verified
after three weeks using Alizarin Red staining.
Chondrogenic differentiation was verified after
four weeks using Alcian Blue staining.

Exosome isolation and characterization

Exosomes were harvested from thawed ADSC-
conditioned culture supernatant using differ-
ential centrifugation. The supernatant was se-
quentially centrifuged at 2,000xg for 30 min-
utes and then at 10,000xg for 45 minutes at
4°C to remove cells and cellular debris, fol-
lowed by filtration through a 0.45 pm mem-
brane. The filtrate was subsequently subject-
ed to ultracentrifugation at 100,000xg for 70
min at 4°C using fixed-angle (FA) rotors. The
resultingpellet was washed once with PBS
and centrifuged again under the same condi-
tions. The final exosome pellet was resuspend-
ed in 150 L of pre-cooled PBS for subsequent
use. Exosome morphology was examined by
transmission electron microscopy (TEM; Hita-
chi, 100 kV) following negative staining with
uranyl acetate. Nanoparticle tracking analysis
(NTA) was performed to evaluate particle size
distribution and concentration (Granulometry
Instrumentation Co., Ltd.).

Animal experiments

Young adult New Zealand White rabbits (app-
roximately 8 months old, weighing 4.0-5.0 kg)
were purchased from SLAC Laboratory Animal
Co., Ltd. (Shanghai, China; License No. SCXK
(Shanghai) 2022-0004). All experimental pro-
cedures were approved by the Experimental
Animal Ethics Committee of Quanzhou Medical
College (Approval No. 2024044,).

Animals were anesthetized with sodium pento-
barbital (50 mg/kg) prior to the procedure.
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Under endoscopic guidance, local multipoint
injections of ADSC-derived exosomes were
administered around the narrowed tracheal
segment at four sites (anterior, posterior,
medial, and lateral) (Figure S1). The exosome
dosage was determined based on published lit-
erature [20, 22, 23]. Approximately 50 ug of
exosomes, equivalent to 1.2 x 107 particles,
were injected at each site. Each rabbit received
a total of 200 ug of exosomes dissolved in 200
uL of PBS (corresponding to approximately 4.8
x 107 particles), as determined by the BCA
assay (Figure S3; Table S2) [24].

For ADSC isolation from healthy rabbits and for
terminal analysis of the in vivo airway injury
model (performed on day 14 after exosome
treatment), euthanasia was conducted by in-
travenous injection of sodium pentobarbital
(100 mg/kg) via the marginal ear vein. Death
was confirmed by irreversible cessation of
spontaneous respiration and cardiac activity,
loss of corneal and pupillary reflexes, and
development of cyanosis, monitored continu-
ously for 5-10 min.

Flow cytometry

Adherent cells were collected by trypsin diges-
tion, centrifuged at 800xg for 6 min, washed,
and resuspended in sterile PBS. Cells were
stained with fluorescein isothiocyanate-conju-
gated (FITC)-conjugated monoclonal antibo-
dies against CD9O, CD73, CD105, CD44, and
CD45 for 45 min at 4°C. Isotype-matched anti-
bodies were used as negative controls. Finally,
cells were analyzed by flow cytometry [25].

Immunofluorescence

Adherent cells (1 x 10* cells/mL) were seeded
into 24-well plates. After 24 h of induction,
cells were fixed with pre-cold methanol for 10
min and blocked with 5% fetal bovine serum
(FBS). Cells were then incubated overnight with
an o-SMA-PE antibody and observed under a
fluorescence microscope [26].

Western blotting

After total cellular protein extraction, proteins
were separated by electrophoresis and trans-
ferred to a polyvinylidene fluoride (PVDF) mem-
brane (SKU: FPV403030, JITE Biofiltration Co.,
Ltd., Guangzhou). The membrane was blocked
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at room temperature for 1 h and then incubat-
ed overnight at 4°C with primary antibo-
dies against HSP70, CD63, TSG101, METTL3,
o-SMA, B-actin, and GAPDH. Afterward, mem-
branes were incubated with peroxidase-labeled
secondary antibodies at room temperature
for 2 h. Protein signals were developed using
enhanced chemiluminescence (ECL) reagents
and visualized with a Bio-Rad Gel Doc EQ sys-
tem. Quantification of gray-scale values was
performed using ImageJ software.

CCK-8

Cells were seeded at a density of 8,000 cells
per well in 96-well plates, with three replicate
wells per group. STM2457 (SKU: A1472918,
Ambeed Inc, USA), a highly selective and po-
tent METTL3 inhibitor, has been extensively
validated in multiple disease models, including
cancers [27], viral infections [28], and meta-
bolic disorders [29]. STM2457 was diluted to
final concentrations of 0.156, 0.3125, 0.625,
1.25, 2.5, 5, 10, 50, and 100 uyM and vortex-
ed thoroughly. The final concentration of TGF-f3
in the cell culture medium was 10 ng/mL, and
cells were cultured for an additional 48 h [30].

Subsequently, cell proliferation was assessed
using the Cell Counting Kit-8 (CCK-8) assay
(SKU: CKO4, Tong Ren Chemical, Japan). Ab-
sorbance was measured at 450 nm using a
microplate reader (Beijing Kaiao Science and
Technology Development Co. Ltd.).

Cell transfection

According to the manufacturer’s instructions,
200 L of jetPRIME buffer was added to an
Eppendorf tube, followed by the recommended
amount of plasmid DNA: OE-NC (overexpres-
sion-negative control; pcDNA3.1(+) empty vec-
tor), OE-METTL3, or OE-TLR2 (2 pg each), or NC
siRNA (negative control siRNA) or METTL3
siRNA (100 ng) [31]. The siRNA sequences are
listed in Table S1. The mixture was gently vor-
texed and combined with 4 yL of jetPRIME
reagent. The transfection mixture was then
added dropwise to the existing cell culture
medium. After 5 h of incubation at 37°C in 5%
CO,, subsequent assays were performed.

Wound healing assay

A Wound healing assay was performed to
establish an in vitro co-culture model of ADSC-
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Exos and fibroblasts (SKU: AW-PT092, AnWei
Bio-technology Co., Shanghai) to assess the
effects of ADSC-Exos on fibroblast-to-myofibro-
blast trans differentiation. Rabbit skin fibro-
blasts were seeded into 6-well plates at a
density of 4 x 10°% cells/well. Upon reaching
85-90% confluence, cells were transfected and
divided into five groups: Blank, TGF-B (10 ng/
mL), TGF-B+ADSC-Exos+NC OE, TGF-B+ADSC-
Exos+TLR2 OE, and TGF-B+ADSC-Exos+STM-
2457 (10 uM). A linear scratch was created in
the cell monolayer using a sterile 10 uL pipette
tip 4-6 h after transfection, ensuring a uniform
scratch width across groups. The culture medi-
um was then replaced with fresh medium
according to the assigned groups. Cells were
incubated at 37°C in a humidified atmosphere
containing containing 5% CO,, and wound clo-
sure was assessed at 0, 24, and 48 h [32].

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using an RNAprep
FastPure Tissue & Cell Kit (SKU: TSP413,
Prime Biotechnology Co., Ltd., Beijing). Briefly,
genomic DNA was removed in single step
using SynScript® Il RT SuperMix for gPCR
(+gDNA  Remover) (SKU: TSK314M, Prime
Biotechnology Co., Ltd., Beijing). RT-gPCR was
performed using ArtiCanA™ SYBR qPCR Mix
(SKU: TSE501, Prime Biotechnology Co., Ltd.,
Beijing) on an ABI-ViiA 7 Real-Time PCR Sy-
stem (ABI, USA). GAPDH was used as the inter-
nal reference gene. Relative gene expression
levels were quantified using the 242°t method.
All primers (Table 1) were synthesized by
Tsingke (Beijing, China).

gPCR for m6A

m6A levels were measured using the Epi-
SELECT™ m6A Site ldentification Kit (SKU:
R202106M-01, Epigenetics Biotechnology Co.,
China) according to the manufacturer’s in-
structions. Relative m6A methylation levels
were determined based on cycle threshold (Ct)
differences reflecting methylation-dependent
amplification efficiency (https://www.epibiotek.
com/biaoguanzhuanluzu/detail/225).

MeRIP-seq

Total cellular RNA was extracted using TRIzol
reagent (SKU: 15596018, Invitrogen, USA).
RNA concentration was quantified using a
Qubit RNA HS Assay Kit (SKU: Q32852,
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Table 1. Primers used for RT-qPCR

le uracil-DNA glycosylase

Primer  Forward sequence (5’-3’)

Reverse sequence (5-3’)

(UDG), and index primers.

The amplified libraries were

METTL3 ACCTATGCTGACCATTACCAAG CTGTTGGTTCAGAAGGCTCTC - : X i

purified again using Epi™
ACTA2  CCGACCGAATGCAGAAGGA ACGCTGAGTAAGAGGAGGAAAG DNA Clean Beads. Library
COL1A1 GCTGGCTGGCTGGCTGG CAGGTCCACAGGTCCACAGGTCCAC quality and fragment size
TLR2 CCTGGACAAGGAGGTGAACA TGCATTGTCACTGGTGAAGG distribution were assessed
PIK3CA GAGGAGCTGGTGGATGTTGT CAGGTGAGGTTGTTGTAGGC using a Bioptic Qsep100
AKT GGACAACCGCCATCCAGACT GCCAGGGACACCTCCATCTC Analyzer to confirm that the

GAPDH CGGAGTCAACGGATTTGGTCGTAT AGCCTTCTCCATGGTGGTGAAGAC

libraries were within the

Invitrogen, USA). Total RNA (10 ug) was frag-
mented using 10x fragmentation buffer, and
the reaction was terminated with 0.5 M EDTA.
Methylated RNA fragments were immunopre-
cipitated using the Epi™ m6A Immunopreci-
pitation Kit (SKU: R1804, Epigenetics Biotech-
nology Co., China). Both input (non-immunopre-
cipitated) samples and m6A-immunoprecipit-
ated samples underwent 150-bp paired-end
sequencing on an lllumina NovaSeq 6000 plat-
form (lllumina, USA).

RNA-seq

The RNA input used for MeRIP-seq was subject-
ed to mRNA-seq analysis. mRNA was isolated
using Epi™ mRNA Capture Beads (SKU: R2020-
96, Epigenetics Biotechnology Co., China). The
captured mRNA was then used for library con-
struction with the Epi™ mRNA Library Fast kit
(SKU: R1810, Epigenetics Biotechnology Co.,
China) according to the manufacturer’'s in-
structions. Briefly, mRNA was fragmented by
adding 3x Frag/Prime Buffer, followed by
incubation at 94°C for 6 min and immediate
cooling on ice. First-strand cDNA synthesis
was performed by adding actinomycin D (5
mg/mL), 1st Strand Buffer 2, reverse trans-
criptase, and RNase inhibitor, followed by
sequential incubation at 25°C for 10 min,
42°C for 15 min, and 70°C for 15 min, and
subsequent cooling on ice. Second-strand
cDNA synthesis was carried out by adding 2nd
Strand Buffer 2 (with dUTP) and 2nd Strand
Enzyme Mix, followed by incubation at 16°C
for 30 min and 72°C for 15 min. Adapter liga-
tion was performed by adding Ligation Buffer
3, EPI DNA Ligase, and adapter, followed by
incubation at 22°C for 15 min. The ligated
products were purified using Epi™ DNA Clean
Beads (SKU: R1809, Epigenetics Biotechno-
logy Co., China). PCR amplification was con-
ducted using 2xHiFi PCR Mix, heat-labi-
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expected size range. Finally,
sequencing was performed
on a NovaSeq high-throughput sequencer in
PE150 mode.

Statistical analysis

Data analysis was performed using SPSS 25.0
and GraphPad Prism 10.0. Data are presented
as the mean + standard error of the mean
(SEM). The Shapiro-Wilk test was used to
assess data normality. Comparisons between
two groups were conducted using an unpaired
two-tailed t-test. For single-factor multiple-
group comparisons, one-way analysis of vari-
ance (ANOVA) was performed, followed by
Tukey’s or Dunnett’s post-hoc tests, as appro-
priate. For experiments involving two indepen-
dent variables, two-way ANOVA was applied
with Sidak’s or Tukey’s post-hoc test. For
longitudinal observations from the same sub-
jects, repeated measures ANOVA was used. A
P value <0.05 was considered statistically
significant.

Results

Isolation and characterization of ADSCs and
ADSC-Exos

ADSCs were isolated from rabbit subcutane-
ous adipose tissue and characterized by flow
cytometry. The cells were positive for CD44,
CD73, CD90, and CD105, but negative for
CD45 (Figure 1A). Morphologically, ADSCs
exhibited a typical fibroblast-like, spindle-sh-
aped appearance (Figure 1B). Their multipo-
tent differentiation capacity was confirmed by
Oil Red O staining for adipogenic differentia-
tion, Alizarin Red staining for osteogenic differ-
entiation, and Alcian Blue staining for chon-
drogenic differentiation (Figure 1C-E). Trans-
mission electron microscopy revealed that
ADSC-derived exosomes exhibited a charact-
eristic cup-shaped morphology (Figure 1F).
Nanoparticle tracking analysis indicated that
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Figure 1. Isolation and characterization of ADSCs and ADSC-derived exosomes. (A) Flow cytometric identification of ADSC surface markers: CD90(+), CD73(+),
CD105(+), CD44(+), CD45(-); (B) ADSC culture and purification; (C) Adipogenic differentiation confirmed by Oil red O staining; (D) Osteogenic differentiation con-
firmed by Alizarin Red staining; (E) Chondrogenic differentiation confirmed by Alcian Blue staining; (F) Transmission electron microscopy showing the morphology of
ADSC-derived exosomes (ADSC-Exos); (G) Nanoparticle tracking analysis of ADSC-Exos; (H) Western blot analysis of exosomal marker proteins HSP70, CD63, and

TSG101. Notes: ADSC, adipose-derived stem cells; Exos, exosomes. Data are presented as mean + SEM (n=3). Comparisons between two groups were performed
using unpaired two-tailed t-tests.
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Figure 2. ADSCs and ADSC-Exos inhibit myofibroblast transdifferentiation via METTL3 regulation. (A) m6A methyla-
tion levels in airway repair tissues after intervention (n=6); (B) METTL3 protein expression in airway tissues detected
by Western blotting (n=3); (C) METTL3 mRNA expression in airway tissues detected by gRT-PCR (n=6); (D) Immuno-
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fluorescence staining of the myofibroblast marker a-SMA (n=3); (E) Relative quantification of collagen I, a functional
indicator of myofibroblasts, in airway tissues measured by ELISA, (n=6); (F) m6A methylation levels in myofibroblasts
after ADSC-Exos treatment (n=6); (G) METTL3 and a-SMA protein expression in myofibroblasts after ADSC-Exos
treatment detected by Western blotting (n=3); (H) METTL3 and o-SMA mRNA expression in myofibroblasts after
ADSC-Exos treatment detected using qRT-PCR (n=6); (I) Collagen | expression in myofibroblasts after ADSC-Exos
intervention measured by ELISA (n=6); (J, K) Protein (J) and mRNA (K) expression levels of METTL3 and a-SMA in
myofibroblasts following METTL3 knockdown or overexpression under ADSC-Exos treatment (n=6); (L) Collagen | ex-
pression in myofibroblasts following METTL3 knockdown or overexpression measured by ELISA (n=6). Notes: ADSC,
adipose-derived stem cells; Exos, exosomes. Data are presented as mean + SEM. For multiple-group comparisons,
one-way ANOVA with Tukey’s post hoc test was used. *P<0.05, **P<0.01, ns: not significant.

their particle size distribution primarily ranged
from 40 to 120 nm (Figure 1G). Western blot-
ting further confirmed the expression of exo-
somal markers, including HSP70, CD63, and
TSG101 (Figure 1H).

An in vivo airway injury model was established
in rabbits via transoral nylon brush abrasion
[33]. Model animals (n=18) were randomly
divided into three groups and received local
endoscopy-guided injections of normal saline
(NS), ADSCs, or ADSC-Exos for one week. The
results showed that both ADSC and ADSC-
Exos treatments significantly increased total
mMo6A levels and METTL3 expression in repaired
airway tissues (Figure 2A-C). Concurrently, the
expression of myofibroblast markers a-SMA
and type | collagen was markedly reduced
(Figure 2D, 2E).

To further elucidate the underlying mecha-
nism, fibroblasts were isolated from airway
repair tissues and subsequently co-cultured
with ADSCs or treated with ADSC-Exos. Elevat-
ed m6A levels were observed in both the ADSC
and ADSC-Exos groups (Figure 2F), along with
increased METTL3 expression and decreased
a-SMA and type | collagen expression (Figure
2G-l). Gain- and loss-of-function experiments
targeting METTL3 further confirmed its critical
role in this process. Specifically, METTL3
knockdown by siRNA in ADSC-Exos-treated
fibroblasts increased ao-SMA and collagen |
expression (Figures 2J-L, S2), whereas METTL3
overexpression produced the opposite effect,
demonstrating that ADSC-Exos inhibit fibro-
blast-to-myofibroblast transformation in a
METTL3-dependent manner.

MeRIP-seq analysis

To identify key regulators involved in the inhibi-
tory effects of ADSC-Exos on myofibroblast
transformation, total RNA was extracted from
myofibroblasts before and after ADSC-Exos
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treatment and subjected to MeRIP-seq analy-
sis. Comparative analysis revealed a predomi-
nance of hypermethylated over demethylated
genes in myofibroblasts following ADSC-Exos
treatment (Figure 3A). The largest number of
differential m6A peak distributions was ob-
served on chromosome 13 (Figure 3B). Most
differential peaks spanned one to four exons
(Figure 3C). Motif analysis identified the top
two enriched m6A motifs in myofibroblasts
before and after ADSC-Exos treatment (Fig-
ure 3D, 3E). Functional enrichment analysis
revealed RNA processing and intracellular
transport as the most significantly enriched
biological processes associated with differen-
tial m6BA peaks (Figure 3F). In addition, KEGG
pathway analysis showed significant enrich-
ment in pathways related to regulation of the
actin cytoskeleton, myocyte cytoskeleton, and
other signaling pathways (Figure 3G). Colle-
ctively, these findings suggest that ADSC-Exos
may regulate fibroblast-to-myofibroblast transi-
tion through epigenetic modulation of m6A
methylation.

RNA-seq analysis

To identify genes regulated by ADSC-Exos, RNA-
seq analysis was performed using the corre-
sponding input samples from the MeRIP-seq
experiments. Principal component analysis
demonstrated clear clustering of myofibro-
blast samples before and after ADSC-Exos
treatment (Figure 4A). Consistently, hierarchi-
cal clustering heatmap analysis showed a
more concentrated distribution of gene expres-
sion profiles within each group (Figure 4B).
Differential expression analysis revealed com-
parable numbers significantly upregulated and
downregulated genes in myofibroblasts follow-
ing ADSC-Exos treatment (Figure 4C). Gene
Ontology (GO) enrichment analysis of differen-
tially expressed genes indicated significant
enrichment in biological processes such as
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circulatory system development and response
to endogenous stimuli (Figure 4D). Notably,
KEGG pathway analysis highlighted the PI3K-
AKT signaling pathway as one of the most sig-
nificantly affected pathways following ADSC-
Exos treatment (Figure 4E), suggesting a role
for ADSC-Exos in modulating fibroblast injury-
related signaling networks.

Integrated analysis of MeRIP-seq and RNA-
seq data revealed that the largest subset of
genes exhibited both increased m6A methyla-
tion and significantly reduced mRNA expres-
sion in myofibroblasts after ADSC-Exos treat-
ment (Figure 4F). Among these genes, the m6A
methylation level of Toll-like receptor 2 (TLR2)
was significantly increased, whereas TLR2
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Figure 4. mRNA-seq analysis (n=3). (A) Principal
component analysis (PCA); (B) Heatmap show-
ing clustering of gene expression profiles; (C)
Volcano plot of differentially expressed genes;
(D) GO enrichment analysis of differentially ex-
pressed genes; (E) KEGG pathway enrichment
analysis of differentially expressed genes; (F)
Nine-quadrant plot illustrating the integrated
analysis of MeRIP-seq and RNA-seq. Notes: GO,
Gene Ontology; KEGG, Kyoto Encyclopedia of
Genes and Genomes.

MRNA expression was markedly reduced. Given
that TLR2 was enriched in the PI3K-AKT signal-
ing pathway, it was selected as a candidate tar-
get gene for further mechanistic investigation.

ADSC-Exos suppress myofibroblast transforma-
tion via TLR2-dependent modulation of the
PI3K-AKT pathway

To investigate whether ADSC-Exos inhibit my-
ofibroblast transformation through modulation
of TLR2 methylation and the PI3K-AKT path-
way, a TLR2 overexpression vector was con-
structed (Figure 5A) and transfected into pri-
mary fibroblasts. Successful overexpression
was confirmed at both mRNA and protein levels
(Figure 5B, 5C). In parallel, the METTL3 inhibi-
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tor, STM2457, was applied at an optimized con-
centration of 10 uM (Figure 5D).

Functionally, ADSC-Exos significantly inhibit-
ed fibroblast proliferation, whereas this inhibi-
tory effect was markedly attenuated by TLR2
overexpression or METTL3 inhibition with
STM2457 (Figure 6A, 6B). gPCR and Western
blot analyses demonstrated that ADSC-Exos
downregulated the expression of «o-SMA,
type | collagen, TLR2, PI3K, and AKT, while
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TLR2 overexpression or STM2457 treatment
partially reversed these effects (Figure 6C,
6D). Moreover, the increase in global m6A lev-
els induced by ADSC-Exos was significantly
reduced by TLR2 overexpression and further
diminished following STM2457 treatment (Fig-
ure 6E). Finally, wound healing assays con-
firmed that the inhibitory effect of ADSC-Exos
on fibroblast migration was likewise reversed
by TLR2 overexpression or METTL3 inhibition
(Figure 6F, 6G).
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Figure 6. Effects of TLR2 and METTL3 modulation on fibroblast phenotypes following ADSC-Exos treatment. (A, B)
Effects of TLR2 overexpression and METTL3 inhibition on fibroblast viability following ADSC-Exos treatment (n=6);
(C) Effects of TLR2 overexpression and METTL3 inhibition on mRNA expression levels of a-SMA, collagen |, TLR2,
PI3K and AKT following ADSC-Exos treatment (n=6); (D) Effects of TLR2 overexpression and METTL3 inhibition on
protein expression levels of a-SMA, collagen |, TLR2, PI3K, and AKT following ADSC-Exos treatment (n=3); (E) Effects
of TLR2 overexpression and METTL3 inhibition on global m6A levels following ADSC-Exos treatment (n=6); (F, G) Ef-
fects of TLR2 overexpression and METTL3 inhibition on fibroblast migration following ADSC-Exos treatment (n=6).
Notes: Data are presented as mean + SEM. For comparisons involving multiple groups and time points, two-way

ANOVA with Sidak’s post hoc test was used. *P<0.05, *P<0.01, ns: not significant.

Discussion

In recent years, interventional pulmonology has
advanced rapidly, with endovascular interven-
tions becoming the primary approach for man-
aging benign airway stenosis. However, sec-
ondary injury during procedures often induces
excessive granulation tissue formation and
scar contracture, leading to restenosis rates as
high as 10%-50% [34-38]. This study focuses
on fibroblasts-to-myofibroblasts transdifferen-
tiation and investigates the regulatory role of
ADSC-derived exosomes (ADSC-Exos) in this
process and the underlying mechanisms.

Local administration of ADSC-Exos effectively
reduced the expression of a-SMA and type |
collagen in airway tissues. Mechanistically,
ADSC-Exos increased global m6A levels by
upregulating the m6A methyltransferase ME-
TTL3, whereas METTL3 knockdown reversed
the inhibitory effects of exosomes on myofi-
broblast differentiation. Through integrated
analysis of MeRIP-seq and RNA-seq data,
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TLR2 was identified as a key downstream tar-
get. Following ADSC-Exos treatment, mO6A
methylation levels of TLR2 transcripts were
markedly increased, while TLR2 mRNA expres-
sion was correspondingly decreased. Notably,
TLR2 has been reported to be closely associ-
ated with the PI3K-AKT signaling pathway
[39-42].

Functional experiments further confirmed that
ADSC-Exos upregulate METTL3, thereby en-
hancing m6A methylation of TLR2 mRNA and
promoting its downregulation. This, in turn,
suppresses activation of the PISK-AKT path-
way and inhibits fibroblasts-to-myofibroblast
transdifferentiation, as evidenced by reduced
cell proliferation, migration, and expression
of myofibroblast-associated markers. Thes
effects were reversed by TLR2 overexpression
or METTL3 inhibition. Collectively, these find-
ings indicate that ADSC-Exos exert their antifi-
brotic effects through the METTL3/TLR2/PI3K-
AKT regulatory axis.
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reduced TLR2 expression and suppression of the TLR2/PI3K-AKT signaling pathway, thereby inhibiting fibroblast-to-
myofibroblast transdifferentiation and promoting airway repair.

In this study, in vivo assessments were con-
ducted one week after intervention, corre-
sponding to the granulation phase of airway
repair, based on previously established mo-
dels [33]. Although the present work reveals a
novel mechanism by which ADSC-Exos inhibit
the PI3K-AKT pathway via METTL3-mediated
m6A modification of TLR2, several limitations
should be acknowledged. First, the findings are
primarily based on a rabbit airway injury model.
While informative, interspecies differences in
airway anatomy, immune responses, nd repair
mechanisms exist between rabbits and hu-
mans [43]. Moreover, the complexity of the in
vivo microenvironment, including inflammatory
infiltration and mechanical stress, cannot be
fully recapitulated by the in vitro TGF-B-induced
fibroblast model [44, 45]. Second, the ob-
servation period was limited to the early granu-
lation phase. The long-term therapeutic effica-
cy, functional outcomes, and safety profile
of ADSC-Exos treatment, including potential
immunogenicity and tumorigenicity, remain to
be determined. Third, challenges in exosome
preparation and standardization persist. The
yield, molecular cargo, and biological activity of
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ADSC-Exos may vary substantially depending
on donor characteristics and isolation proto-
cols [20, 22, 23]. Although MSC-derived exo-
somes are generally considered to have low
immunogenicity [46, 47], batch-to-batch het-
erogeneity represents a major obstacle to clini-
cal reproducibility and large-scale application.
Fourth, this study primarily focused on the
TLR2-PI3BK axis. However, airway fibrosis is
regulated by multiple signaling pathways,
including TGF-B/Smad, Wnt/B-catenin signal-
ing, as well as diverse cell populations [48-50].
Whether ADSC-Exos modulate these additional
pathways warrants further investigation [16,
51]. Finally, the assessment of fibrosis was
limited to a-SMA and collagen | expression. A
more comprehensive evaluation, incorporating
additional profibrotic markers (e.g., TGF-B1,
CTGF, MMPs/TIMPs) and quantitative histo-
pathological analyses, such as Masson’s tri-
chrome staining over extended time points,
would provide a more complete understanding
of the anti-fibrotic effects of ADSC-Exos.

Future studies should validate these mecha-
nisms in more clinically relevant animal models
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and examine the correlation between METTL3,
TLR2, and m6A in modification during disease
progression in human clinical samples [52]. In
parallel, further investigation is required to
determine whether METTL3-mediated mO6A
modification regulates additional fibrotic sig-
naling pathways. From a translational perspec-
tive, the development of engineered ADSC-
Exos with enhanced targeting or defined mo-
lecular cargo may facilitate combination strate-
gies with existing antifibrotic drugs or interven-
tional therapies. Moreover, long-term animal
studies are needed to systematically evaluate
sustained airway patency and assess potential
safety risks.

Conclusion

From a novel epigenetic perspective, this
study demonstrates for the first time that
ADSC-Exos effectively block fibroblast to my-
ofibroblast transdifferentiation. This effect is
mediated by upregulation of METTL3, which
increases m6A methylation of TLR2 mRNA,
downregulates TLR2 expression, and ultima-
tely suppresses activation of the PI3K-AKT
pathway (Figure 7). Through this regulatory
axis, ADSC-Exos promote airway repair and
limit scar-associated narrowing. These findings
provide mechanistic insight into the high re-
currence rate of benign airway stenosis and
establish a theoretical foundation for the
development of standardized and scalable
therapies based on ADSC-Exos or their key
molecular effectors. Future research should
focus on addressing current limitations, refin-
ing therapeutic strategies, and advancing
toward clinical translation.
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Figure S1. Macroscopic examination after drug injection at the site of tracheal stenosis. A. No obvious abnormal
damage was observed on the anterior wall of the trachea and the anterior cervical region; B. The cross-section of
the trachea at the injection site showed that methylene blue could be injected into the local tissue of the tracheal
wall as expected.
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Figure S2. Western Blot analysis of METTL3 siRNA/overexpression vectors transfection efficiency in transfected
cells. A, B. Results of METTL3 protein silencing by siRNA, each bar represents the mean + SEM (n=3); C, D. Re-
sults of METTL3 protein overexpression by overexpression vectors, each bar represents the mean + SEM (n=3).
**P<0.01; ***P<0.001. TLR2 overexpression vector: OE-TLR2 (TLR2 overexpression vector) Group, the TLR2 pro-
tein expression was increased (Figure 5B), TLR2 mRNA expression was increased (Figure 5C).
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Figure S3. Exosome particle concentration.
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Table S1. The sequence of siRNAs

NC siRNA sense 5-UUCUCCGAACGUGUCACGUTT-3’
antisense 5’-ACGUGACACGUUCGGAGAATT-3’
METTL3 siRNA sense 5-CUAAGGAACAACAGAGCAATT-3’

antisense 5’-UUGCUCUGUUGUUCCUUAGTT-3’

Table S2. Exosome mass concentration by BCA

Project Number 231021773
Sample Number A32
Absorbance Value A1 0.115
Absorbance Value A2 0.115
Average Absorbance Value A 0.115
Concentration after Sample Lysis (ug/uL) 0.008434
Original Sample Concentration (ug/uL) 0.04217
Note: Diluted 4 times for detection

Exosome Volume pL 100

ug/ul 4,217




