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Airway basal stem cell-derived extracellular
vesicles modulate proliferation, migration
and collagen deposition of fibroblasts
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Abstract

Background Human bronchial epithelial cell-derived extracellular vesicles have demonstrated the ability to
attenuate fibroblasts activation. However, the specific key effector cell populations mediating this inhibitory effect
remain unidentified. Airway basal stem cells (BSCs), which serve as progenitor cells for bronchial epithelial cells,
play a critical role in fibrotic remodeling processes and possess significant therapeutic potential. This study aimed
to characterize BSC-derived extracellular vesicles (BSC-EVs) and investigate their regulatory influence on fibroblasts
behavior.

Methods Airway BSCs were collected through bronchoscopic brushing and differential centrifugation. Fibroblasts
were subsequently treated with BSC-EVs at various concentrations to evaluate their dose- and time-dependent
effects in vitro. The proteomic composition of BSC-EVs was analyzed using four-dimensional data-independent
acquisition quantitative mass spectrometry (4D-DIA). Moreover, a bleomycin-induced pulmonary fibrosis model was
established to evaluate the safety and preliminary efficacy of BSC-EVs.

Results We successfully isolated and identified BSC-EVs, which expressed the nucleus-specific marker TP63, indicative
of BSCs, but lacked the BSC marker KRT5. Our findings demonstrated that BSC-EVs enhanced fibroblasts proliferation
and migration in a dose-dependent manner. Importantly, BSC-EVs significantly attenuated fibroblasts activation and
promoted fibroblasts senescence. Utilizing 4D-DIA quantitative proteomics, we revealed that BSC-EVs modulate
extracellular matrix remodeling processes and regulate the expression of key proteins, including collagen I/1ll and
matrix metalloproteinases. Animal models utilizing intratracheal administration of BSC-EVs demonstrate efficient
reduction of collagen deposition.
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Conclusion This study offers an extensive characterization of BSC-EVs, adhering to the guidelines set forth by
MISEV2023. The findings underscore the significant therapeutic potential of BSC-EVs in the management of fibrotic

diseases.
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Background
Tissue fibrosis, characterized by fibroblasts activa-
tion and pathological extracellular matrix remodeling,
is prevalent in respiratory diseases. For example, idio-
pathic pulmonary fibrosis (IPF) represents a progressive
and irreversible condition with an unknown etiology [1],
resulting in significant lung fibrosis and a high mortal-
ity rate. Current treatments, such as nintedanib and pir-
fenidone, exhibit limited efficacy [2]. Similarly, recurrent
benign tracheal stenosis (BTS) is marked by repeated tra-
cheal narrowing, leading to a diminished quality of life
[3]. Although surgical resection is the primary therapeu-
tic intervention, postoperative restenosis remains a major
issue. It has been well established that fibroblasts behav-
ior plays a crucial role in the fibrotic process, with their
behavior shifting during different phases of healing [4]. In
homeostasis, airway epithelial cells contribute to main-
taining the mesenchymal-epithelial balance [5]. Due to
the presence of the epithelial basement membrane, air-
way epithelial stem cells interact with fibroblasts indi-
rectly through paracrine effect [6—8]. In response to
injury, fibroblasts initially proliferate and migrate during
the early phase, followed by a decline in proliferation and
an increase in senescence during the remodeling stage to
prevent excessive extracellular matrix deposition [9-11].
Recently, stem cell-based and derived therapies have
garnered significant attention as promising therapeutic
strategies for fibrosis-related respiratory conditions [12,
13]. Our recent study demonstrates that BSCs transplan-
tation can inhibit granulation hyperplasia in BTS [14].
Moreover, the transplantation of SOX9 +airway basal
stem cells (BSCs) into the airway has been shown to
restore functional lung structure in adults [15]. Despite
BSCs advantages in regulating tissue fibrosis and regen-
eration, cell-based therapy faces significant limitations,
including immunogenicity, tumorigenicity, and ethical
concerns [16]. Stem cells primarily exert their beneficial
effects by releasing paracrine factors, such as extracellular
vesicles (EVs) [17]. Compared to EVs derived from mes-
enchymal stem cells (MSCs), BSC-derived extracellular
vesicles (BSC-EVs) may offer better targeting to epithelial
and lung tissues for treating respiratory diseases [18, 19].
Although the anti-fibrotic properties of EVs derived from
human bronchial epithelial cells or lung spheroid cells
have demonstrated potential of for IPF treatment [20,
21], the mixed cell population, complicates the identifica-
tion of the key contributing cells behind the therapeutic
effect [22]. As the progenitor cell population of human

bronchial epithelial cells, BSCs may play a critical thera-
peutic role in fibrosis. Therefore, we speculate that BSC-
EVs may exhibit substantial anti-fibrotic effects and hold
promise for the treatment of respiratory diseases.

A previous study isolated EVs from the immortal-
ized human airway basal cell line, demonstrating their
potential to enhance the survival of endothelial cells [23].
However, the role of immortalized cell lines may not ade-
quately reflect individual heterogeneity, and anti-fibrotic
effect remains poorly understood. Notably, airway BSC-
EVs have exhibited therapeutic potential in IPF inhibiting
epithelial-mesenchymal transition in activated lung cells
[24]. Nevertheless, fundamental knowledge about BSC-
EVs and their interactions with fibroblasts in fibrosis is
still lacking. Fibroblast response to EVs is dependent on
their cellular origin and dose [25]. The basic understand-
ing of BSC-EVs and how fibroblasts respond to BSC-EVs
at virous doses is crucial for both basic research and the
clinical translation. This study aims to isolate and char-
acterize BSC-EVs and to comprehensively investigate
their impact on fibroblasts function and the underlying
mechanisms.

Methods

Clinical samples and cell culture

Human airway tissue samples were obtained via bron-
choscopy brushing from patients diagnosed with pul-
monary nodules and BTS. Detailed donor characteristics
are provided in Additional file 1 (Table S1). Then, human
primary BSCs and fibroblasts were derived from these
epithelial cells via differential centrifugation. More spe-
cifically, the epithelial cells were digested with 0.25%
trypsin at 37 C for one minute, and terminated digestion
with DMEM medium containing FBS to obtain human
primary fibroblasts. The cells remained adherent were
human primary BSCs. Then, human primary fibroblasts
were cultured in complete DMEM medium; and human
primary BSCs were cultured in BSCs complete medium
according to the patent (Chinese patent CN114958727B).
Air-Liquid Interface (ALI) cultures of BSCs were con-
ducted following established method [26]. Briefly, BSCs
were seeded onto a transwell insert (filter pore size:
0.4 um) at a density of 2x 1075 cells per well in 200 pL
of ALI media, and 800 pL of ALI medium was added to
the basal chamber for 28 days. The study received ethical
approval from the Institutional Review Board of the First
Affiliated Hospital of Guangzhou Medical University
(Ethics Review Number ES-2024-K075-01).



Luo et al. Stem Cell Research & Therapy (2025) 16:140

Isolation, characterization and uptake experiments of BSC-
EVs

Around 3x10” BSCs were cultured in a 5-layer cell
factory (NEST, Wuxi, China), with 550 mL exosome-
depleted medium and in a humidified atmosphere con-
taining 5% CO,. After 48-96 h, approximately 500 mL
of culture media was collected, filtered (0.2 pm), and
ultracentrifuged to isolate EVs. The BSC-EVs were resus-
pended in 500 ul of PBS and divided into five aliquots for
storage at —80°C. Human primary fibroblasts were then
incubated with PKH26-labeled (Sigma, Saint Louis, Mis-
souri, USA) BSC-EVs at various concentrations of 200,
2000, 10,000, 20,000, or 200,000 particles per cell for 24 h.

Cell proliferation and migration assay

Cell proliferation activity was assessed by cell counting
kit-8 (CCK-8) assays. For the wound healing assay, fibro-
blasts were cultured in 6-well plates until nearly conflu-
ent, then treated with BSC-EVs at 200, 2000, 10,000,
20,000, or 200,000 particles/cell. Scratch wounds were
made using sterile pipette tips, and gaps were recorded
at 0 and 24 h. For the transwell assay, BSC-EVs treated
fibroblasts were suspended in 150 pL serum-free culture
medium and seeded into the upper compartment of a
transwell plate (Corning, New York, USA). After 24 h of
incubation at 37 °C, cells in the upper chamber were fixed
with 4% paraformaldehyde and stained with 0.1% crystal
violet.

Three-dimensional collagen gels and SA-B-Gal staining
Fibroblasts treated with varying doses of BSC-EV in
serum-free medium were mixed with 3 mg/mL neutral-
ized rat tail type I collagen at a 2:1 ratio. After 2 h at 37 °C
to solidify the collagen, the gel’s edges were detached
from the well walls. The collagen-gel interface was then
covered with 1 mL culture medium for 8 h at 37 °C.
Fibroblasts were cultured in 24-well plates with BSC-EVs
added at 200, 2000, 10,000, 20,000, or 200,000 particles/
cell. Senescence associated P-galactosidase (SA-P-Gal)
staining was performed according to the manufacturer’s
instructions (HUAYUN, Guangzhou, China). The area
of each collagen gel was measured using Image]J, and the
gel area (%) was calculated as x/n (x=area of each group
with cells, n=area of well).

RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the TransZol Up Plus
RNA Kit (Transgen, Beijing, China) according to the
manufacturer’s instructions. To investigate the expres-
sion of mRNA, reverse transcription was performed
using the Hifair® III 1st Strand cDNA Synthesis Super-
Mix for qPCR (Yeasen). The amplification of qRT-PCR
was assessed using Hieff UNICON® qPCR SYBR® Green
Master Mix (Yeasen) on a CFX Connection Real-Time
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System (Bio-Rad, CA, USA). The relative expression of
mRNA was normalized to GAPDH and calculated using
the 2 - AACt method. Primers are listed in in Additional
file 1 (Table S2).

Western blot analysis

Protein concentrations were measured using the BCA
assay kit (Solarbio, Beijing, China). For SDS-PAGE,
20 pg of each protein extract was loaded and separated.
Proteins were then transferred onto PVDF membranes
(Beyotime, Shanghai, China) at 300 mA for 1 h. Mem-
branes were blocked with 5% skimmed milk for 60 min
and incubated with primary antibodies overnight at
4 °C, including CD9 (1:1000, SAB, Maryland, USA,
40708), CD63 (1:1000, SAB, 44012), CD81 (1:1000, SAB,
29677), TSG101 (1:1000, SAB, 49270), HSP70 (1:1000,
SAB, 48597), KRT5 (1:1000, Abcam, Cambridge, UK,
ab17130), P63 (1:1000, Abcam, ab124762), y-H2A.X
(1:1000, Abcam, ab9718), COL-1 (1:1000, Abcam,
ab21286), a-SMA (1:1000, Abcam, ab5694), FAP (1:1000,
CST, 66562), P16 (1:1000, CST, ab92803), P21 (1:1000,
CST, ab2947), B-Tubulin (1:1000, Yeasen, 30301) or
GAPDH (1:1000, CST). A 60-minute incubation at room
temperature with secondary antibodies followed by
three TBST washes. Additionally, the protein bands were
detected by enhanced chemiluminescence, and quantita-
tive analysis was performed utilizing Image] software.

Histology and Immunofluorescence staining

Fibroblasts treated with different BSC-EVs concentra-
tions were seeded into 96-well plates. After fixing with
4% paraformaldehyde for 30 min at room temperature
and rinsing with PBS, cells were permeabilized with 0.1%
triton X-100 for 10 min, rinsed again, and blocked with
5% bovine serum albumin for 60 min. Primary antibod-
ies, including KRT5 (1:200, Abcam, ab17130), P63 (1:200,
Abcam, ab124762), Ki67 (1:200, Abcam, abl5580),
MUC5AC (1:200, Abcam, ab3649), AC-TUB (1:200,
Sigma, T6793) were applied overnight at 4 °C. Images
were captured and analyzed using an inverted fluores-
cence microscope (Leica DMi8, Wetzlar, Germany). The
Celigo Image Cytometer (Nexcellom Bioscience) was
used to analyze fluorescence intensity, and Celigo Soft-
ware Version 2.1 were utilized to quantification. Addi-
tionally, paraffin sections were stained with hematoxylin
and eosin following standard histological procedures.

Animal experiment procedure, hematoxylin and Eosin, and
Masson trichrome staining

Male C57BL/6 mice (8~10 weeks old, 20~25 g) were
purchased from the Animal Experimental Center of
Guangzhou Medical University and housed in a spe-
cific pathogen-free facility. All procedures involving ani-
mals were conducted in accordance with the protocol
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approved by the Laboratory Animal Ethics Commit-
tee of Affiliated First Hospital of Guangzhou Medical
University (No. 20240726). The experimental protocols
complied with ARRIVE guidelines 2.0. A total of 18 mice
were randomly divided into three groups (n=6 for each
group), including the PBS treated group (PBS), the bleo-
mycin treated group (BLM) and the BLM plus BSC-EVs
treated group (BLM + BSC-EVs). Body weight was moni-
tored weekly throughout the study. For bleomycin treated
mice, an intrathecal injection of bleomycin at a dose
of 2 mg/kg was administered. The animal experiment
spanned 21 days, during which mice were treated with
2e8 particles of BSC-EVs via intratracheal instillation on
day 7, according to previously reported [24]. Mice were
euthanized with an overdose of isoflurane inhalation and
then euthanized by cervical dislocation on day 21, and
their lung tissues were collected and fixed in 4% para-
formaldehyde. HE staining was performed according to
a standard protocol. Briefly, tissue sections were stained
with hematoxylin solution for 5 min, followed by 5 dips
in 1% acid ethanol and rinsed in distilled water. The sec-
tions were then stained with eosin solution for 3 min,
followed by dehydration with graded alcohol and clear-
ing in xylene. Masson trichrome staining was performed
following a standard protocol and Ashcroft scoring was
performed as described previously [27].

Proteomic analysis
Library sequencing was conducted on the Illumina

HiseqTM 2500/4000 by Gene Denovo Biotechnol-
ogy Co., Ltd (Guangzhou, China). For four-dimensional

® ©)

Bronchoscopic brushing
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data-independent acquisition quantitative mass spec-
trometry (4D-DIA) quantitative proteomic analysis of
exosomes, samples are concentrated via ultrafiltration,
and proteins are precipitated with organic solvents. The
precipitated proteins are then re-suspended, reduced,
alkylated, and digested with trypsin. The peptides are
analyzed using ultra-high pressure liquid chromatog-
raphy and a mass spectrometer like orbitrap, utilliz-
ing data-dependent acquisition for ion selection and
fragmentation. Specialized software processes raw data
to identify and quantify proteins, adhering to strict
confidence criteria. This method maps the exosomal
proteome, uncovering biological functions and poten-
tial biomarkers. Results are presented as mean +stan-
dard deviation. The proteomics data in this study were
included as an in Additional file 2. A two-tailed paired
Student’s t-test determines significance between groups,
with P<0.05 indicating statistical significance (*P<0.05;
**P<0.01; ***P<0.01).

Results

The characterization of BSC-EVs

The extraction of BSC-EVs was conducted success-
fully following the protocol outlined in Fig. 1. Initially,
we demonstrated that BSCs exhibited high proliferation
and activation capabilities using ALI cultures (Fig. 2A).
The presence of BSC-EVs was subsequently confirmed
through transmission electron microscopy (TEM) and
Western blot analysis. TEM revealed the presence of clas-
sic cup-shaped vesicles, each with a diameter of less than
100 nm, within the BSC-EVs (Fig. 2B). These BSC-EVs

®

Centrifugation Isolation Fibroblasts
Confluent culturing >
|
Airway basal stem
Cell factory seeding: seeding 3x107 BSCs onto a 3160 cm? culture area cells (BSCs)
using 550 mL of exosome-depleted medium

@Ultracentrifugation and fiteration

® r

> 48-96 h 10, 000 x g, 30 min, 4°C
Harvest 500 mL
BSCs media \ /
IS
Culture in cell factory: BSCs 0.22um filter

Fig. 1 The flowchart of BSC-EVs isolation

100, 000 x g, 70min, 4°C

PBS rinsing

500 ul final volume of BSCs-EVs
(NTA: 2.8e10-1.9e11 particle/mL)
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Fig. 2 Isolation and validation of BSC-EVs. (A) Representative images of BSC photographed by immunofluorescence and hematoxylin-eosin staining. (B)
The cup-shaped particle evidence of BSC-EVs by TEM. (C) Exosomal markers (CD9, CDé3, CD81, TSG101, HSP70) detection by western blot. Source blots
are presented in Additional file 2: Fig. S1. (D-E) BSC markers (KRT5, TP63) and senescence marker of y-H2A X detection by western blot. Source blots are
presented in Additional file 2: Fig. S2; (F) Comparison of sEVs derived from BSC, MSC and UVEC by Nanoparticle tracking analysis

expressed exosomal markers, including CD9, CD63,
CD81, HSP70 and TSG101 (Fig. 2C and Additional file 2:
Fig. S1), as well as the nuclear marker TP63, characteris-
tic of BSCs, but did not express the BSC-specific marker
KRT5 (Fig. 2D, E and Additional file 2: Fig. S2). Nanopar-
ticle tracking analysis indicated that BSC-EVs exhibited a
higher yield compared to EVs derived from mesenchymal
stem cells and umbilical vein endothelial cells (6.0E + 10
vs. 4.0E +10 vs. 1.7E + 10, respectively) (Fig. 2F).

BSC-EVs promote fibroblasts proliferation and migration,
and senescence in a dose-dependent manner

To evaluate the responses of fibroblasts to varying doses
of BSC-EVs, we conducted a comparative analysis of bio-
logical functions between control cells and those treated
with BSC-EVs for a duration of 24 h (Fig. 3). Immunoflu-
orescence analysis confirmed that fibroblasts internalized
PKH26-labeled BSC-EVs, which were predominantly
localized in the cytoplasm and perinuclear regions after
24 h (Fig. 4A). CCK-8 assays demonstrated that BSC-EVs
significantly enhanced fibroblasts proliferation up to 72 h
(Fig. 4B). Wound healing and transwell migration assays
indicated that BSC-EVs promoted fibroblasts migration
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Fig. 3 Study design for proliferation, migration and collagen deposition of fibroblasts assays

after 24 h (Fig. 4C, D). Collectively, the CCK-8, wound
healing, and transwell migration assays corroborated that
BSC-EVs promote fibroblasts proliferation and migration
in a dose-dependent manner.

The senescence marker y-H2A.X was transferred from
BSC-EVs to fibroblasts, inducing signs of senescence
(Fig. 2E). Western blot analysis demonstrated increased
expression of both P16 and P21, especially at a concen-
tration of 2000 particles/cell (Fig. 4E and Additional file
2: Fig. S3). SA-P-Gal staining confirmed the induction
of senescence, showing a higher proportion of senescent
cells in the BSC-EV-treated group compared to the con-
trol (Fig. 4F). A key feature of senescent cells is the senes-
cence-associated secretory phenotype (SASP). To further
investigate this, qRT-PCR analysis revealed upregulation
of several SASP factors, including chemokines (CCL2,
CCL17), proinflammatory cytokines (IL-la, IL-6), and
metalloproteinases (MMP2, MMP9) in fibroblasts, con-
sistent with the overall findings (Fig. 4G). Taken together,
these results suggest that BSC-EVs induce a senescence
response in fibroblasts.

BSC-EVs suppress fibroblasts proliferation and promote
fibroblasts senescence in a time-dependent manner

To understand the context in which proliferation and
senescence occur, we performed time-course experi-
ments. First, we assessed fibroblasts proliferation at
days 1, 3, 5, and 7. The CCK-8 assay revealed that fibro-
blasts proliferation was significantly slower in the BSC-
EV-treated group compared to the control group after 3
days of incubation (Fig. 5A). Moreover, the protein lev-
els of P16 and P21 were significantly elevated on day 7,

indicating cell-cycle arrest and progression to cellular
senescence (Fig. 5B and Additional File 2: Fig. 4). To fur-
ther investigate whether BSC-EVs promote fibroblasts
senescence over time, we performed [-galactosidase
staining. The staining area in BSC-EV-treated fibroblasts
was notably larger than in the control group, confirm-
ing that BSC-EVs induced senescence in a time-depen-
dent manner (Fig. 5C). Additionally, qRT-PCR analysis
revealed upregulation of multiple SASP factors, including
CCL2, CCL17, IL-1a, IL-6, MMP2, and MMP9 in fibro-
blasts (Fig. 5D). Overall, our data indicate that BSC-EVs
stimulate transiently accelerated fibroblasts proliferation
during the initial 3 days, followed by a shift to prolifera-
tive arrest and cellular senescence starting on day 4.

BSC-EVs inhibit fibroblasts activation and induce
senescence and attenuates bleomycin-induced lung
fibrosis

Immunofluorescence analysis demonstrated that ele-
vated quantities of BSC-EVs significantly reduced a-SMA
expression, particularly at a concentration of 200,000
particles per cell (p<0.05, Fig. 6A). No clear change of
Ki67 fluorescence intensity was observed inside of the
cells. Additionally, FAP levels decreased at 20,000 par-
ticles per cell, whereas collagen I expression was upreg-
ulated (Fig. 6B and Additional file 2: Fig. S5). BSC-EVs
were found to inhibit fibroblasts activation in a dose-
dependent manner, as evidenced by collagen contraction
(all p<0.05, Fig. 6C). Besides, western blot showed that
the protein level of collagen I, and FAP were gradually
reduced on 5, and 7 days after BSC-EVs treatment, paral-
leled with an induction of MMP2 (Fig. 6D and Additional
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Fig. 4 BSC-EVs promote fibroblasts proliferation, migration, and senescence in a dose-dependent manner. (A) Representative fluorescent images of
PKH26-labeled BSC-EVs for 24 h. Scale bars, 100 um. (B) CCK-8 assay showing the effect of BSC-EVs on fibroblasts proliferation after a 24-, 48-, and 72-
hours culture. (C-D) Wound healing and transwell migration assay of BSC-EVs treated fibroblasts at various concentrations of 200, 2000, 10,000, 20,000, or
200,000 particles per cell for 24 h. (E) Western blot analysis of p21 and p16 expression in BSC-EVs-treated fibroblasts for 48 h.

Source blots are provided in Additional File 2: Fig. S3. (F) Collagen gel contraction assay in BSC-EVs-treated fibroblasts. The area of each collagen gel was
quantified using ImageJ software. (G) gRT-PCR analysis was performed to assess the relative mRNA expression levels of each SASP factor at 24 h, normal-

ized to GAPDH mRNA levels. PBS-treated fibroblasts were used as a control.

file 2: Fig. S4). These findings collectively suggested that
BSC-EVs inhibit fibroblasts activation in a time- and
dose-dependent manner.

To further investigate the anti-fibrotic potential of
BSC-EVs in the treatment of pulmonary fibrosis, we uti-
lized a bleomycin-induced model of pulmonary fibro-
sis. Mice were successfully treated with 2e8 particles of
BSC-EVs without any adverse effects, confirming the
feasibility and safety of BSC-EV administration. Histo-
logical analysis, including Hematoxylin and Eosin and
Masson’s trichrome staining, revealed reduced collagen
deposition and less damage to the alveolar septa in the
BSC-EV-treated group compared to the bleomycin group
(Fig. 6E). Additionally, Ashcroft scoring demonstrated
significantly lower fibrosis severity in the BSC-EV-treated
group compared to the bleomycin group, further cor-
roborating the therapeutic effects of BSC-EVs (Fig. 6F).
These results provide in vivo evidence supporting the

potential of BSC-EVs as a promising therapeutic strategy
for pulmonary fibrosis.

Proteome comparison between BSC-EVs and parent cells

A 4D-DIA quantitative proteomic analysis was per-
formed to compare the protein composition of BSC-EVs
and their parent cells (Additional file 3). Venn diagrams
revealed that only a limited number of proteins in BSC-
EVs were unique to their parental cells (Fig. 7A). Despite
originating from individuals of varying sex, age, and dis-
ease conditions, the six BSCs exhibited remarkably simi-
lar proteomes (all Pearson’s correlation>0.8) (Fig. 7B).
These findings suggest that BSCs may selectively load dif-
ferent cargoes into EVs. We subsequently conducted an
analysis of the 1,000 most abundant proteins across six
BSC-EV preparations, with a particular emphasis on 443
co-expressed proteins for Kyoto Encyclopedia of Genes
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Fig. 5 BSC-EVs inhibit fibroblast proliferation and induce fibroblast senescence in a time-dependent manner. (A) Cell viability was assessed using the
CCK-8 assay in the control PBS group and the BSC-EVs-treated group at 0, 1, 3, 5, and 7 days. (B) Western blot analysis of p16 and p21 expression in BSC-

EVs-treated fibroblasts at 0, 1, 3, 5, and 7 days.

Source blots are provided in Additional file 2: Fig. S4. (C) SA-B-gal staining assays in the control PBS group and the BSC-EVs-treated group at 0, 1, 3, 5, and
7 days. The area of each collagen gel was quantified using ImagelJ software. (D) gRT-PCR analysis was performed to assess the relative mRNA expression
levels of each SASP factor, normalized to GAPDH mRNA levels. PBS-treated fibroblasts on day 1 were used as a control.

and Genomes (KEGG) pathway analysis and gene ontol-
ogy (GO) enrichment analysis (Fig. 7C).

The KEGG pathway analysis revealed significant roles
of EVs in processes such as endocytosis, tight junctions,
focal adhesion, and ECM-receptor interaction (Fig. 8A).
GO analysis indicated an enrichment in actin filament
organization, cell junction assembly, and wound healing
(Fig. 8B). The molecular functions identified were asso-
ciated with cadherin/integrin/calcium-dependent pro-
tein binding, cytoskeletal structure, and cell adhesion
(Fig. 8C). Key cellular components included focal adhe-
sion, cell-substrate junctions, secretory granules/vesicles/
endocytic lumen, and basal plasma membrane (Fig. 8D).

Protein composition of BSC-EVs related to ECM remodeling
Compared to BSCs, BSC-EVs exhibited significantly
higher levels of CDH1 and CDH2, with a predominance
of CDHI1, suggesting epithelial-like signaling (Fig. 8E).
To evaluate the impact of BSC-EVs on ECM remodel-
ing, we analyzed the protein expression of collagen types

I and III, as well as matrix metalloproteinases (MMPs)
and a disintegrin and metalloproteinases (ADAMs). Our
findings revealed that both the synthesis and degrada-
tion of ECM proteins were enhanced in the presence of
BSC-EVs (Fig. 8F, H). These results indicate that BSC-EVs
modulate ECM degradation in fibroblasts by transferring
epithelial-like components, thereby influencing fibro-
blast-mediated ECM dynamics.

Discussion

BSC-EVs that conform to the MISEV2023 criteria, encap-
sulating the distinctive features of their source cells, par-
ticularly the TP63 marker. The findings further indicate
a substantial regulatory role of BSC-EVs in modulating
fibroblasts behavior, specifically by inhibiting fibroblasts
activation and promoting senescence. We administered
five doses to both EVs-untreated and EVs-treated fibro-
blasts. The observed inverse correlation between dosage
and fibroblasts activation underscores the therapeutic
potential of BSC-EVs. More importantly, our findings



Luo et al. Stem Cell Research & Therapy (2025) 16:140 Page 9 of 14

A

Control 2e2 EVs 2e3 EVs 1e4 EVs 2e4 EVs 2e5 EVs g 404 =
4 - Bl
3
oy S 20
ﬁ 10
100 ym 100 pm 2
- RRREn
Kk S Qo?b&‘véb\q’h'b“h’b&

B

Collagen |

T **
*xk
ns
n: *k
209
ns
° .
515

FAP |wmmwe = SR S s g
O-SMA (Wl sace IR SNED S
B-tubulin | S— S— S— — —

q

Relative protein expressions of Collagen |
& 5 @
3
Relative protein expressions of a-SMA
o -
CJ o
Relative protein expressions of FAP
° ° 2 =
P o o Y
?ﬂ‘ a

_2e2EVs

I

Gel area( %)

7d P@'q@ne 4@

. *%k
k 1
¥ 2.0
1.0 _ | ns
k *
05 ’
X e g0l X
GAPDH [ s s s s | ¢ 01— 1 o 1a

E F

FAP

-
o

5
expr
of FAP

of MMP2
5

protein expr
of Collagen |
protein expr

e
o
p!

MMP2

w

o

o o

a °

4

o
Relati
o =]
o o

Ashcroft score
< e T

MASSON

Fig. 6 BSC-EVs suppress fibroblasts activation in vitro and attenuates bleomycin-induced lung fibrosis in vivo. (A) Representative immunofluorescent im-
ages of a-SMA and KI67 expression in BSC-EVs treated fibroblasts. Quantification of a-SMA fluorescence intensity measured by Celigo Software. (B) West-
ern blot for a-SMA, FAP, and collagen | in BSC-EVs treated fibroblasts. Source blots are presented in Additional file 2: Fig. S5; (C) Collagen gel contraction
assay in BSC-EVs treated fibroblasts. The area of each collagen gel was quantified using ImageJ software. (D) Western blot for collagen |, FAP, and MMP2
in BSC-EVs treated fibroblasts at 0, 1, 3, 5, and 7 days. Source blots are presented in Additional file 2: Fig. S4. (E) Representative Hematoxylin and eosin
and Masson trichrome staining. Scale bar =100 pum. (F) Quantification of fibrosis by Ashcroft score; n=4 biological independent animals. BLM: bleomycin



Luo et al. Stem Cell Research & Therapy (2025) 16:140 Page 10 of 14

BSC-EVZ

BSC-EV1
BSC-EV2
BSC-EV3
BSC-EV4
Il = BSC-EV5
BSC-EV6

BSC-EVs

BSC3 o053 089 1.00
BSC4 o028 080 0.5 1.00
BSC5 o050 093 05 0.1 1.00
BSCG6 o5 0.83 094 0.97 0.04 1.0

1214 BSC-EV1 ™ L ILIE ]
BSC-EV2 0.87 1.00
BSC-EV3 0.42)0.2 oy | | |
BSC-EV4 0.84 1.00 ..
BSC-EV5 0.6 0.42 055 0.63 0.58 065 0.67 0.54 1.00 .
BSC-EV6 0.40 17 0.85 0.92 0.61 1.00

Fig.7 Proteomic analysis of BSC-EVs by cell of origin. (A) Venn diagram of proteins identified in BSC-EVs derived from BSCs. (B) Correlation analysis of the
protein contents of BSC-EVs and their source cells. (C) Venn diagram of BSC-EVs proteins derived from six donors

A B

KEGG pathway analysis

‘ 48 protein localization to cell periphery
protein localization to plasma membrane . I 12
Viral carcl . = protein ization to CENP-A ini in| I 14
ira actin filament organization: NN 4
N - qvalue negative ion of megakaryocyte dif iati I 3
of actin ® 4 P cell junction assembly | INEEEG_—_—_—
infection 30 g homotypic cell-cell adhesion NN 21
g:':g wound healing: N 2 qualue
' g biological process involved in symbiotic interaction NG 35 3e-10
Alcoholism % 1e-10 regulation of actin filament-based process | INEEG_—_—_—_l— 5 2610
L icati i 13 g
—_— D
Tight junction % Count positive of cellular I 2 1e-10
Focal adhesion | me—® 31 . 20 protein to n region’ 14
® 2 ' o emostasis | I——— 28
Pathogenic Escherichia coli infection 30 ® protein localization to chromatin| NN 15
of actin I 35
e - ion of megakaryocyte di 13
Bacterial invasion of epithelial cells 19 regulation of actin filament organization 20
ECM-receptor interaction 20 cell-cell junction organization- 26
i 27
o 20 40 60 0 20 40
Number of Gene Number of Gene
GO analysis ) ‘GO enrichment analysis (Cellular Component)
cadherin binding; I 76 focal adhesion: I 02
GTP binding: I 54 cell-substrate junction I 02
guanyl ribonucleotide binding I 5 pigment granule | I 35
guanyl nucleotide binding| I 5/ melanosome | NN 35
ity I <5 vesicle lumen I 53
I 25 secretory granule lumen|  INEEEEEEEEEE_—_———— 52
I 35 cytoplasmic vesicle lumen- I 52
actin binding NI 4 qvalue ficolin-1-rich granule lumen- N 32 qualue
G protein activity| I 13 1e-07 fic I 7 7e-16
calcium-dependent protein binding: NN 23 1e:07 CENP-A contain 0 5e-16
i of I 20 CENP-A containing chromatin| [N 14 3e-16
structural constituent of chromatin{ NN 19 5e-08 secretory granule membrane . I 1 2616
integrin binding | NN 23 cell leading edge NG 7 863
protein heterodimerization activity| NI 33 chromosome, centromeric core domain- I 14 e
transmembrane transporter binding: NN 20 basal plasma membrane: I 35
cell adhesion mediator activity| [N 14 basal part of cell{ NN 37
disordered domain specific binding N 11 endocytic vesicle: NI 41
ubiquitin protein ligase binding{ I 27 cell cortex| INNIEEEEEENG—G— 30
cell-cell adhesion mediator activity{ i 12 cortical cytoskeleton- NN 24
MHC class Il protein complex binding 9 i i 38
J 20 40 60 80 0 25 50 5 100
Number of Gene Number of Gene
. ns . *k
Z 1200 Z 3000 g 7
g 1 g 1 g 700 1 g 5000 .
3 . 3 2500 ns BSC-EVs 3 600: ) 3
3 e BSC-EVs 3 3 8 4000
s e T < 500 * e BSC-EVs - >k BSC-EVs
£ 800 = 2000 * = £ 3000
S ) S 400 ** * <} *okok
] 3 15004 | 4 2 * ok 2
4 - 2 2 300 @ 2000
£ 400 £ 1000 . i ERENE . g ;
3 % 500 ) S ﬂ i . g 1000 .
I e ° (] 2 100 $ . .
3 4 3 s 5 ” *KK 5 400 I
° ] 3 2
Fafll1 o/ R T LR BRI g
< < © < 0 < 0
& S Ca 0 0 S &N R » N >
N S 0\ N\ o T EFEEHS&E & S %
(&) (9 v v o
& &S T IS ® ¢

Fig. 8 Pathway enrichment and protein composition analysis of BSC-EVs. (A) KEGG pathway analysis of BSC-EVs. (B-D) GO analysis of biological process,
molecular function, and cellular component terms associated with the BSC-EVs proteins. (E-H) Relative abundance of CDH1, CDH2, collagen |, collagen Ill,
MMPs, and ADAMs proteins identified in all BSC-EVs



Luo et al. Stem Cell Research & Therapy (2025) 16:140

show that BSC-EVs facilitate collagen degradation in a
time-dependent manner, suggesting the regulatory influ-
ence of BSC-EVs on fibroblast-mediated ECM remodel-
ing. Proteomic analyses corroborated the upregulation
of proteins associated with this process. Furthermore, we
have established a bleomycin-induced pulmonary fibro-
sis model to provide preliminary evidence supporting
the safety and therapeutic potential of BSC-EVs. Overall,
this study underscores the potential therapeutic applica-
tion of BSC-EVs in the treatment of respiratory fibrotic
diseases.

In alignment with previous study [21], our study also
showed that BSC-EVs could inhibit fibroblasts activation.
Recent research posits that optimizing EV dosage is cru-
cial for enhancing their therapeutic potential [25]. In our
study, we utilized a range of 2e2 to 2e5 BSC-EV particles
per cell to explore dose-response relationships, as refer-
enced in prior studies [28, 29]. In comprehensive func-
tional assays, fibroblasts function remained unchanged at
2e2 particles per cell, but effects emerged at 2e3 particles
per cell and increased up to 2e4 particles per cell, with no
further impact at concentrations up to 2e5 particles per
cell. Administering excessively high doses may overload
the endocytic machinery in a saturable manner, while
excessively low doses could be ineffective [30]. Overall,
BSC-EVs administered at doses between 2e2 and 2e5 par-
ticles per cell represent a reasonable therapeutic range
for fibroblasts in vitro, with 2e4 particles per cell likely
being the optimal dose in terms of cost-effectiveness.
Notably, the doses of EVs used in in vitro experiments
are relatively high compared to physiological levels [31].
In vivo studies on pulmonary fibrosis show significant
effects with around 2e8 EV particles [32]. Additionally, a
prior study reported patients with nebulized MSC-EVs at
2e8 to 1.6e9 particles reported no serious adverse events
[33]. Thus, the 2e8 particle dose in this study seems
appropriate. Given the dose-response effect, a dose-esca-
lation approach could be beneficial in future clinical tri-
als involving patients with idiopathic pulmonary fibrosis
or benign tracheal stenosis. Overall, our findings suggest
that BSC-EVs exert anti-fibrotic effects by suppressing
fibroblasts activation, providing detailed insights into the
dose-dependent responses of fibroblasts to BSC-EVs.

In the present study, we demonstrate that BSC-EVs
effectively suppress fibroblasts activation at 2e4 particles
per cell, whereas collagen I expression was also elevated
at 48 h. The proteomic data provide a potential rationale
for this observation, as collagen I proteins were detected
within the cargo of BSC-EVs. It is well-documented that
extracellular vesicles can carry different cargoes depend-
ing on clinical conditions [34]. A plausible explanation
for the transient elevation in collagen levels is the uptake
of BSC-EVs containing collagen I by recipient fibro-
blasts within the initial 48 h. In time-series experiments,
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western blot analysis demonstrated that collagen I pro-
tein levels exhibited a gradual decline over days 3, 5, and
7, suggesting collagen degradation. Overall, our data indi-
cate that BSC-EVs initially facilitate the delivery of colla-
gen I to recipient cells, resulting in a temporary elevation
in collagen levels, which is subsequently followed by a
transition towards collagen degradation at later stages.

On the other hand, our findings indicate that BSC-
EVs can induce cellular senescence in fibroblasts. Sev-
eral studies suggest that senescent lung fibroblasts may
facilitate the differentiation of myofibroblasts, whereas
other research indicates that fibroblasts senescence con-
tributes to the wound healing response and tissue repair,
thereby limiting fibrosis [35, 36]. Specifically, senescent
fibroblasts play a crucial role in establishing a stem cell
niche and are responsible for promoting the prolifera-
tion of BSCs and tissue repair in injury models [37, 38].
Overall, our finding pertaining that BSC-EVs induce
fibroblasts senescence was consistent with these previous
observations. In addition, our data indicate that BSC-EVs
stimulate transiently accelerated fibroblasts prolifera-
tion during the initial phase, followed by a shift to pro-
liferative arrest and cellular senescence starting on days
4. Notably, although the senescence marker y-H2A.X
was identified in the cargoes of BSC-EVs, no significant
differences were observed between untreated ad treated
groups. It is well-established that various stem cell-
derived EVs influence cellular proliferation, thereby hold-
ing substantial promise for enhancing wound healing
processes [39]. Correspondingly, treatment with BSC-
EVs has demonstrated a marked improvement in both
proliferation and migration, indicating potential benefits
for tissue repair. Together, our findings suggest that BSC-
EVs induce fibroblasts senescence, providing a novel per-
spective for fibrosis therapy.

EVs function as pivotal paracrine signaling entities,
displaying a spectrum of bioactivities that are reflective
of their cellular origins [40]. In this study, patients with
benign lung nodules, normal lung function, and no his-
tory of smoking were selected. BSCs were obtained from
the 3rd to 5th bronchial segments of healthy lungs, Pro-
teomic analyses revealed that BSCs from different donors
exhibited highly similar proteomes, suggesting minimal
cellular heterogeneity following standardization strate-
gies. In addition, our data revealed that BSC-EVs express
the BSC-specific nuclear marker TP63, while lacking the
other marker KRT5. Both TP63 and KRT5 are biomarkers
of BSCs, but they serve distinct roles in cellular function.
TP63 is not only a marker for progenitors but also plays a
crucial role in lung regeneration, as well as in the expan-
sion and survival of TP63 + progenitors during injury.
Previous studies have highlighted that TP63+BSCs are
promising “seed cell” candidates for repairing damaged
lung tissue, such as in chronic obstructive pulmonary
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disease [41, 42]. In contrast, KRT5 is a cytoskeletal pro-
tein primarily responsible for maintaining epithelial cell
integrity, with a more limited role in signal transduction
[43]. Since EVs are secreted through signal transduction,
they typically carry cargo involved in molecular regula-
tion rather than structural components. Given the pivotal
role of TP63 in epithelial regeneration, including in both
airway and lung epithelia, we hypothesize that BSC-EVs
may preferentially enrich TP63-related cargo over KRT5.
This selective enrichment likely reflects the regenerative
potential of BSC-EVs, linked to stemness properties and
their ability to support tissue repair.

Despite these similarities at the cellular level, BSC-EVs
demonstrated significant protein heterogeneity. It is doc-
umented that EV cargo composition can vary depending
on clinical conditions [44]. Thus, a plausible explanation
for the observed variability in BSC-EV cargo is the selec-
tive loading of specific molecules into EVs. To address the
heterogeneity of BSC-EVs, future research could focus
on two main aspects: (1) identifying the most function-
ally effective EV subtypes and (2) standardizing the pro-
duction of engineered EVs [45, 46]. Improved functional
characterization of specific BSC-EV subtypes will also
contribute to the development of engineered BSC-EVs
for therapeutic applications. KEGG and GO pathway
analyses of BSC-EVs revealed significant enhancements
in ECM-receptor interactions and wound healing pro-
cesses. Extensive evidence indicates that MMPs play a
therapeutic role in the degradation of ECM during fibro-
sis recovery [47, 48]. Consistent with these findings, our
study observed the expression of MMP2 and MMP9 were
elevated in fibroblasts following treatment with BSC-EVs,
suggesting that BSC-EVs treatment facilitate collagen
degradation. Additionally, enriched proteomic properties
included cadherin/integrin/calcium-dependent protein
binding and focal adhesion, indicative of epithelial signal-
ing. A recent study proposed that modulating epithelial-
mesenchymal transition might ameliorate fibrosis and
enhance tissue repair [49]. The enrichment of CDHI in
BSC-EVs supports the potential anti-fibrotic effects of
these vesicles, although further in vivo studies are nec-
essary to fully validate these impacts. Together, our data
demonstrate that BSC-EVs could upregulate the expres-
sion of MMP2/9 in fibroblasts, supporting their role in
promoting excessive ECM degradation and facilitating
fibrosis resolution.

Our study has several limitations. Firstly, the doses
used in vivo were selected based on those reported in
the literature, and the optimal mode of administration,
dose, and frequency should be further refined. Addition-
ally, future study should explore the potential long-term
effects and safety concerns regarding BSC-EVs, includ-
ing the versatility of the loaded cargo and non-targeted
effects. Second, EVs are generally composed of proteins
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and microRNAs, but our data focus solely on proteins.
Besides, the lack of knockdown or blocking experiments
targeting specific proteins within BSC-EVs has limited us
to explore further mechanistic details. In this study, the
regulatory effect of BSC-EVs on fibroblasts appears to
be partially mediated by protein cargo; however, further
research is required to confirm the key miRNAs in BSC-
EVs through miRNA sequencing and overexpression
experiments targeting specific miRNAs within the BSC-
EVs. Additionally, the potential mechanisms underlying
fibroblast activation and collagen degradation need to
be elucidated. Furthermore, nebulization therapy using
engineered miRNA-enriched EVs may enable the precise
delivery of bioactive components to the airways or lungs,
making it a promising approach for treating respiratory
diseases. In addition, this study exclusively demonstrated
the regulatory effect of BSC-EVs on fibroblasts in vitro.
The impact of EVs on ECM synthesis and degradation
requires further validation in vivo. Third, the inher-
ent heterogeneity of exosomes constrains our capacity
to elucidate their mechanisms comprehensively. On the
other hand, ultracentrifugation is limited in its ability to
produce clinical-grade BSC-EVs for large-scale manu-
facturing processes. Given the limited number of BSCs
obtained through bronchoscopy, we carefully consider
both passage number and batch consistency. In future
studies, high-throughput techniques such as tangential
flow filtration, superabsorbent polymer beads, and size
exclusion chromatography offer promising alternatives
for improving the scalability and purification of BSC-EVs.
Addressing these challenges, including heterogeneity,
and scaling up BSC-EV production or application is criti-
cal to enhancing BSC-EV clinical applicability.

Conclusion

We successfully isolated and identified BSC-EVs, which
expressed the nuclear marker TP63 but lacked the BSC
marker KRT5. In comprehensive fibroblasts assays, BSC-
EVs promoted fibroblasts proliferation, migration, and
senescence while inhibiting fibroblasts activation in a
dose- and time-dependent manner. Proteomic analysis
of BSC-EVs indicated the activation of mechanisms asso-
ciated with ECM remodeling, suggesting their potential
anti-fibrotic properties. Animal experiments provide
preclinical evidence supporting the clinical translation of
BSC-EVs as a treatment strategy for fibrotic respiratory
diseases, such as idiopathic pulmonary fibrosis. Overall,
this study underscores the potential therapeutic applica-
tion of BSC-EVs in the treatment of respiratory fibrotic
diseases.
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