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A B S T R A C T

Extracellular vesicles (EVs) derived from stem cells offer promising potential for cell-free therapy. However, 
refining their cargo for precise disease targeting and delivery remains challenging. This study employed chemical 
reprogramming via dual inhibition of transforming growth factor beta (TGFβ) and bone morphogenetic protein 
(BMP) to expand salivary gland basal progenitor cells (sgBPCs). CD9-enriched (CD9+) EVs were then isolated 
from the sgBPC secretome concentrate using a dual microfluidic chip. Notably, CD9+ EVs demonstrated superior 
uptake by salivary epithelial cells compared to CD9-depleted (CD9− ) EVs and total EVs. In vivo studies using a 
salivary gland (SG) obstruction mouse model and ex vivo studies in SG fibrosis organoids revealed that CD9+ EVs 
significantly enhanced anti-fibrotic effects over CD9− EVs and control treatments. The presence of miR-3162 and 
miR-1290 in CD9+ EVs supported their anti-fibrotic properties by downregulating ACVR1 expression. The 
chemical reprogramming culture method effectively expanded sgBPCs, enabling consistent and scalable EV 
production. Utilizing microfluidic chip-isolated CD9+ EVs and ductal delivery presents a targeted and efficient 
approach for anti-fibrotic SG regeneration.

1. Introduction

Despite extensive research and clinical trials [1–8], there are 
currently no effective treatments available to alleviate salivary gland 
(SG) fibrosis [9]. Stem cell therapy has been explored as a potential 
solution due to its anti-inflammatory, anti-fibrotic, and regenerative 
attributes [10–16]. However, the risks of uncontrolled differentiation 
and immune rejection have hindered its widespread application 
[17–21]. An emerging alternative that is gaining prominence is cell-free 
therapy, especially involving extracellular vesicles (EVs) [22,23]. 
Recent studies have shown that EVs have comparable therapeutic po
tential to whole-cell transplants [24–27]. Furthermore, EVs provide 

regenerative effects without the associated risks of uncontrolled cell 
behavior and immunogenicity [28]. These EVs present a promising 
avenue for therapeutic advancement by retaining the therapeutic 
signaling of stem cells and offering the potential for targeted therapy 
[29–32]. Additionally, the engineering capabilities of EVs for carrying 
specific therapeutic cargo enhance precision in treatment, and their 
engineering is more convenient compared to whole cells [33]. Despite 
the growing evidence of tissue-resident stem/progenitor cell-derived 
EVs on tissue regeneration, there are still significant challenges in 
their clinical application [34,35].

First, standardized purification protocols and scalable production of 
EVs are prerequisites to establish clinical feasibility [22,35]. The 
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stability of EVs during storage for clinical utilization needs to be 
addressed [36]. Second, the safety and efficacy of EVs must be thor
oughly evaluated to mitigate concerns regarding systemic effects and the 
optimal dosage, particularly concerning delivery routes. To tackle these 
challenges, this study employed innovative approaches. These included 
reprogramming culture to uniformly expand salivary gland basal pro
genitor cells (sgBPCs), thereby ensuring consistent production of ther
apeutic EVs. Furthermore, a microfluidic chip was utilized to selectively 
enrich a specific population of EVs, enhancing their purity and efficacy 
[37]. Finally, direct administration of EVs through the retroductal route 
was employed, enabling targeted treatment with reduced invasiveness 
and safety concerns. These strategies represent important advancements 
in overcoming the obstacles associated with EV-based therapies and 
pave the way for their clinical translation.

CD9 plays a significant role in various biological processes due to its 
association with membrane dynamics and cellular interactions [38]. It is 
involved in facilitating membrane curvature and fusion, particularly in 
areas of high curvature, which is crucial during EV exocytosis. This role 
in membrane dynamics is critical for the proper release of EVs from cells. 
Additionally, CD9 contributes to the adhesion and fusion processes 
during EV endocytosis, which allows EVs to merge with the target cell 
membrane and deliver their cargo effectively. CD9 is distinct from other 
tetraspanins, such as CD63 and CD81, due to its prominent role in cell 
adhesion and binding [39]. This specificity has been highlighted in 
various studies that explore CD9’s involvement in critical processes such 
as cell migration, fusion, signaling, oocyte-sperm fusion, and even 
pathological conditions, including cell adhesion during virus infection, 
glomerular disease progression, and cancer metastasis [40,41].

The study aims to chemically reprogram sgBPCs through trans
forming growth factor beta (TGFβ) and bone morphogenetic protein 
(BMP) inhibition, expanding cell populations for therapeutic applica
tions. This reprogramming approach creates a robust population of 
sgBPCs, which can be utilized in regenerative medicine, particularly for 
treating SG fibrosis. Additionally, a microfluidic chip-based isolation 
method is employed to select and enrich CD9+ EVs from the sgBPC 
secretome concentrate, ensuring high purity and effectiveness of the EVs 
for therapy. Finally, the study demonstrates that CD9+ EVs derived from 
reprogrammed sgBPCs significantly improve efficacy in alleviating SG 
fibrosis, showing notable therapeutic effects within 7 days of adminis
tration. These findings highlight the potential of precise EV isolation and 
reprogramming techniques in advancing EV-based therapies for SG 
disorders (Fig. S1).

2. Materials and methods

2.1. Human parotid gland epithelial stem cell culture and characterization 
of the cells

The tissue used for isolating human sgBPCs was obtained from three 
female donors of parotid glands: a 48-year-old (hPG-106), a 74-year-old 
(hPG-91), and a 31-year-old (hPG-109). The tissues were cut into small 
pieces using a razor blade and then digested with collagenase II (Thermo 
Fisher Scientific, USA) for 1 h. Cells were dissociated by incubation with 
TrypLE Express Enzyme (Thermo Fisher Scientific, USA) for 10 min at 
37 ◦C with occasional shaking to ensure complete dissociation into a 
single-cell suspension. The cell suspension was then filtered using a 70 
μm cell strainer to remove undigested tissue fragments. The filtered cells 
were cultured in Dermacult keratinocyte expansion medium (STEM
CELL™ TECHNOLOGIES, Canada) supplemented with 10 μM Y27632 
(Tocris, UK), a ROCK 1/2 inhibitor; 1 μM A83-01 (Tocris, UK), a TGFβ 
receptor inhibitor; and 0.1 μM LDN193189 (Tocris, USA), a BMP 
signaling inhibitor. The culture was maintained in a humidified 5 % CO2 
atmosphere at 37 ◦C. The combination and concentration of small 
molecules (Y27632, A83-01, LDN193189) were optimized based on 
prior literature [42,43] and through our experimental adjustments. 
These molecules were chosen for their roles in maintaining stemness and 

enhancing the proliferation of sgBPCs while preventing differentiation 
during early culture. Y27632 helps in survival and proliferation of 
epithelial cells by inhibiting anoikis, A83-01 blocks differentiation sig
nals and epithelial-mesenchymal transition, and LDN193189 promotes 
cell growth and prevents premature differentiation into non-epithelial 
lineages. This specific cocktail of small molecules was added fresh 
with each medium change every 2–3 days.

The sgBPCs exhibited stem cell properties such as a high population- 
doubling time across passages, differentiation capacity into SG epithelial 
cells, and sphere-forming ability, as described in the results. To ensure 
consistency and reproducibility of the results, sgBPCs at passages three 
through nine were used in all experiments. To calculate the cumulative 
population doubling level, dissociated cells were plated in 24-well plates 
(SPL, Republic of Korea) and maintained at 37 ◦C in a humidified 
incubator containing 5 % CO2. Upon reaching 80 % confluence, cells 
were detached using TrypLE Express Enzyme (Thermo Fisher Scientific, 
USA) and subsequently passaged until they reached a population 
doubling level (PDL) of 50. The cumulative PDL was calculated using the 
formula: T × log(2)/(log(q2) - log(q1)), where T represents the culture 
duration, q1 is the initial cell number, and q2 is the final cell number. 
For cell quantification, cells were stained with 0.4 % trypan blue, and 
viable cells were counted using a Countess II FL (Thermo Fisher Scien
tific, USA).

2.2. Single cell transcriptome analysis

We imported the output files from our previous data into the Seurat 
package (v. 4.01) using the read 10X function to obtain single-cell 
transcriptome data in Seurat format. Based on the principal compo
nent analysis (PCA) results, the Uniform manifold approximation and 
projection (UMAP) method was used for dimensionality reduction and 
visualization. Different cell types were identified based on previously 
reported marker genes. A total of 655 cells from the human parotid 
gland were used for the differential expression analysis.

2.3. Isolation of EVs from sgBPCs

sgBPCs were seeded in a T75 flask with approximately 26,000 cells/ 
cm2 in DermaCult keratinocyte expansion medium under small- 
molecule combination conditions. To address the removal of potential 
influence of the stimulating chemicals, the cells were washed exten
sively to remove any residual chemicals. The washing procedure 
involved multiple rounds of centrifugation and resuspension in an 
appropriate buffer solution to ensure thorough removal of the stimu
lating chemicals. The culture supernatants for isolation of the EVs were 
collected after 48 h and centrifuged at 500×g for 5 min at 4 ◦C to remove 
the cells. Then, the supernatants were centrifuged at 2000×g for 30 min 
and filtered through a 0.22-μm vacuum filter bottle system (Corning, 
USA) to eliminate large non-EVs, including cell debris, microvesicles, 
and apoptotic bodies. The EVs from sgBPCs were enriched by tangential 
flow filtration (Pall Life Science, USA), with 100-kDa molecular weight 
cutoff filters, for the mass production of EVs. The EVs derived from 
sgBPCs adhered to the MISEV guidelines for EV isolation, allowing for 
the assessment of their biophysical characteristics and protein bio
markers, employing non-conditioned medium samples as negative 
controls [44].

2.4. Microfluidic chip for the enrichment of CD9+EVs

Specific EVs were successfully enriched using a previously reported 
method [45,46]. The prepared EV sample and solution of anti-CD9 
antibody-conjugated microbeads (TheDABOM, Korea) were injected 
into a microfluidic chip consisting of 150 cycles of horseshoe-shaped 
channels to enhance the binding between the sgBPC-derived EVs and 
the antibody-conjugated microbeads. This design maximizes the surface 
area and retention time of EVs within the channels, promoting higher 
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capture efficiency. The efficiency of candidate CD9 antibodies was 
validated, and the high Kd value of the antibody was selected in this 
study (data not shown). The microfluidic chip was placed into a preci
sion syringe pump to control the flow rate. The pre-cleared medium was 
then passed through the microfluidic chip at a flow rate of 100 μL/min. 
During this process, a continuous flow of buffer was maintained to wash 
away unbound particles, ensuring that only CD9+ EVs remained asso
ciated with the microbeads. The association of CD9+ EVs with the 
microbeads was performed within 10 min for EVs from cell culture 
medium. Subsequently, the CD9+ EVs carrying microbeads were 
captured in a fish-trap-shaped channel, and the EVs were harvested in an 
intact form using an elution buffer, which can recover the intact EVs 
from the beads (TheDABOM, Korea) [45,47]. All the negative controls of 
the EVs for the further cell analysis were used with eluted media from 
the beads conjugated with CD9 antibody to identify whether the effect of 
EVs is affected by the beads or elution buffers (TheDABOM, Korea). The 
isolated EVs by elution buffer were exchanged with dialysis system into 
the PBS for the further study.

2.5. Nanoparticle tracking analysis (NTA) of EVs

NTA was used to characterize the stability for the EVs using a 
nanoparticle tracking analysis system (Malvern Panalytical, UK) 
equipped with a 642-nm laser and NTA software (NanoSight, USA). The 
analysis was performed at 22 ◦C with a gain of 16 and a frame rate of 30 
frames per second. Image evaluation was performed by measuring the 
particles for 10 s in triplicate.

2.6. Transmission electron microscopy (TEM) of EVs

We dropped 10 μL of the EV solution and dried it on a copper grid 
with 200 mesh carbon films (Electron Microscopy Sciences, USA). It was 
then washed with three drops of PBS and distilled water. Subsequently, a 
drop of UranyLess EM staining solution (EMS, Belgium) was incubated 
on the grid for 3 min to induce negative EV staining. After washing 
thrice with distilled water, the excess solution was drained with a filter 
paper. The grid with the sections was dried at room temperature (RT). 
The EV structures were observed using a JEM-2100plus (JEOL, USA).

2.7. Flow cytometry analysis of cells and EVs

For identification of the isolated epithelial cells, the sgBPCs were 
trypsinized to a single-cell suspension. After harvesting, the cells were 
subjected to Fc blocking by incubation with human Fc receptor-binding 
inhibitor (Thermo Fisher Scientific, USA) for 10 min at 4 ◦C to prevent 
non-specific binding of antibodies. Various antibodies targeting stem 
cell markers, vascular markers, and mesenchymal markers were diluted 
in FACS buffer (PBS containing 1 % BSA and 0.1 % NaN3) and incubated 
in the dark at 4 ◦C for 30 min. Isotype controls were also prepared for 
each antibody (Table S1). For EVs, the CD9, CD81, and CD63 surface 
proteins on the CD9+ EV-captured microbeads and sgBPCs were 
measured via flow cytometry to profile the proteins on the surface 
membranes. CD9, CD81, and CD63 are well-established tetraspanins 
commonly used in EV research to identify and characterize EVs [44]. 
The captured CD9+ EVs were washed in ice-cold FACS buffer. The 
fluorescent primary antibodies were each incubated for 30 min at 4 ◦C in 
the dark. The captured CD9+ EVs and sgBPCs were rinsed with FACS 
buffer three times to remove non-specific binding, and then analyzed 
using a FACS LSR II flow cytometer (BD Biosciences, USA). See Table S1
for detailed antibody information.

2.8. Western blot of EVs

Cell lysates (CL) for western blotting were obtained by incubating 
cell pellets with a concentration of 106 cells in 25 μL of RIPA buffer 
(Thermo Fisher Scientific, USA) and EV precipitates in resuspension 

buffer for 20 min on ice. The cell pellets were then centrifuged at 
13,000×g for 15 min at 4 ◦C to recover the supernatant. EVs were iso
lated using a resuspension buffer to isolate protein (Thermo Fisher Sci
entific, USA). To ensure accuracy in our protein quantification and 
comparisons, we loaded an equal amount of protein (20 μg) for each 
sample. The samples were mixed with 4X loading buffer (Thermo Fisher 
Scientific, USA) without a reducing agent. After incubation for 10 min at 
70 ◦C, the samples were loaded on sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS–PAGE) gel. To prevent non- 
specific binding of the primary antibodies, a blocking step was per
formed for 30 min using a blocking buffer (Sigma-Aldrich, USA), and 
primary antibodies were incubated overnight at 4 ◦C and secondary 
antibodies for 2 h at 25 ◦C. Development was performed using Clarity 
Western ECL Substrate (Bio-Rad, USA) and iBright 1500 imager 
(Thermo Fisher Scientific, USA). The intensities of the bands were 
quantified using ImageJ software.

2.9. Mass spectrometry analysis of EVs

LC-MS/MS was performed using a UPLC-Orbitrap Explores 480 mass 
spectrometer for three replicates of each of the three samples (total EVs, 
CD9+ EVs, and CD9− EVs) from sgBPC EVs. The proteomic analysis 
identified a wide range of proteins, including those involved in cellular 
communication and signaling, which may reflect the functional roles of 
the EVs in sgBPC biology. Comparative analysis between CD9+ EVs and 
CD9− EVs revealed distinct protein profiles, suggesting functional dif
ferences between these EV subpopulations. All samples were pretreated 
through filter aided sample preparation (FASP) digestion with a fixed 
protein amount of 100 μg according to the manufacturer’s protocol. The 
pretreated peptides were desalted using a C18 microspin column. After 
that, 100 % methanol, 0.1 % formic acid, 80 % ACN, and 0.1 % formic 
acid were sequentially added, and the sample was loaded. Then, 0.1 % 
formic acid was added to remove unnecessary materials, and 80 % ACN 
was added to elute the peptides. Peptide separation was performed at a 
flow rate of 300 nL/min using a 50 cm × 75 μm C18 column (PepMapTM 
RSLC, 2 μm, 100 Å). To identify the analytes, data were searched against 
the Homo sapiens (UP000005640) UniProt database using Sequest-HT 
in Proteome Discoverer (version 2.4).

2.10. Differential expression and gene ontology analyses of EVs

Normalization and differential expression analyses of CD9+ EVs and 
CD9− EVs compared to total EVs were performed by using the ClustVis 
package. p-values were calculated and corrected for multiple testing 
using the Benjamini–Hochberg method. Sample clustering and PCA 
were performed using pheatmap and ggplot2, respectively. Gene 
ontology (GO) analysis was conducted to classify the associated mech
anisms into three categories: biological processes (BP), cellular compo
nents (CC), and molecular functions (MF). This analysis revealed key 
biological pathways and molecular functions that were enriched in the 
different EV subpopulations, providing insights into their potential roles 
in sgBPC biology and disease mechanisms. The lists relevant to inter
actional genes from significant GO terms (p-value <0.05) were identi
fied by the FunRich software and STRING using the proteome database.

2.11. RNA library preparation and sequencing of EVs

Total RNAs from different EV groups (Total EVs, CD9+ EVs, and 
CD9− EVs) derived from sgBPCs EVs were isolated by using TRIzol Re
agent (Thermo Fisher Scientific, USA) according to the manufacturer’s 
instructions. The RNA quality and quantity were assessed using a 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). 
Subsequently, short-chain RNAs (miRNA) libraries were prepared using 
the NEBNext Multiplex Small RNA Library Prep Set for Illumina® (NEB, 
USA). miRNA sequencing provided a detailed profile of the small RNA 
content within the EVs, revealing specific miRNAs that are differentially 
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packaged into CD9+ EVs and CD9− EVs. These miRNAs may play crucial 
roles in the EV-mediated regulation of target cells and were further 
analyzed for their involvement in relevant signaling pathways using 
bioinformatic tools. miRNA sequencing was performed using the Next
Seq500 platform (Illumina, USA) with single-ended 75 bp sequences. 
The BAM file (alignment file) was obtained by mapping sequence reads 
using Bowtie2 software tool. Mature miRNA sequences were used as 
reference sequences for mapping. The read counts mapped to mature 
miRNA sequences were extracted from the alignment file using Bio
conductor, which uses R version 3.2.2 and bed tools version 2.25.0. The 
read counts of the annotated miRNAs were normalized using the trim
med mean of m-values (TMM) and counts per million (CPM) methods for 
comparison between samples. To identify differentially expressed miR
NAs between CD9− EVs and CD9+ EVs, a volcano plot analysis was 
performed. This analysis highlighted miRNAs that were significantly 
upregulated or downregulated in CD9+ EVs compared to CD9− EVs, 
using fold-change thresholds and adjusted p-values to determine sig
nificance. The volcano plot provided a clear visual representation of the 
miRNAs that are selectively enriched in either EV population, offering 
insights into their potential functional roles.

2.12. EV uptake assay

To identify the effect of the uptake of EVs, primary salivary epithelial 
cells were seeded at a density of 104 cells per well on an 8-well culture 
slide and then incubated at 37 ◦C. After 24 h of incubation, the cells were 
supplemented with PBS, total EVs, CD9− EVs, and CD9+ EVs, at a density 
of 107 particles per well. After 4 h, each well was washed with PBS and 
fixed in a 4 % PFA solution. DAPI (Thermo Fisher, USA) was used to 
stain the nuclei, and EVs internalization was evaluated using a confocal 
microscope LSM980 (Carl Zeiss, Germany). The organoid EV uptake 
assay was performed on organoids cultured on chamber slides with 500 
cells seeded per well and cultured for 6 days. Total EVs at a concen
tration of 107 particles/mL were added to the culture medium. After 30 
min, 2 h, 4 h, and 24 h, the culture medium was removed, and the 
organoids were rinsed with PBS. They were then fixed with 2 % para
formaldehyde and 0.1 % glutaraldehyde at room temperature for 30 
min. Subsequently, permeabilization was carried out using PBS con
taining 0.1 % Tween-20 for 30 min, followed by washing with PBS. The 
organoids were stained with Alexa Fluor 488 Phalloidin (Thermo Fisher, 
USA) to visualize F-actin for 1 h, followed by washing with PBS. 
Counterstaining was performed using DAPI, and images were acquired 
using an LSM980 confocal microscope. All samples were imaged under 
identical conditions, including exposure time, light intensity, and 
magnification, to ensure consistency across different groups.

2.13. Immunofluorescence

The SGs and organoid were fixed with 10 % neutral buffer formalin 
(10 % NBF). The tissues were dehydrated and embedded in paraffin. 
Paraffin sections (5 μm thick) were dewaxed using xylene. According to 
standard procedures, sections were boiled in Tris-EDTA buffer (pH 9.0) 
for 40 min for antigen retrieval. After antigen retrieval, the section was 
incubated with 5 % normal donkey serum for 1 h at 25 ◦C to block non- 
specific antigen-binding sites. Then, the sections were incubated with 
primary antibodies overnight at 4 ◦C. The sections were then washed in 
tris-buffered saline (TBS) and incubated with the corresponding sec
ondary antibodies conjugated to Alexa Fluor (Thermo Fisher Scientific, 
USA) for 60 min at 25 ◦C in the dark. They were then washed in TBS, 
treated with DAPI, cover slipped with mounting medium, and examined 
under an LSM 700 (Carl Zeiss, Germany) or ECLIPSE Ti2 (Nikon) mi
croscope. Quantification of multiplex-stained tissues was performed 
using ImageJ software (National Institutes of Health) as follows. The 
loaded image files were separated by color channels, and thresholds 
were set to extract only the stained regions. Subsequently, the number or 
area of fluorescently stained cells was measured using the “measure 

particles” option. When counting cells, the circularity option in “mea
sure particles” was set to a value of 0.5–1.0, and when measuring the 
area, it was set to 0–1.0. For markers such as Ki67, which are not 
abundantly present, manual counting was performed. Please see 
Table S1 for detailed antibody information.

2.14. Tissue histology

The fixed tissues were embedded in paraffin, sectioned, deparaffi
nized, and rehydrated. Sections were stained with hematoxylin and 
eosin (H&E, Abcam, UK) for histological examination, as well as Mas
son’s trichrome (MTC, Abcam), periodic acid–Schiff (PAS, Abcam), and 
Picro Sirius red (Abcam) staining, according to the manufacturer’s in
structions. Two blinded examiners assessed pathological changes, 
including inflammation and structural damage (H&E), mucosubstance 
including mucin components (PAS), total fibrosis (MTC), and collagen I/ 
III (Sirius Red). Masson’s Trichrome (MTC) staining was used to visu
alize collagen deposition within the overall tissue architecture, 
providing an overview of fibrosis and its structural integration. Sirius 
Red staining highlighted collagen density and composition, allowing for 
a more detailed assessment of fibrotic changes. SG damage scores (H&E) 
were assigned on a scale of 0–5, based on the following criteria: intact 
acini in image fields were scored as 0 for 90 % or more, 1 for 70%–90 %, 
2 for 50%–70 %, 3 for 30%–50 %, 4 for 10%–30 %, and 5 for 10 % or 
fewer intact acini. This scoring method has been consistently applied in 
previous studies conducted by our group [10,48–50]. The mucosub
stance area, including mucin, and the fibrosis levels were measured as 
area ratios, with magenta for PAS, blue for MTC, and red for Sirius red 
staining.

2.15. Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted using the TRIzol Reagent (Thermo Fisher 
Scientific, USA). Moreover, 500 ng of total RNA was subjected to first- 
strand complementary DNA (cDNA) synthesis (Takara Bio, Japan). 
The glyceraldehyde-phosphate dehydrogenase gene was used as an in
ternal control to normalize sample differences. Real-time PCR was per
formed using the SYBR Green Lo-ROX qPCR kit (Bioline, USA) and 
QuantStudio™ 5 System (Thermo Fisher Scientific, USA). Micro RNA 
expression was determined using TaqMan microRNA assay kits (Thermo 
Fisher Scientific, USA), with U6 as a reference. Sample quantification for 
miRNA and mRNA was performed according to the threshold cycle using 
the ΔΔCt method. The values presented in the graphs represent the 
mean ± SD. See Table S2 for detailed primer sequences and information.

2.16. Target prediction of significant miRNAs

Normalization and differential expression analysis between CD9+

EVs and CD9− EVs derived from sgBPC EVs were performed by using the 
DEseq2 package. p-values were calculated and corrected for multiple 
testing using the Benjamini–Hochberg method. Normalized expression 
volcano plots were generated using the ggplot2 R package. Based on the 
differentially expressed miRNAs, target mRNA in CD9+ EVs were ob
tained using the following steps. Targetscan (http://www.targetscan. 
org/), miR-DB (http://www.mirdb.org/), and miRTarBase (http: 
//mirtarbase.mbc.nctu.edu.tw/) were used to obtain potential target 
mRNAs, which were further filtered by Pearson correlation coefficient 
(PCC) analysis between the expression levels of mRNA and miRNA in 
CD9+ EVs (PCC <− 0.3 and p < 0.05). The KEGG pathway and its 
associated target genes from the predicted mRNAs were used to classify 
the associated mechanisms of CD9+ EVs.

2.17. Plasmids and dual-luciferase reporter assay

To identify the direct targets of miR-4443, miR-3162, and miR-1290, 
wild-type and mutant ACVR1 mRNA were amplified and inserted into 
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the pmirGLO Dual-Luciferase miRNA Target Expression Vector (Prom
ega, USA) between the Pmel and Xbal restriction sites. All recombinant 
vectors were verified using Sanger sequencing (Cosmo Genetech, 
Korea). For the dual-luciferase reporter assay, cells were lysed and 
processed for 24 h before the contents were collected. The luciferase 
activities of Firefly and Renilla were detected using the Dual-Lucif
erase® Reporter Assay System (Promega), and the relative luciferase 
activity of each sample was determined using the Firefly/Renilla ratio.

2.18. SG organoid culture and activin A-induced fibrosis modeling

Human parotid gland-derived organoids were cultured and main
tained by previously reported method [51]. Organoids were used as a 
model system to evaluate the efficacy of these EVs. On the sixth day after 
the organoids were cultured, Y27632 was removed from the basal me
dium, and 20 ng/mL of Activin A (Peprotech, USA) and 107 particles of 
CD9− EVs or CD9+ EVs were added. Organoids cultured for an addi
tional 2 days were harvested and analyzed for histology and transcript 
changes. Cell viability of organoids was measured using CellTiter-Glo® 
3D product (Promega, USA). The results are presented as the mean ±
standard deviation of three biological replicates.

2.19. Mice ductal obstruction modeling

Female C57BL/6 mice (19–21 g) were purchased from Orient Bio, 
Korea. The mice used in this study were 8-week-old females. The mice 
were provided a standard pelleted diet and water ad libitum and housed 
under a 12-h light/dark cycle. They were randomly assigned to the 
following groups: (1) sham group, which only received an incision; (2) 
PBS group, which underwent de-ligation 2 weeks after ligation and was 
administered PBS; (3) CD9− EVs group, which underwent de-ligation 2 
weeks after ligation and was administered CD9− EVs; and (4) CD9+ EVs 
group, which underwent de-ligation 2 weeks after ligation and was 
administered CD9+ EVs. A total of 44 mice were used in the study to 
ensure robust statistical analysis and reproducibility. The sham group 
included four mice, the PBS group included nine mice, and the CD9− EV 
and CD9+ EV treatment groups each included eight mice. To assess the 
efficacy of long-term frozen EVs, three mice were used per group.

Prior to submandibular duct ligation, the mice were anesthetized 
with an intraperitoneal injection of ketamine® (100 mg/kg, Yuhan 
Corporation, Seoul, Korea) and Rompun® (10 mg/kg, Bayer HealthCare, 
Mississauga, Ontario, Canada) at a 1:1 ratio. After sterilizing the head 
and neck with povidone-iodine, a 1–2 cm incision was made to expose 
the main excretory ducts of the submandibular glands (SMGs). The left 
SMG duct was ligated approximately 3 mm distal to the gland using a 
sterile 6-0 silk suture, and the incision was closed with a 3-0 black silk 
suture. The experimental design was based on existing models, including 
our previous studies [14,15]. While de-ligation is typically performed 
within 7 days to prevent irreversible damage, we extended the ligation 
period to 14 days to induce partially irreversible damage. After 14 days, 
the ducts were deligated by removing the silk suture. Following 
de-ligation, either CD9+ EVs or CD9− EVs (109 EV particles/20 μL) were 
injected retroductally at a rate of 20 μL/min for 3 consecutive days. EV 
administration over 3 days followed a previously established protocol, 
optimizing EV uptake by the target tissue while minimizing potential 
side effects associated with multiple injections. The retroductal delivery 
was performed using a cannula with the following specifications: 11.7 
cm in length, 0.010 inches in outer diameter, 0.005 inches in inner 
diameter, 32G gauge, and manufactured as part of the Intrathecal 
Catheter System (Braintree Scientific, Catalog #CS-32). The cannula was 
carefully inserted into the submandibular duct orifice, as previously 
described [48–50,52].

2.20. SG weight and function evaluation

Seven days after EV administration, the mice were euthanized, and 

the extirpated SMGs were weighed and compared among the groups. 
Body weight was measured during the follow-up. Before extirpation, the 
mice were intraperitoneally administered the muscarinic agonist, pilo
carpine (5 mg/kg), to stimulate salivary secretion. Lag time (in seconds) 
is defined as the period between the injection of pilocarpine and the 
onset of saliva secretion. This measurement serves as an indirect indi
cator of the functional recovery or extent of damage to the salivary 
glands following injury. A shorter lag time reflects better salivary gland 
function, whereas a longer lag time suggests ongoing damage or 
incomplete recovery. Saliva was collected from the floor of the mouth 
using a micropipette, 5 min after stimulation. The collected saliva was 
placed in pre-weighed microcentrifuge tubes of 1.5 mL, and the salivary 
flow rate (SFR) (μL/min) was calculated by dividing the total volume 
(μL) of saliva collected by the collection time (min); the weight of SMGs 
(mg) was defined as the time from stimulation to the beginning of saliva 
secretion.

2.21. Statistical analysis

Statistical analysis of KRT5 and KRT7 expression in 2D and 3D cul
tures was performed using Student’s t-test due to its robustness in 
detecting differences between two groups. Similarly, the mean fluores
cence intensity (MFI) of beads bound to fluorescently labelled CD9, 
CD81, and CD63 EVs was analyzed using Student’s t-test compared to 
control beads. Furthermore, size, concentration, zeta potential, and MFI 
according to storage time were evaluated using a paired t-test. All ex
periments were performed in triplicate.

For in vivo experiments, statistical significance was defined as *p- 
value <0.05, **p -value <0.01, and ***p -value <0.001 relative to the 
sham group, and #p -value <0.05, ##p -value <0.01, and ###p -value 
<0.001 relative to the PBS group. One-way ANOVA with Tukey’s post- 
hoc test was used for comparisons involving multiple groups such as the 
sham group, PBS group, CD9− EVs group, and CD9+ EVs group to con
trol for Type I error in multiple comparisons.

For ex vivo organoid experiments, statistical significance was defined 
as * p -value <0.05, **p -value <0.01, and ***p -value <0.001 relative to 
the untreated group; #p -value <0.05, ##p -value <0.01, and ###p 
-value <0.001 relative to the Activin A-treated group; $ p -value <0.05, 
$$ p -value <0.01, and $$$ p -value <0.001 relative to the Activin A with 
dexamethasone group; and % p -value <0.05 relative to the Activin A 
with CD9− EVs group. One-way ANOVA with Tukey’s post-hoc test was 
applied to compare the untreated, Activin A-treated, Activin A with 
dexamethasone-treated, CD9− EV-treated, and CD9+ EV-treated groups.

Statistical analyses were performed using GraphPad Prism version 
8.0.2 (GraphPad Software, California, USA). All experiments were per
formed in triplicate, with three independent biological replicates (n = 3) 
for each condition. Data variability is presented as mean ± standard 
deviation (SD).

3. Results

3.1. Chemically reprogrammed SG cells can maintain their epithelial 
progenitor characteristics even during long-term culture

We established a robust method for cultivating human sgBPCs in a 
controlled environment, based on a chemical reprogramming of SG 
cells. The addition of small molecules (ROCK 1/2, TGFβ, and BMP 
pathway inhibitors) enabled the maintenance of epithelial characteris
tics and sustained long-term culture (Fig. 1a). The cultured cells un
derwent more than 50 population doublings and maintained their 
polygonal morphology for around 60 days (Fig. 1b and c). The cultured 
cells expressed KRT5, KRT14, KRT19, TP63, and SOX9, key markers 
consistent with sgBPCs (Fig. 1d). They had limited expression of KRT7 
and SOX2, which are markers associated with fully differentiated 
luminal cells and acinar progenitor cells in adult human SG, respec
tively. Even after prolonged culture, the epithelial cell marker CDH1 
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remained prominently expressed, and the expression of MKI67 indicated 
that cell division actively occurred even after long-term culture [53]. We 
conducted a study to verify the identity of selectively cultured cells by 
analyzing a single-cell transcriptome database using the accession code 
“GSE184526” [51]. Our analysis showed that our culture approach 
successfully enriched sgBPCs, as indicated by cell type annotation and 
expression markers (Figs. S2a–c).

Flow cytometry analysis further confirmed that the cultured cells 
from three different human SG specimens consistently lacked expression 
of endothelial and mesenchymal markers (CD31, CD34, CD45, CD90, 
CD117, and HLA-DR) (Fig. 1e and Table S1). Conversely, the presence of 
markers such as CD29, CD44, CD49f, CD146, CD166, and HLA-ABC, 
which are associated with SG epithelial or epitheliomesenchymal stem 
cells, was consistently observed. The characteristics of epi
theliomesenchymal markers were identified in human SGs in previous 
studies [54,55]. The cultured cells were able to form 3D SG structure 
when cultured in a Matrigel along with a previously reported human SG 
organoid culture medium (Fig. 1f) [51]. The differentiation potential of 
sgBPCs was confirmed through analysis of the organoids, which showed 
an increase in the expression of the terminally differentiated luminal cell 
marker (KRT7) and decrease of basal cell marker (KRT5), validated 
through both immunofluorescence and reverse 
transcription-quantitative polymerase chain reaction (RT-qPCR) (Fig. 1g 
and h). In addition, we found through bulk RNA sequencing and gene 
ontology analysis that combining small molecules for chemical reprog
ramming increased the secretion and production capacity of exosomes in 
SG cells (Figs. S2d and e). The volcano plot analysis showed significant 
differences in gene expression between cells treated with small mole
cules and those that were untreated (without small molecules) (log2 fold 
change ≥1.5, p-value <0.05). Specifically, 588 differentially expressed 
mRNAs were identified in cells treated with small molecules compared 
to untreated cells, with 433 mRNAs being upregulated (red) and 155 
mRNAs being downregulated (blue) (Fig. S2d). To explore the functional 
characteristics of these differentially expressed genes (DEGs), GO terms 
were analyzed using the FunRich tool. The DEGs were primarily asso
ciated with the extracellular space, followed by categories such as 
secreted, extracellular exosome, MHC class I, extracellular region, MHC 
class I protein complex, cell surface, intermediate filament, extracellular 
matrix, and cell junction (Fig. S2e). This result indicates that the pres
ence of small molecules has a notable impact on the expression of certain 
features, highlighting the potential regulatory effects of these molecules 
on cellular processes.

3.2. sgBPC-derived EVs enriched with CD9 by the microfluidic chip can 
remain standardizable and stable specific EVs

Tetraspanins present on the surfaces of EVs are commonly shared 
with the plasma membranes of the releasing cells. We conducted single- 
cell RNA sequencing analysis and found that the basal ductal cell subset 
of SG epithelial cells had high levels of CD9 expression, while CD63 and 
CD81 were less expressed in these cells but were more prominent in 
stromal, endothelial, and luminal duct cells (Fig. 2a and Figs. S3a–c). 
Tetraspanin genes tended to show an increase when cultivating sgBPC, 
including small molecules (Figs. S3d–f). We assumed that the specific EV 

population enriched with a tetraspanin might show promise as a po
tential therapeutic as EVs come “pre-programmed” with specific cargoes 
and cell-targeting components, prompting various strategies to decipher 
their tropism and paracrine effects [56,57].

To obtain CD9+ EVs from sgBPCs with higher purity and quality, we 
developed a microfluidic chip based on affinity-binding principles to 
selectively isolate CD9+ EVs from the sgBPC secretome concentrate 
(Fig. 2b). This chip allows for efficient binding of EVs on antibody- 
coated beads, followed by the isolation of CD9+ EVs within a remark
ably short period of 20 min. We successfully validated the enrichment 
microfluidic system, compared it with conventional affinity-based 
methods and other isolation systems from previous studies [45,47,58], 
and obtained the intact specific EVs. We evaluated total EVs, CD9− EVs, 
and CD9+ EVs through nanoparticle tracking analysis (NTA) and 
transmission electron microscopy (TEM), which showed that we suc
cessfully isolated CD9+ EVs characterized by intact morphology and a 
size range of 50–150 nm (Fig. 2c–e). The CD9⁺ EVs exhibit a much 
narrower and more uniform size distribution, compared to CD9− EVs or 
total EVs. Affinity-based separations using microfluidic chips have 
enabled high purity and size homogeneity. CD9− EVs and total EVs, on 
the other hand, had a greater variation in size due to a mixture of 
microvesicles and apoptotic bodies [59–62]. This allows CD9⁺ EVs to 
deliver more consistent therapeutic efficacy and efficient delivery to 
target cells. The western blotting technique confirmed that CD9 anti
bodies had a higher affinity to sgBPCs compared to CD63 and CD81 
antibodies, further validating the efficacy of the separation purification 
chip in isolating CD9+ EVs (Fig. 2f). The results also showed that EVs 
derived from sgBPCs captured using CD9 displayed bands for CD81, 
while there were no bands for CD63. This supports the reports that CD9 
is usually found co-localizing with CD81 in the same vesicles, while 
CD63 is often found separately [63]. Mean fluorescence intensity (MFI) 
analysis revealed that CD9 was significantly enriched on the surface of 
CD9+ EVs, constituting approximately 58.5 % of the total surface pro
teins, as opposed to CD81 and CD63 (Fig. 2g–j).

The stability of CD9+ EVs over a long-term storage period at − 80 ◦C 
was also verified. The size, concentration, and zeta potential (indicative 
of surface charge) of the EVs remained consistent for a duration of 6 
months, indicating the preservation of their physical attributes (Fig. 2k- 
m). Notably, the EVs maintained a negative zeta potential of − 16 mV, 
implying the retention of phospholipids, such as phosphatidylserine, on 
their membranes (Fig. 2m). Flow cytometry analysis further substanti
ated the sustained presence of CD9+ EVs over the storage period, 
emphasizing the stability of both the EVs’ physical properties and mo
lecular characteristics (Fig. 2n). These findings confirm the stability and 
unique properties of CD9+ EVs isolated through our microfluidic chip- 
based approach.

3.3. sgBPC-derived EVs enriched with CD9 have better cellular uptake by 
the interaction of surface proteins

Using liquid chromatography-tandem mass spectrometry (LC-MS/ 
MS), we compared the cargoes in CD9+ EVs with those in total EVs and 
depleted CD9− EVs (Fig. 3a). We found a significant difference in the 
enriched proteins between CD9+ EVs, CD9− EVs, and total EVs (with a 

Fig. 1. Salivary gland (SG) basal progenitor cells (sgBPCs) isolation and characterization. (a) Schematic representation of sgBPCs isolation from the human parotid 
gland and culture with small molecule combination Y27632 (Rho-associated protein kinase 1/2 [ROCK] 1/2 inhibitor), A83-01 (transforming growth factor-beta 
[TGFβ] inhibitor), and LDN193189 (bone morphogenetic protein [BMP] inhibitor). (b) Population doubling graph of sgBPCs under optimal chemical reprogram
ming cell culture condition. (c) Brightfield microscope images of early (after 18 days of culture) and late passage (after 60 days of culture) sgBPCs. (d) Immuno
fluorescent (IF) staining of sgBPCs maintained in the chemical reprogramming cell culture condition for basal duct (KRT5; green, TP63; red), basal ductal and/or 
myoepithelial (KRT14; green, ACTA2; red), ductal progenitor and terminally differentiated luminal (KRT19; green, KRT7; red), acinar progenitor and ductal pro
genitor (SOX2; green, SOX9; red), proliferating epithelial cells (CDH1; green, MKI67; red) markers. Nuclei were counterstained with DAPI (blue). Scale bar indicates 
50 μm. (e) Flow cytometry assessing the expression of various stem cell and endothelial or mesenchymal markers in sgBPCs. (f) Time-lapse images of sgBPCs-induced 
organoids grown in Matrigel at each time point, with a scale bar indicating 100 μm. (g) IF microscopy of luminal (KRT7; green) and basal (KRT5; red) on 3D cultured 
for 7 days in sgBPCs. Scale bar indicates 50 μm. (h) RT-qPCR validation for the expressions of KRT7 and KRT5 between 2D and 3D cultured sgBPCs. Data are 
representative of at least three independent experiments and are presented as mean ± SD, with *p-value <0.05. Scale bar indicates 50 μm.
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Fig. 2. Isolation and characterization of sgBPCs-derived EVs. (a) Dot plots displaying the cluster-specific representative gene signatures of types of cells with 
epithelial and exosome markers. (b) Schematic representation of microfluidic device. (c–e) EVs concentration and morphology of total EVs, CD9-depleted EVs (CD9−

EVs), and CD9-enriched EVs (CD9+ EVs) measured by nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM). (f) Western blotting images 
of the cell lysate, total EVs, CD9− EVs, and CD9+ EVs. (g–i) Flow cytometry analysis showing the expression of CD9, CD81, and CD63 on the CD9+ EVs. (j) Bar plot of 
the expression levels of EV markers (CD9, CD81, and CD63) on the CD9+ EVs. Mean fluorescent intensity (MFI) was analyzed by the normalization of control. (k–n) 
Bar plot of size, concentration, zeta potential, and MFI of the CD9+ EVs after being stored at − 80 ◦C for 6 months. Scale bar indicates 100 nm.
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fold change greater than 2) (Tables S3 and S4). The CD9+ EVs contained 
nine-fold more highly expressed proteins than the CD9− EVs (Fig. 3b). 
To understand the differences in subcellular origin of the enriched 
proteins between CD9+ EVs and CD9− EVs, we used FunRich software to 
compare a reference database of over 5000 cellular component proteins 
with a list of proteins. We calculated the percentages of proteins and 
significance of each CD9+ EV and CD9− EV (Fig. 3c). We found that both 
CD9+ EVs and CD9− EVs showed significant enrichment of exosomes 
(93.1 % and 85.7 % of the total proteome, respectively). In particular, 
CD9+ EVs were significantly enriched in the plasma membrane and cell 
surface proteins, comprising 72.4 % and 30.2 % of the total proteome, 
respectively (p-value <0.001) (Fig. 3c–Tables S5 and S6). These surface 
proteins from CD9+ EVs help in the paracrine effect and increase cell-to- 
cell communication [56].

The enriched proteins of CD9+ EVs showed plasma membrane pro
teins such as GJB2, CD9 and, TSPAN4, CD81, and CD82, which are 
associated with the fusion involved in regeneration. Various integrin 
proteins, such as ITGA3 and ITGB1 positively regulate protein locali
zation to plasma membrane. (Fig. 3d). CD9+ EVs were closely related to 
regeneration of cells, induced by binding cell adhesion molecules, 
integrin, protein-containing complex (Fig. 3e and f and Table S7). On the 
contrary, CD9− EVs mainly exerted immune cell chemotaxis properties 
containing azurophil granule lumen, focal adhesin, and secretory 
granule (Figs. S4a and b).

We then confirmed whether CD9+ EVs can enter cells more effi
ciently than CD9− EVs or total EVs. In the EV uptake assay, CD9+ EVs 
showed greater adherence or entry into salivary epithelial cells 
compared to total EVs and CD9− EVs (Fig. 3g). Through the STRING 
database, we discovered that CD9, unlike tetraspanin proteins such as 
CD63 or CD81, interacts with the adhesion molecule CD44, which is well 
known and widely expressed in SGs. (Fig. 3h and Figs. S4c and d). 
Moreover, we confirmed the presence of CD44 in mouse submandibular 
glands and human parotid gland organoids by using IF staining 
(Fig. S4e) This analytical approach enabled us to uncover the complex 
proteomic profiles associated with these different EV subtypes, which 
illuminated their distinct cargo compositions and potential functional 
roles.

3.4. sgBPC-derived CD9+ EVs restore SG hypofunction and attenuate SG 
fibrosis

To study the therapeutic effects of CD9+ EVs on damaged SGs, we 
created an obstructive sialadenitis model by ligating the submandibular 
duct of mice. We surgically tied the SG duct, including the nerves and 
vessels, using suture materials and maintained it for 14 days to induce 
severe fibrotic changes in the SGs (Fig. 4a). We then infused EVs into the 
SG ducts for 3 consecutive days after de-ligation on post-ligation day 14. 
The SG size appeared

smaller in the phosphate-buffered saline (PBS)-treated group than in 
the EV-treated groups (Fig. 4b). We observed and measured the changes 
in body and SG weights, salivary flow rates (SFR), and lag time to sali
vation until 7 days after de-ligation (Fig. 4c–f). The mean SG weight 
decreased significantly after ligation. The retroductal delivery with 
CD9+ EVs tended to increase the gland weight, although it did not 
significantly differ between groups (Fig. 4c). Ligation injury signifi
cantly delayed salivation, increasing lag time, and reduced the SFR even 
7 days after de-ligation (Fig. 4d–f). These findings highlight the 

persistent functional impairments caused by the injury. However, both 
CD9− EV and CD9+ EV-treated groups exhibited improvements in lag 
time (Fig. 4d), suggesting partial recovery of salivary gland function. 
Notably, the CD9+ EV-treated group demonstrated a significantly 
improved SFR compared to the PBS-treated group (Fig. 4e). When 
normalized to body weight, the SFR of the CD9+ EV-treated group 
(Fig. 4f) also showed substantial recovery, further supporting the ther
apeutic potential of CD9+ EVs in promoting salivary gland function post- 
ligation.

Microscopic evaluation revealed distinct changes in the SGs treated 
with CD9− EVs and CD9+ EVs compared to those treated with PBS. 
Although pilocarpine, which typically stimulates salivary secretion, was 
administered, it did not significantly affect the morphology of the SGs. 
This suggests that the observed histological changes were primarily due 
to the EV treatments rather than pilocarpine administration.

H&E staining quantification showed that the CD9+ EV-treated group 
had significantly lower SG damage scores compared to both the PBS and 
CD9− EV-treated groups. The PBS group exhibited approximately 9 
times more damage compared to the sham group, and the CD9− EV- 
treated group displayed 1.17 times more damage compared to the 
CD9+ EV-treated group (Fig. 4g, h and Fig. S6).

PAS staining further demonstrated substantial regeneration of the 
acinar and ductal structures, including mucosubstance production, 
which was more prominent in the CD9+ EV-treated group than in the 
PBS group (Fig. 4i and j). This analysis revealed that the mucosubstance 
area in the PBS group was reduced by approximately 2.82-fold 
compared to the sham group. Furthermore, the CD9+ EV-treated 
group showed a 1.37-fold increase in mucosubstance area compared 
to the PBS group, and a 1.27-fold increase compared to the CD9− EV- 
treated group (Fig. 4i and j).

MTC staining revealed that the CD9+ EV-treated group exhibited less 
periductal and perivascular fibrosis compared to the PBS group, as 
confirmed by densitometry (Fig. 4k and l). The fibrosis area in the PBS 
group was 32.5 times larger than that of the sham group. Meanwhile, the 
CD9+ EV-treated group showed a 1.29-fold reduction in fibrosis 
compared to the CD9− EV group, and the PBS group had a 1.44-fold 
increase compared to the CD9− EV group (Fig. 4k and l).

Sirius red staining further indicated minimal collagen deposition in 
the sham group. In contrast, significant collagen accumulation was 
observed extending from the portal to the acinar and ductal septum 
areas 2 weeks post-ligation (Fig. 4m and n). Quantitative analysis 
revealed that the collagen area in the PBS group was approximately 
20.67 times larger than that of the sham group. Moreover, the CD9+ EV- 
treated group showed a 1.5-fold reduction in collagen area compared to 
the CD9− EV group, while the PBS group had a 1.48-fold increase in 
collagen compared to the CD9− EV group (Fig. 4m n).

Purified EVs were also injected after storage at − 80 ◦C for 1, 3, and 6 
months, and SG weight, lag time, and saliva volume showed improved 
results (Figs. S5a–c). H&E staining showed improved acinar-ductal 
structure in all CD9+ EV-injected groups, while the PBS groups did not 
(Figs. S5d and e). The mucin production area measured by PAS staining 
showed a slight increase (Figs. S5f and g). The assessment of fibrosis area 
through MTC and Sirius red staining revealed a sustainable healing ef
fect in EVs stored for 1, 3, and 6 months compared to the PBS-treated 
group (Figs. S5h–k). Overall, sgBPCs-derived CD9+ EVs recovered SG 
dysfunction and fibrosis caused by duct ligation in mice and maintained 
their efficacy even after long-term cryopreservation.

Fig. 3. Proteomic analysis of EVs isolated and purified from sgBPCs. (a) Heatmap showing the significant proteins of total EVs, CD9− EVs, and CD9+ EVs from 
sgBPCs. High expression of EV proteins is shown in red, while low expression of EV proteins is shown in blue. (b) Venn diagram of numbers of proteins and lists of 
enriched proteins in CD9+ EVs and CD9− EVs. (c) Gene enrichment analysis for biological properties category among the proteins enriched in the CD9− EVs or CD9+

EVs. (d) Schematic representation of the transmembrane proteins identified in the CD9+ EVs and CD9− EVs, and common proteins identified in the CD9+ EVs and 
CD9− EVs. Gene ontology (GO) enrichment analysis of the (e) biological properties and (f) molecular function for CD9+ EVs showing top significant enrichment and 
number of proteins with the adjusted p-value <0.05. (g) Cellular uptake of total EVs, CD9− EVs, and CD9+ EVs (EVs stained with Dil; red) in cultured salivary 
epithelial cells. Nuclei were counterstained with DAPI (blue). (h) Protein-protein interaction networks with CD9. Scale bar indicates 50 μm * p-value <0.05, ***p- 
value <0.001.
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Fig. 4. Therapeutic effect of sgBPCs-derived EVs on SG fibrosis and hypofunction in a SG duct ligation model. (a) Schematic representation of the animal experiment 
for disease modeling and retroductal delivery. (b) Representative images of the SG at 1 week after ligation removal and EV treatment. (Scale bar = 10 mm). (c) SG 
weights measured at 1 week after de-ligation. (d) Lag time to salivation (sec) after pilocarpine stimulation at 1 week after de-ligation. (e) Saliva flow rate (SFR: μL/ 
min) after stimulation at 1 week after de-ligation. (f) Saliva flow rate normalized to body weight (μL/min/g) after stimulation at 1 week after de-ligation. (g, i, k, m) 
H&E, PAS, MTC, and Sirius red staining performed at 1 week after ligation removal. (Scale bar indicates 25 μm). (g, h) Densitometric analyses performed by 
measuring the pixels of the acinar and ductal areas after H&E staining. The SG injury score was quantified based on the morphological disruption of acinar and ductal 
structures and cell loss after H&E imaging. (i, j) Magenta-colored mucin production areas after PAS staining. (k, l) Blue fibrotic lesion areas after MTC staining. (m, n) 
Red-colored collagen deposition areas after Sirius red staining. Untreated: Sham; PBS: De-ligation and PBS-injected control; CD9− EVs: De-ligation + CD9− EVs 
treatment; and CD9+ EVs: De-ligation + CD9+ EVs treatment. *Compared with untreated (Sham); #compared with PBS. as *p-value <0.05, **p -value <0.01, and 
***p -value <0.001 relative to the sham group, and #p -value <0.05, ##p -value <0.01, and ###p -value <0.001.
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3.5. sgBPC-derived CD9+ EVs inhibit epithelial-mesenchymal transition 
and fibrotic change

To further investigate in vivo mechanisms, we conducted immuno
fluorescence staining on various SG epithelial cells and their secreted 
proteins after administering EVs and waiting for 7 days. We did not 
observe any significant differences in the expression of basal cell marker 
KRT5, luminal cell marker KRT7 and myoepithelial cell marker ACTA2 
among all groups (Figs. S7a and b). However, we found that subman
dibular gland protein c (SMGc)+ cells, which indicate pro-acinar cells, 
were depleted after ligation and subsequently restored after EV injection 
with CD9+ EVs, showing a significant recovery (Fig. S7a). Additionally, 
the number of MIST1+ cells, representing both progenitor cells and 
mature acinar cells, significantly decreased after ligation (Fig. S7b). PSP 
(parotid secretory protein, BPIFA2), known to play a surfactant role in 
SGs and be present in serum during injury, was observed in the ligation 
group and CD9− EVs-treated group. However, it was not observed in the 
sham group and CD9+ EVs-treated group (Fig. S7b). We observed that an 
increase in CDH2, which is a marker for fibrosis and epithelial- 
mesenchymal transition (EMT) processes, occurred in the ligation 
group. However, both CD9− EVs and CD9+ EVs-treated group led to a 
decrease in CDH2 (Fig. S7c). Additionally, epithelial cell marker CDH1 
decreased in the PBS-treated group but was restored in both EV-treated 
groups (Fig. S7c). Vimentin (VIM), which is also considered a marker for 
fibrosis and EMT, did not increase with ligation and showed no changes 
with EV treatment (Fig. S7c). Furthermore, the differences in cell death 
and proliferation in SG cells induced by ligation and EV administration 
were examined. Cleaved caspase-3, a marker for cell apoptosis, did not 
exhibit prominent staining in any group (Fig. S7d). However, cell pro
liferation, assessed through MKI67, significantly decreased with liga
tion, and was restored by EVs. CD9+ EVs showed substantial recovery in 
cell proliferation (Fig. S7d). All these findings were validated through 
quantification of immunofluorescence staining (Figs. S8a–k). Taken 
together, our findings indicate that CD9+ EVs demonstrated therapeutic 
efficacy in the duct ligation fibrosis model by suppressing EMT and 
promoting proliferation of SG cells.

3.6. sgBPC-derived CD9+ EVs enhance the cell uptake and regeneration in 
ex vivo organoid fibrosis model

Based on the demonstrated SG healing and anti-fibrotic effects of 
CD9+ EVs in the in vivo duct ligation model, we aimed to investigate the 
underlying mechanisms of CD9+ EVs using an in vitro human SG orga
noid system. Since organoids are cultured within ECM, such as Matri
gel™, we first verified whether the organoid cells could uptake the EVs. 
Initially, we treated the culture medium with 107 particles/mL of Dil- 
stained EVs and observed the outermost layers of the organoids after 
24 h of incubation (Fig. S9a). Activin A, known for inducing epithelial- 
mesenchymal transition (EMT), acinar to ductal metaplasia (ADM), and 
fibrosis in various organs such as the liver, pancreas, and lung, was 
applied to the organoids. These processes—EMT, ADM, and fibro
sis—are similar to the pathological changes observed in ligated salivary 
glands. To establish a pro-fibrotic environment, we reduced the con
centration of the TGFβ inhibitor A83-01 from 5 μM to 1 μM in the culture 
medium, and on the sixth day, we supplemented the medium with 20 
ng/mL of Activin A (Fig. S9b).

The pro-fibrotic organoids were treated for an additional 48 h with 
media containing either CD9+ EVs, CD9− EVs, or dexamethasone 
(DEXA). DEXA is widely used as a positive control in the treatment of 
inflammatory salivary gland diseases. In our previous studies, dexa
methasone has shown strong anti-inflammatory properties by reducing 
glandular inflammation and partially restoring function in mouse 
models of sialadenitis induced by duct ligation [50]. In vitro experi
ments with salivary gland organoids also demonstrated that macrophage 
polarization was shifted toward an anti-inflammatory phenotype when 
exposed to DEXA-conditioned medium. Consequently, in this 

experiment, we used DEXA as a benchmark to compare its known 
anti-inflammatory effects with those of our experimental EV treatments 
under fibrotic organoid culture conditions. Although Activin A did not 
alter the size of the organoids, it inhibited their growth, and DEXA could 
not overcome this growth inhibition. However, CD9− EVs partially 
restored the growth inhibition caused by Activin A, and CD9+ EVs 
exhibited a higher level of cell growth recovery compared to CD9− EVs 
(Fig. 5a and Figs. S9c and d). Moreover, a tendency for decreased 
expression of ACVR1 was observed in all groups treated with dexa
methasone and EVs, but CD9+ EVs showed levels most similar to those of 
the untreated groups (Fig. S9e). Additionally, we confirmed by Western 
blot that both CD9− EVs and CD9+ EVs reduced the phosphorylation of 
SMAD2/3 in organoids treated with Activin A, whereas dexamethasone 
treatment did not achieve this reduction (Fig. S9f). Furthermore, H&E 
staining revealed that metaplasia, which is not typically found in normal 
parotid gland-derived organoids, was observed when Activin A was 
supplied (Fig. 5b). DEXA did not significantly alleviate this effect. 
However, both CD9− EVs and CD9+ EVs mitigated the metaplasia, with 
CD9+ EVs showing a more pronounced effect (Fig. 5b). Furthermore, 
PAS staining demonstrated that organoids treated with Activin A 
exhibited a significant increase in mucin production in the luminal 
space, despite parotid gland-derived organoids normally containing 
little mucin (Fig. 5c). While the dexamethasone-treated group did not 
reduce mucin levels, treatment with EVs, especially CD9+ EVs, resulted 
in decreased mucin production (Fig. 5c).Moreover, Sirius red staining of 
the organoids revealed red-stained areas indicative of fibrosis in the 
groups treated with Activin A or Activin A with DEXA, whereas these 
stained areas were reduced in the groups treated with either CD9− EVs 
or CD9+ EVs (Fig. 5d). Furthermore, excessive Activin A is known to 
inhibit normal cell differentiation in SGs. In organoids treated with 
Activin A, the expression of differentiation markers KRT7, AQP5 and 
AMY1 were scarcely detected (Fig. 5e and f). While the addition of DEXA 
did not significantly improve these pathological manifestations, EV 
treatment resulted in notable improvements, with CD9+ EVs showing 
the most pronounced effect (Fig. 5e and f). Additionally, the measure
ment of gene expression levels for KRT7, AQP5, and AMY1 for quanti
tative analysis showed a similar trend to the immunofluorescence 
staining results (Fig. 5h–j).

Next, we investigated whether epithelial-mesenchymal transition 
(EMT), which precedes fibrosis, is induced by Activin A and whether it is 
alleviated by treatment with dexamethasone or EVs. Human SG orga
noids treated with Activin A exhibited expression of CDH2 (N-cadherin; 
mesenchymal cell marker) at the outermost layer, while the expression 
of CDH1 (E-cadherin; epithelial cell marker) was reduced in these pe
ripheral cells (Fig. 5g). The addition of dexamethasone did not signifi
cantly alter CDH2 expression in the outer layer. However, treatment 
with CD9− EVs or CD9+ EVs reduced CDH2 expression and restored 
CDH1 expression. Immunofluorescence staining was followed by an 
investigation into the expression of various EMT and fibrosis-related 
genes using SG organoids. Activin A treatment increased the expres
sion of EMT and fibrosis-associated genes, including TGFB1, TGFB2, 
SMAD2, SMAD3, SNAIL, SLUG, TWIST1, ZEB1, and ZEB2 (Figs. S10a and 
b). TGFB1 and TGFB2 initiated the TGFβ signaling pathway, which, 
through SMAD2 and SMAD3, promoted EMT and fibrosis. Transcription 
factors such as SNAIL, SLUG, TWIST1, ZEB1, and ZEB2 were upregu
lated, leading to mesenchymal cell characteristics, and further promot
ing EMT (Figs. S10a and b). The expression of the epithelial marker 
CDH1 (E-cadherin) decreased, while mesenchymal markers CDH2 (N- 
cadherin) and VIM (Vimentin) increased, indicating a loss of cell-cell 
adhesion and enhanced cell motility, signifying EMT progression 
(Fig. S10b). Additionally, fibrosis-related genes such as FN1 (Fibronectin 
1), ACTA2 (Alpha-Smooth Muscle Actin), COL1A1, and COL3A1 were 
upregulated, contributing to extracellular matrix (ECM) composition 
and increased tissue stiffness, leading to fibrosis (Fig. S10c). Conversely, 
the expression of MMP2, an enzyme responsible for degrading ECM 
components, decreased, while TIMP1 and TIMP2, inhibitors of MMPs, 
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Fig. 5. Biological properties of sgBPCs-derived EVs in 3D organoid cultures. (a) Human parotid gland organoid bright images treated with Activin A, dexamethasone, 
CD9− EVs, and CD9+ EVs. Scale bar indicates 500 μm. (b–d) Representative images of Activin A-treated organoids stained with H&E, PAS, and Sirius red staining. 
Scale bar indicates 50 μm. (e–g) Representative immunofluorescences images of Activin A-treated organoids stained with KRT7 (green), KRT5 (red), AMY1 (green), 
AQP5 (red), CDH2 (green), and CDH1 (red). Scale bar indicates 50 μm. (h–j) Relative expression of SGs epithelial cell related genes (KRT7, AQP5, AMY1) (n = 3, *, #, 
$ considered as statistically significant). *Compared with untreated; #compared with Activin A; and $compared with Activin A + DEXA.
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were upregulated, promoting excessive ECM accumulation (Fig. S10c). 
In the dexamethasone-treated group, a slight recovery toward normal 
gene expression levels was observed, though the overall effect remained 
minimal. In contrast, the group treated with CD9⁺ EVs exhibited sig
nificant improvement. CD9⁺ EVs effectively reduced the elevated 
expression of TGFB1, TGFB2, SMAD2, SMAD3, SNAIL, SLUG, TWIST1, 

ZEB1, ZEB2, CDH2, VIM, FN1, ACTA2, COL1A1, COL3A1, TIMP1, and 
TIMP2 induced by Activin A. Additionally, they increased the expression 
of CDH1 and MMP2, suppressing EMT and fibrosis processes. While the 
CD9⁻ EVs group showed some improvement, the effects were less pro
nounced compared to the CD9⁺ EVs group. These findings suggest that 
CD9⁺ EVs effectively inhibit Activin A-induced EMT and fibrosis, 

Fig. 6. Anti-fibrotic role of EV-miRNA in sgBPCs-derived EVs. (a) Volcano plot showing the significantly enriched miRNAs in CD9− EVs and CD9+ EVs. (b) KEGG 
pathway for target mRNAs of miRNAs in CD9+ EVs and CD9− EVs. (c) Predicted target ACVR1 in ACVR1/SMAD signaling pathway. (d) Relative expression levels of 
ACVR1 after incubation with inhibitor and mimics of each miRNA (miR-4443, miR-3162, and miR-1290) for 24 h. (e) Luciferase activity assay was used to detect the 
interaction between miR-4443, miR-1290, miR-3162, and ACVR1. (f) Relative expression levels of ACVR1 after incubation of CD9− EVs and CD9+ EVs. (g) Relative 
expression levels of ACVR1 after inducing 20 ng/mL of activin, followed by the treatment of miR-NC, miR-4443, miR-1290, miR-3162, and CD9+ EVs for 24 h. (h) 
Western blot of ACVR1, phosphorylation of SMAD2/3, SMAD2/3 and GAPDH after inducing the 20 ng/mL of activin, followed by treatment with the miRNAs or 
CD9+ EVs (**p-value <0.01 and ***p-value <0.001).
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highlighting their potential as a therapeutic strategy for SG diseases. 
These findings suggest that sgBPC-derived EVs could be effective in 
reducing SG fibrosis induced by Activin A or other disorders where 
Activin A plays a crucial role.

3.7. EV miRNAs in sgBPC-derived CD9+ EVs promote an anti-fibrotic 
effect

To elucidate the therapeutic mechanisms of CD9+ EVs in our fibrosis 
models, we investigated the role of miRNAs, which play a crucial role in 
regulating gene expression. The EV miRNA-seq revealed distinct pat
terns of differential expression between CD9+ EVs and CD9− EVs 
(Fig. 6a). By analyzing RNA-seq data, we focused on 12 miRNAs that 
showed significant change in either up-regulation or down-regulation in 
CD9+ EVs. Applying rigorous criteria of |log2 fold change|>1 and an 
adjusted p-value <0.05, a subset of genes was identified for further 
investigation (Fig. 6a). Three miRNAs namely, miR-4443, miR-1290, 
and miR-3162, which were upregulated in CD9+ EVs, were found to be 
significant. By employing Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment, we identified potential pathways influ
enced by these miRNAs (Tables S8 and S9). Notably, the miRNAs of 
CD9+ EVs and CD9− EVs were both associated with signaling pathways 
regulating pluripotency of stem cells and TGFβ signaling pathway 
(Fig. 6b). However, the miRNAs-enriched by CD9− EVs induced the 
downregulation of adherence, tight junction, and ECM-receptor inter
action, which leads to inhibit the interaction of the cells and EVs 
(Fig. 6b).

The convergence of predictions from tools like miR-DB, DIANA, and 
TargetScan pinpointed ACVR1, a fibrosis inducer linked with Activin 
signaling, as a prominent target (Fig. 6c and Figs. S11a–c). We 
confirmed the relationship between ACVR1 and miRNA through RT- 
qPCR after transfecting specific miR mimics and inhibitors (Fig. 6d 
and Figs. S11d–f and Table S2). It was observed that miR-3162 and miR- 
1290 mimics reduced ACVR1 mRNA levels, whereas all three inhibitors 
increased them. Further experiments, including a dual-luciferase re
porter assay, confirmed that miR-3162 and miR-1290 directly targeted 
ACVR1 (Fig. 6e and Fig. S11g). When we examined the effect of CD9+

EVs on ACVR1, we found that CD9+ EVs significantly suppressed ACVR1 
compared to CD9− EVs (Fig. 6f). Subsequently, a detailed analysis 
following the introduction of Activin A showed that miR-3162, miR- 
1290, and CD9+ EVs all suppressed ACVR1 and SMAD2/3 phosphory
lation (Fig. 6g and h). Collectively, these results suggest that miR-3162 
and miR-1290 in CD9+ EVs reduce ACVR1 expression and inhibit 
fibrosis by suppressing the phosphorylation of SMAD2/3 via the Activin- 
ACVR1 axis (Fig. S10h).

Collectively, these results suggest that miR-3162 and miR-1290 in 
CD9+ EVs reduce ACVR1 expression and inhibit fibrosis by suppressing 
the phosphorylation of SMAD2/3 via the Activin-ACVR1 axis 
(Fig. S11h).

4. Discussion

In this study, we have demonstrated that CD9⁺ EVs derived from 
sgBPCs effectively attenuate fibrosis and promote regeneration in SG 
diseases. Specifically, CD9⁺ EVs exhibited superior anti-fibrotic effects 
compared to CD9⁻ EVs, as evidenced by reduced collagen deposition and 
restored acinar structures in vivo, and enhanced organoid formation ex 
vivo. Notably, miR-3162 and miR-1290 enriched in CD9⁺ EVs directly 
targeted fibrotic genes such as ACVR1, leading to the suppression of 
fibrosis-related pathways in SG tissues. These findings highlight the 
potential of sgBPC-derived EVs as a targeted therapeutic approach for 
SG fibrosis, providing a foundation for precision medicine in treating SG 
disorders. In this study, the potential of CD9+ EVs derived from sgBPCs 
had been successfully observed as a promising therapeutic approach for 
counteracting fibrosis and promoting regeneration.

While utilizing EVs harvested from stem or progenitor cells derived 

from specific tissues holds great potential for treating diseases associated 
with that organ [64], obtaining and culturing sufficient quantities of 
tissue-specific epithelial or mesenchymal stem cells for EV isolation is 
considerably more challenging than sourcing them from readily avail
able tissues like discarded fat or Wharton’s jelly [65–67]. In the context 
of SG diseases, EVs obtained from SG-specific cells are likely to offer 
more organ-specific therapeutic effects compared to those derived from 
commonly used sources like bone marrow or adipose tissue-derived 
mesenchymal stem cells (MSCs) as evidenced by our previous study 
demonstrating the superior efficacy of MSCs obtained from SGs in 
addressing SG inflammation [49] To overcome the challenges of EV 
production from tissue-specific cells, recent methods have been pro
posed to enhance EV production by subjecting cells to mild stress or 
using small molecules [68–71]. In line with these findings, our study 
leveraged microfluidic technology and utilized inhibition of Activin 
receptor-like kinase (ALK) 1–7 through A83-01 and LDN193189 to in
crease EV secretion from sgBPCs, not only maintaining cell viability but 
also boosting EV production specific to SG tissue [72–74]. By addressing 
SG fibrosis via retrograde ductal delivery of these enhanced EVs, our 
study offers a promising avenue for targeted treatment, representing 
significant steps towards precision medicine for SG disorders.

Despite homogeneous cell cultures, secreted exosomes can exhibit 
heterogeneity in surface markers and its cargo [68]. Various studies 
have been published to categorize cell-specific or functional exosomes 
[35,75]. We decided to use CD9 as the marker for isolating EVs from 
cultured sgBPCs in this experiment, as it is highly expressed in undif
ferentiated sgBPCs and also present in basal cells of SGs. In addition, 
CD9 is capable of binding to both ITGB1 and CD44, which are present in 
almost all regions of the SG cell membrane. EVs derived from pancreatic 
cancer in the exocrine pancreas are known to be unable to be taken up by 
other exocrine pancreatic cells mainly composed of acinar cells when 
CD9 is artificially depleted or blocked [76,77]. These suggest CD9 an 
efficient choice for delivery. The CD9+ EVs contain a high amount of 
membrane surface proteins, integrins, and exosomes that aid in intra
cellular uptake and movement, promoting tissue regeneration [78,79]. 
The identified surface protein markers of CD9+ EVs are closely related to 
the protein-protein interaction (PPI) network, which is an essential 
component of plasma and cell junctions. These proteins induce trans
porter activity and integrin binding, leading to cell regeneration or 
migration. Studies have shown that ITGB1 and ITGA3 are involved in 
epithelial morphogenesis and skin wound regeneration [78,79]. On the 
other hand, CD9− EVs contain secretory granules, lysosomes, and 
endoplasmic reticulum-related proteins that activate proteinases and 
peptidases (Fig. S4b). Biological properties of CD9− EVs focus on regu
lating immunogenicity, such as T-cell and lymphocyte chemotaxis 
(Fig. S4a) which is differential features of CD9+ EVs. EV miRNAs are 
small RNA molecules that are crucial in regulating various biological 
processes [80]. They play an important role in controlling the expression 
of target genes [81].

Two specific miRNAs, miR-3162 and miR-1290, have been identified 
as key regulators that directly target ACVR1 and reduce SMAD2/3 
phosphorylation. Our research has shown that CD9+ EVs significantly 
downregulate the expression levels of ACVR1 compared to CD9 EVs. 
This suggests that activated ACVR1 is regulated by CD9+ EVs, which 
contain higher levels of miR-1290 and miR-3162, and that the anti- 
fibrotic effect of CD9+ EVs is due to these specific miRNAs. Moreover, 
the miRNAs encapsulated in CD9+ EVs were predicted by bioinformatics 
tools to inhibit the TGFβ pathway, a key fibrosis mechanism [82]. 
Although CD9− EVs exhibit a slightly inferior ability to dock onto cells 
compared to CD9+ EVs, it is speculated that they exert anti-fibrotic ef
fects in in vitro organoid cultures or in vivo ductal obstruction models. 
Further research would determine which miRNAs encapsulated within 
exosomes are effective in anti-fibrosis, it would be possible to use more 
efficient anti-fibrotic substances and delivery strategies through artifi
cial EVs or EV replacement.

miR-3162 has been shown to exert anti-inflammatory and anti- 
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fibrotic effects. It modulates cellular processes in cardiac fibrosis, sug
gesting its potential role in tissue fibrosis regulation [83,84]. miR-1290 
is downregulated in patients with oral submucous fibrosis, myocardial 
infarction, and lung inflammation suggesting its potential role in 
inhibiting fibrotic processes [85–87]. These findings support the idea 
that miR-1290 may possess anti-fibrotic properties and could be a 
therapeutic target for fibrotic diseases. In this study, we have shown that 
CD9+ EVs have a functional advantage in regenerating SG cells and 
restoring SG function during the recovery period after SG duct 
obstruction, which can cause severe fibrotic changes. Basal cells in many 
glandular tissues are maintained through dual SMAD inhibition by the 
intrinsic microenvironment. CD9+ EVs contain high levels of miRNAs 
that help inhibit Activin A signals. When these EVs were administered by 
retroductal delivery after SG duct blockage was relieved in mice, they 
were delivered to salivary epithelial cells, leading to repopulation of 
SMGc+ pro-acinars, MIST1+ mature acinar, and KI67+ proliferating 
cells. We also observed that these EVs had excellent stability for 6 
months, both in terms of their structure, cargo molecules, and healing 
potential (Fig. 2k-n and Fig. S5). Previous studies have suggested that 
EVs are resistant to enzymatic degradation and can withstand 
freeze-thaw cycles, making them easier to store and transport compared 
to live cells [88]. These properties of CD9+ EVs make them ideal for 
clinical applications.

Organoid models, distinct from 2D cell cultures, closely mimic or
gans, making them highly effective for studying the impact of drugs on 
tissues. Especially in the case of SGs, which are bi-layered organs with 
cell polarity, and where primary acinar cells cannot be maintained in 2D 
cell cultures, organoid models are essential for mechanistic studies. 
Based on our previously published method for establishing SG organoids 
[51], we induced various EMT and fibrosis in SG epithelial cells by 
excessive treatment with Activin A and demonstrated their normaliza
tion by EVs, as confirmed through special staining, fluorescence stain
ing, and RT-qPCR. Although our organoid models demonstrated the 
impact of CD9+ EVs on epithelial-to-mesenchymal transition (EMT) and 
fibrosis, these processes also involve fibroblast-to-myofibroblast trans
formation, which is not fully captured in the current models. Future 
research should focus on developing more precise models, such as 
assembloids, that incorporate both epithelial cells and fibroblasts to 
better reflect the complex tissue interactions involved in EMT and 
fibrosis. It is also essential to validate the therapeutic effects and safety 
of CD9+ EVs in animal models. Additionally, due to the heterogeneity in 
size and content of CD9+ EVs, advancing techniques to selectively enrich 
specific vesicle subpopulations with desired therapeutic properties will 
enhance treatment precision and efficacy.

Given that fibrosis in the parotid gland involves similar pathological 
processes as fibrosis in other tissues such as inflammation, extracellular 
matrix deposition, and fibroblast activation, we believe that CD9+ EVs 
could play a therapeutic role in mitigating these processes. Furthermore, 
research has shown that EVs possess a range of bioactive molecules 
(proteins, lipids, and RNAs) that can modulate inflammation, promote 
tissue repair, and reduce fibrosis. These effects have been observed not 
only in the tissues from which the EVs were derived but also in distant 
organs. For instance, EVs produced from bone marrow-derived or 
adipose-derived stem cells have been utilized to promote recovery and 
exert anti-inflammatory effects in organs such as the heart, liver, and 
kidneys, which are unrelated to the bone marrow or adipose tissue. This 
broader applicability suggests that CD9+ EVs from SG epithelial cells 
could potentially be used for fibrosis and disease treatment in other 
organs beyond the SGs.

In the mouse model of duct ligation, where the duct, blood vessels, 
and nerves are ligated to induce more severe damage and leads to partial 
necrosis, making complete tissue recovery unachievable. Most recovery 
in duct ligation models occurs within 1–2 weeks after de-ligation, so 
even with long-term observation, significant differences in recovery are 
not expected. Additionally, due to the natural progression of fibrosis 
with aging, observing the effects at much later time points may make it 

harder to discern differences. Furthermore, because recovery happens 
quickly, we believe that administering EVs continuously immediately 
after de-ligation is beneficial to suppress duct obstruction early on.

Our findings suggest distinct antifibrotic effects between CD9+ and 
CD9− EVs, with CD9− EVs potentially influencing fibrosis indirectly 
through immune modulation, as indicated by in silico analyses. Future 
research should validate these effects experimentally, explore their ef
ficacy in other disease models such as autoimmune sialadenitis or 
radiation-induced damage, and conduct long-term follow-up studies to 
assess the durability of these therapies. Such studies will help clarify the 
therapeutic potential and mechanisms of CD9+ and CD9− EVs across 
different pathological contexts.

5. Conclusions

In summary, we have shown that EVs derived from sgBPCs have a 
positive impact on the proliferation, wound healing, and anti-fibrotic 
regeneration of SGs in both in vitro and ex vivo organoid models. Spe
cifically, in the in vivo SMG model, CD9+ EVs effectively reduced fibrosis 
and enhanced tissue regeneration, confirming their superior therapeutic 
potential compared to CD9− EVs and controls. This advancement in EV- 
based therapy offers promising avenues for precise regenerative medi
cine, including organ-specific cell and EV isolation, targeted delivery, 
functional EV purification, and long-term stability with efficacy. How
ever, further research on regulatory approval and standardization of 
production methods is crucial for their clinical expansion.
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