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ABSTRACT

Salivary gland stem cell-derived exosomes produced by a Wnt-loaded
microwell culture accelerates the recovery from salivary gland

dysfunction in murine salivary gland damage models

Background and objectives: The three-dimensional (3D) spheroid culture has been found to
enhance stem cell properties such as differentiation potential and paracrine function. However, the
potential benefits of harnessing the 3D spheroid culture for exosome production and regenerative
application have not been fully investigated. This study aims to develop a microwell scaffold
incorporating a biochemical niche to boost stemness and exosome production from salivary gland
stem cells.

Methods: We fabricated a WNT3A protein (WNT)-loaded PLGA electrospun nanofiber that can
enable sustained WNT release, mimicking the microenvironment of niche molecule release. This
WNT-loaded nanofiber was integrated with a PCL microwell scaffold using an insert. Human
salivary gland-derived epithelial stem cells (SG-EpSCs) were then cultured on either 2D plastic
dishes or 3D bare PLGA nanofiber-PCL microwells (3DPLGA) and WNT-loaded PLGA
nanofiber-PCL microwells (3DWNT). We then investigate the regenerative effects of SG-EpSC-
derived exosomes produced in these microwells on salivary dysfunction using an irradiated murine
salivary gland in mice and a human salivary organoid model.

Results: Fabricated PCL microwells and WNT3A-loaded PLGA nanofibers, which were
subsequently micro-patterned onto PCL electrospun nanofibers. This resulted in a WNT3A-
biosubstrate composite culture system featuring microwell arrays that secrete WNT3A into the
wells. Our findings suggest that this novel WNT3A-secreting microwell culture system enhances
stem cell characteristics, including increased marker expression, cell proliferation, and

differentiation potential, as well as improved exosome production and secretion. Moreover, the



data indicate that canonical WNT signaling regulates the functional enhancement of SG-EpSC-
derived exosomes in 3D spheroids cultured within WNT3A-secreting microwells. Recovery
proceeded more rapidly in the 3D culture compared to 2D, with a significant increase in the number
of proliferating cells observed in the 3DWNT condition. These results suggest that YWAHAZ,
highly expressed in SG-EpSC-derived exosomes, significantly enhances the proliferation rate of
salivary gland progenitor cells and increases phosphorylated PI3K-AKT expression, indicating its
potential to improve salivary gland function.

Key words : Salivary glands; Epithelial; nanofibrous scaffolds; exosome; WNT3A; YWHAZ;
Salivary organoids; Priming



1. INTRODUCTION

Salivary gland dysfunction can be caused by various factors, such as ductal obstruction, drugs,
aging, autoimmune diseases, and radiation therapy for head and neck cancer. Radiation-induced
damage can lead to irreversible stem cell depletion, which can affect oral homeostasis and lead to
conditions such as dental caries and oral candidiasis. While multiple strategies have been employed
to prevent salivary gland damage, there are limited clinical methods available to preserve function.
Currently, cell-based therapies have emerged as a promising therapy. Extensive research has shown
the therapeutic efficacy of mesenchymal stem cells (MSCs) in various diseases, and some of these
therapies have already been approved by the Food and Drug Administration (FDA) in several
countries. The therapeutic efficacy of MSCs is mainly attributed to their paracrine secretion of
cytokines and growth factors, which have diverse cellular activities, such as immune modulation,
anti-apoptotic effects, angiogenic effects, cytoprotection, and neurogenesis. Recent studies have
shown that the paracrine effects of MSCs are not only due to these trophic factors but also to the
secretion of exosomes.

Exosomes are small extracellular vesicles (EVs) ranging from 30 to 200 nm. They contain various
molecules such as cytokines, growth factors, peptides, and nucleotides that allow cells to
communicate with one another. Exosomes are often referred to as the "avatar" of their parent cells
because they reflect the characteristics of the cells they originated from. For example, exosomes
released by MSCs display properties similar to those of MSCs, including immune suppression,
inflammation reduction, wound healing, and angiogenesis promotion. Administration of exosomes
carries no risk of embolism, immune rejection, or tumorigenesis, unlike stem cell transplantation.
Additionally, the probability of inducing an immune response is lower with exosomes than with
stem cells. This makes allogeneic exosomes or even exosomes derived from plants suitable in
addition to autologous exosomes. However, the therapeutic efficacy of exosomes may vary
depending on the condition of the parent stem cells. Many researchers are working on ways to
encourage stem cells to produce more exosomes or enhance stem cells to selectively amplify
effective substances within exosomes.

Methods to improve stem cell stemness typically involve 3D cell culture and the use of niche factors.

A 3D culture called spheroid culture has been found to promote stem cell properties by enhancing



cell-to-cell interactions. However, this method poses challenges due to the lack of an in vivo-like
biochemical cue. Furthermore, traditional 3D culture often uses animal-derived extracellular matrix
(ECM), so research has shifted towards using artificial matrices. In previous research, it was found
that culturing MSCs from salivary glands in a 3D nanofiber scaffold improved their functionality
and increased the expression of various growth factors. The stem cell niche is a complex cell
signaling system, but synthetic biomaterials can be designed to mimic the natural ECM and
modulate these interactions. In this study, we used a PLGA scaffold to continuously release WNT3A
and culture salivary gland-derived epithelial stem cells (SG-EpSCs) under serum-free conditions.
WNT proteins are crucial in stem cell proliferation, differentiation, and self-renewal. WNT-
responsive stem cells are present in various tissues, including salivary glands. However, the WNT
protein loses its activity in culture media, so a WNT-biomaterial composite culture system allowing
the release of the WNT3A protein would be beneficial for priming stem cells in culture.

The WNT-loaded PLGA electrospun nanofiber scaffold facilitated the formation of 3D spheroids of
SG-EpSCs. This resulted in significantly higher expression of stem cell-associated genes and
proteins, as well as increased production of exosomes with enhanced paracrine activity. When these
exosomes were infused into the salivary ducts of irradiated mice, they alleviated cell death following
radiation exposure and promoted cell proliferation more effectively than exosomes from control
media. The radioprotective effects were also demonstrated in an in vitro organoid culture. Exosomes
from SG-EpSCs cultured on WNT3A-loaded microwell scaffolds contained high levels of YWHAZ,
believed to activate the PI3K-AKT pathway and inhibit radiation-induced apoptosis in salivary gland
acinar cells. These results suggest that 3D spheroid culture in WNT-releasing microwell scaffolds
can enhance the production of exosomes and their function in the restoration of salivary gland

hypofunction after radiation.



2. MATERIALS AND METHODS

2.1. PCL microwell

Polycaprolactone (PCL; MW 80,000), poly(ethylene glycol) diacrylate (PEGDA 575; MW 575),
poly(D,L-lactide-co-glycolide) (PLGA) (Resomer® RG 503H; MW 24,000-38,000), 2-hydroxy-2-
methylpropiophenone (HOMPP), 2,2,2-trifluoroethanol (TFE), phosphate-buffered saline (PBS; pH
7.4), Cell Counting Kit-8 (CCK8) were purchased from Sigma Aldrich (Milwaukee, WI, USA).
Dulbecco’s modified phosphate-buffered saline (DPBS), acetoxymethyl calcein (calcein-AM), and
ethidium homodimer-1 (EthD-1) were purchased from Thermo Fisher Scientific (Waltham, MA,
USA).

2.2. Manufacture of WNT3A-releasing microwells scaffolds

The WNT3A-loaded PLGA nanofiber-based microwell scaffolds (WNT3A + Microwell) were
fabricated by combining electrospinning (NanoNC, Seoul, Korea) and photolithography processes.
PCL microwells for cell spheroids formation were produced based on our previous study®. Briefly,
PCL was dissolved in TFE in a 15 wt % ratio, and the solution was electrospun with the following
conditions: a 0.5 mL/h flow rate, 8~10kV voltage, and 23G needle size. For photolithographic
patterning, a hydrogel precursor solution was prepared by mixing PEGDAS575 and deionized water
ina4:1 (v/v) ratio, and 2% (v/v) HOMPP as an initiator. To incorporate hydrogel micropatterns into
the PCL nanofibers, 140 uL of a hydrogel precursor solution was dropped onto the 18X 18mm? sized
fibrous sheet which was then exposed to ultraviolet light (365 nm, EFOS Ultracure 100ss Plus, UV
spot lamp) for 1s. WNT3A -loaded PLGA electrospun nanofiber was fabricated to enable sustained
WNT3A release over seven days. PLGA 0.86 g was dissolved in 2mL of TFE, and 13.5uL of 0.2
pug/uL recombinant human WNT3A protein (WNT3A; R&D Systems, Cat # 5036-WN) in PBS was
subsequently added to prepare WNT3A-loaded PLGA polymer solution. The prepared solution was
electrospun by applying a voltage of 10kV to a 23G needle with 1 mL/h of flow rate for 1 hour and
cut into 9x9mm? size. For comparison of WNT3A effect on the spheroids, bare PLGA nanofiber
was also prepared with the same condition with WNT3A-loaded PLGA nanofiber only except for
adding WNT3A in PLGA polymer solution. Fabricated PCL microwell and WNT3A-loaded PLGA



nanofiber were stacked and then fixed into Cellcrown™ 24 inserts (Scaffdex, Tampere, Finland) as

shown in Figure 1B and C.

2.3. Characterization of WNT3A-releasing microwell scaffolds

The manufactured WNT3A + Microwell scaffolds were observed by scanning electron microscopy
(SEM). The PCL microwell scaffold and PLGA nanofibrous sheets with and without loading
WNT3A were dried overnight and then coated with platinum using a sputter coater (Cressington) at
15mA for 120s prior to SEM imaging. SEM images were obtained by field-emission scanning
electron microscopy (JEOL-7001F) at a 10-kV accelerating voltage. For analysis of the PLGA
nanofiber diameters, randomly chosen 100 fibers from the samples were measured by using
SmartTiffV3 software from ZEISS. The depth profile of the microwell scaffold was measured using
a surface profiler (Dektak XT stylus profiler, Bruker, Billerica, MA, USA).

2.4. WNT3A release test

The release of WNT3A was monitored in vitro for 7 days at specific time points using ELISA. The
WNT3A-loaded PLGA nanofibers were immersed in PBS and stored at 37°C in an incubator (n =
6). The PBS was then collected at 1, 2, 3 hours and 1, 2, 3, 4, and 7 days after the initial immersion
for analysis, while fresh PBS was added immediately after each collection. A sandwich ELISA was
conducted with a WNT3A antibody and an HRP-conjugated WNT3A secondary antibody (Cusabio,
Houston, TX, USA) following a conventional protocol. The final colorimetric change was measured
with a spectrophotometric plate reader at 450 nm (VersaMax™ ELISA microplate reader, Molecular

Devices, Sunnyvale, CA, USA).

2.5. Culture of human parotid gland epithelial stem cells into spheroids

Human Epithelial stem cells derived from human salivary gland (EpiSCs) were prepared from
normal tissue samples of patients who underwent parotidectomy due to a benign parotid tumor after
obtaining informed consent and institutional IRB approval (permission number #2015-10-001). In
brief, tissue was cut into small pieces using a razor blade and digested with collagenase I1 #17101015,
Thermo Fischer, Waltham, MA, USA) for 1 h. Cells were dissociated by TrypLE Express Enzyme
#12604013, Thermo Fischer), filtered using 70 um cell strainer, and then cultured with keratinocyte-



Serum Free Medium media (K-SFM, Gibco, ThermoFisher Scientific, Waltham, MA, USA)
containing bovine pituitary extract (BPE, 50 pg/ml) and epidermal growth factor (EGF, 5 ng/ml).
containing 10 uM Y27632 (#1254, Tocris, Abingdon, UK) ,1 uM A83-01 (#2939, Tocris) and 0.1
uM LDNI193189 (#6053, Tocris) in humidified 5% CO; atmosphere at 37°C. Our previous
observations optimized the optimal combination and concentration of small molecules. The
sgEpSCs showed stem cell potential, such as high population-doubling time over the passage,
differentiation capacity to SG epithelial cells, and sphere-forming ability, as described in the results.
The EpiSCs with passages three to nine were used in this experiment. The cultures were divided into
PCL microwells (PCL group), PCL microwells with bare PLGA nanofiber (PLGA group), and PCL
microwells with WNT3A-loaded PLGA nanofiber (PLGA+WNT3A group). EpiSCs at passages 3
were expanded and seeded at a density of 7 x 10* cells per each microwell scaffold fixed in a 24-
culture well. The seeded cells were cultured on scaffolds for 5 days to form uniform-sized spheroids.
Although it takes 5 days for spheroids formation, we cultured 7 days to let the cell spheroids affected
by WNT3A protein released from the PLGA nanofiber and to totally collect the exosomes secreted

from the spheroids.

2.6. Cell morphology, viability, and proliferation

A CCKS8 assay was conducted to assess the proliferative ability of the EpiSCs on the scaffolds.
Briefly, EpiSCs were cultured on scaffolds in a 24-well plate at a density of 7 x 10* cells/scaffold,
and cell proliferation was analyzed at 1, 3, and 5 days after culture. After adding 10% (v/v) of CCK8
solution in cell culture media and incubating at 37°C for 3 hours, EpiSCs proliferation was
determined by measuring the absorbance at 450 nm using a 96-well plate reader (Molecular Devices,
San Jose, CA, USA). At least three independent cell viability and proliferation analyses were

performed.

2.7. Exosome Extraction and Purification

After 72 h of culture, the EpiSCs (Epithelial Derived Stem Cells) culture medium was harvested
and centrifuged at 300g for 10 min and 2000g for 10 min to remove residual cell debris. The
remaining supernatant was passed through 0.22-um PES membrane filter (CellTreat) and then
concentrated using 10 kDa Amicon ultra-15 centrifugal filters (Millipore). Total exosome isolation

reagent (from cell culture media, Invitrogen) was then added in a 1:1 ratio to the volume obtained



after the Amicon-based concentration process. The solution was mixed by vortexing for 1 min and
incubated overnight at 4°C. The next day, the precipitated exosomes are recovered by standard
centrifugation at 10,000 x g for 60 min at 4°C. The concentrated solution was centrifuged at 10,000
x g for 60 min at 4°C, and the pellet was resuspended in steriled PBS. The pelleted exosomes were
resuspended in 100 pL of phosphate-buffered saline solution (PBS) and quantified by micro BCA
protein assay kit (R23235, Thermo Fisher, USA). Exosomes were then assessed by transmission
electron microscopy (TEM) and nanoparticle tracking analysis (NTA), as per previously described
protocols. Exosomes were further verified by western blot analysis of exosome-associated markers

including CD9, CD81, HSP70, Calnexin, and TSG101.

2.8. Nanoparticle Tracking Analysis (NTA)

To determine the size distribution and particle concentration, Stem cell-derived exosomes diluted
with PBS were analyzed by nanoparticle tracking analysis (NTA) using a NanoSight NS300
(Malvern Panalytical, Amesbury, UK) equipped with a 642-nm laser. Stem cell-derived exosomes,
diluted with PBS to between 20 and 80 particles per frame, were scattered and illuminated by the
laser beam and their movements under Brownian motion were number of captures 3 times and
captured for 60 s each at a camera level of 15. Videos were then analyzed by the NTA 3.2 software
using constant settings. To provide a representative result, at least 5 videos were captured and >2000
validated tracks were analyzed for each sample. The NTA instrument was regularly checked with
100 nm-sized standard beads (Thermo Fisher Scientific). To provide representative size distribution

of exosomes, size distribution profiles from each video replicate were averaged.

2.9. Transmission Electron Microscopy (TEM)

A 20 pl solution of exosomes was placed on a copper mesh and post-negatively stained with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate solution (Ph 7.4) for 10 min. The sample was then dried
for 5 min under incandescent light. Fixed suspensions containing exosomes were spotted on
Formvar® coated copper grids (CF200-Cu, Electron Microscopy Sciences, USA) for 30 s. Samples
were negatively stained with 2% uranyl acetate in water for 3 min and dried with filter paper. was
observed and photographed under a transmission electron microscope (JEM-2100plus, JEOL Inc.,

Japan). The diameter of the particles was analyzed using JEM-2100 plus software.



2.10. Western Blot

Cell, organoid pellets, and tissue were collected and resuspended in RIPA lysis and extraction
buffer (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA). The resuspended cell pellet was
vortexed for 30 s and then incubated on ice for 20 min and centrifuged at 20,000 x g for 30 min. The
supernatants were collected for Western blot analysis. (10% SDS-polyacrylamide gel
electrophoresis; 20 g protein/lane). The resolved proteins were transferred to a PVDF
(polyvinylidene difluoride) membranes (Cat. #1620167, Bio-Rad) using Trans-Blot Turbo Transfer
System (Bio-Rad). Membranes were blocked in 5% skim milk for 1 h at room temperature and
incubated with primary antibody overnight at 4 °C with slow shaking. Using rabbit polyclonal
antibody CD9 (Cell Signaling Technology, Danvers, MA, USA), CD81 (Cell Signaling Technology),
TSG101 (Cell Signaling Technology) and calnexin (Cell Signaling Technology). The proteins were

visualized using an enhanced chemiluminescence system (Thermo Fisher Scientific, MA).

2.11. Sample Preparation for Proteomic Analysis

The exosome samples were washed with phosphate-buffered saline (PBS) solution and stored at
—80 °C until use®. Tissue (100 mg) was homogenized in modified RIPA buffer (50 mM Tris—HCI,
150 mM NaCl, 1% NP-40, and 0.25% sodium deoxycholate, pH 7.4) containing a protease inhibitor
(Sigma-Aldrich, St. Louis, MO), and the supernatant was collected via centrifugation at 15, 000 rpm
for 30 min. The protein concentration was determined using a micro BCA protein assay kit
(ThermoFisher Scientific, Waltham, MA, USA). After lysis, we concentrated and purified the cell
lysates using Amicon Ultra centrifugal filters (Millipore, Billerica, MA). The experiment was
initiated with 100 pg of protein to minimize loss during the desalting process. The protein was
diluted in 50 pL, and 1 pL of the solution was then injected into the liquid chromatography with
tandem mass spectrometry (LC/MSMS). Therefore, the total amount of each peptide was 1 pg. The
peptide samples from the in-solution digestion were desalted with an Oasis HLB column (Waters,
Milford, MA) and lyophilized using a speed vac. Next, the peptides were dissolved in 0.1% formic
acid and 3% acetonitrile (ACN) in a volume of 50 uL, and 1 uL was loaded onto a nano-LC-MS/MS.

2.12. Tissue isolation and culture of mouse salivary gland organoids



Only SMG was obtained from three types of murine major salivary glands (PG, SMG, and SLG)
in female C57BL/6 mice aged 6 weeks of age. Mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA), fed ad libitum, and maintained at 22 +2 °C, 50 + 10% relative humidity
for 12 h of the light-dark cycle (8 a.m.—8 p.m.) under specific pathogen-free conditions in a facility
accredited by AAALAC International (#001071). All experiments were approved by the
Institutional Animal Care and Use Committee (approval number #2018-0071) at Yonsei University
College of Medicine. Both murine salivary gland tissues were cut into small fragments using a razor
blade. Fragments were enzymatically digested initially with collagenase type 11 (#17101015,
Thermo Fischer, Waltham, MA, USA) for 1-2 h depending on the tissue size, and subsequently with
TrypLE Express (#12604013, Thermo Fischer) for 10 min. Cells were passed through a 70 um
strainer, embedded in growth factor-reduced Matrigel (#356231, Corning, Corning, NY, USA), and
supplied with a medium containing relevant growth factors and small molecules. Mouse GEM
contained Advanced DMEM/F12 (#12634010, Thermo Fischer) DMEM/F12 (Thermo Fisher
Scientific, Waltham, MA, United States) with penicillin/streptomycin (Gibco, Grand Island, NY,
United States), HEPES (Biowest), and GlutaMAX (Gibco). Supplemented with 5 nM NRG1 (#100-
03, Peprotech, Cranbury, NJ, USA), 1% homemade RSPO1 CM or 100 ng/mL recombinant RSPO1
(#120-38, Peprotech), 100 ng/mL Noggin (#120-10C, Peprotech), 5nM FGF1 (#450-33 A,
Peprotech), 1 nM FGF7 (#450-60, Peprotech), 10 uM Y-27632 (#1254, Tocris, Abindon, UK), and
0.5 uM TGEFp inhibitor A83-01 (#2939, Tocris). For the differentiation of murine salivary gland
organoids, Y-27632 was removed 7 days after seeding. The medium (500 pL/well) was added and
changed every 2-3 days. The organoids were maintained at 37°C in a humidified atmosphere under
5% CO2%4,

2.13. Exosome uptake assay

Exosomes were pre-stained with PKH26 using a PKH26 Red Fluorescent Cell Linker Kit For
general cell membrane labeling (Sigma-Aldrich, St. Louis, MO, USA). Human parotid gland
epithelial stem cells (EpiSCs 2 x 10"%/well) were seeded in 6-well plates and 2 ug of PKH26-labeled
exosomes were added to the culture. After incubation for 24 h, cells were fixed with 4%
paraformaldehyde and DAPI was used to stain the nuclei. The location of exosomes was observed

under an Axio Imager M2 (Carl Zeiss, Jena Germany).



2.14. Internalization of PKH26-labelled exosomes in EpiSCs

Purified EVs derived from sgEpSCs were labeled with a PKH26 red fluorescence labeling kit
(Sigma-Aldrich, MO, USA). EVs were incubated with 2 pM of PKH26 for 5 min and washed five
times using a 100 kDa filter (Microcon YM-100, Millipore) to remove excess dye. PKH26-1abelled

EVs were used to assess EV uptake in vitro and in vivo.

2.15. In vivo animal experiments

Adult female C57BL/6 mice, 8 weeks of age, were purchased (Orient Bio, Gyeonggi-Do, Korea)
and fed with food and water ad libitum. All the procedures were approved by Institutional Animal
Care and Use Committee (IACUC) in Yonsei University College of Medicine and conformed to
Avison Biomedical Research Center (ABMRC) guidelines. The experimental groups consisted of
five groups; non-irradiated and PBS-administered group (Control, healthy control), irradiated and
PBS administered (PBS), irradiated and 2-dimensional culture exosomes-administered group (2D),
Exosome-administration group using PLGA scaffold (3D-94), and exosome-administration group
using WNT3A scaffold. (3DWNT34), The particle count was measured with NTA and the samples
were diluted accordingly. The fractionated irradiation was conducted for 1 h before exosomes or
control administration. Irradiation was performed on the salivary glands in three fractions into 7.5
Gy doses with alpha rays (dose rate: 7.5 Gy/3 min) using an experimental irradiator (X-rad320,
Alphatech International, Auckland, and Sydney). After irradiation, either 2D, 3DPL9A and 3DWNT3A
at a concentration of 1x10" of particles / 20 pL was injected at a rate of 20 pL/min for 3 consecutive
days. Retroductal delivery was performed via a cannula inserted into the submandibular duct orifice

as described in our previous paper?.

2.16. Salivary gland weight and function evaluation

After 12 weeks of exosome administration, mice were euthanized, the extirpated SMGs were
weighed, and compared among groups. Body weights were measured during the follow-up period.
Before extirpation, mice were anesthetized using Ketamine® (100 mg/kg, Yuhan Corporation, Seoul,
Korea) and Rompun® (10 mg/kg, Bayer HealthCare, Mississauga, Ontario, Canada). Mice were
then intraperitoneally administered with muscarinic agonist pilocarpine (5 mg/kg) to stimulate saliva

secretion. Saliva was collected from the floor of the mouth using a micropipette 5 min after



stimulation. The collected saliva was placed in pre-weighed 1.5-mL microcentrifuge tubes, and
salivary flow rate (SFR) (uL/min) was calculated by dividing the total volume (uL) of the total
collected saliva by the collection time (min) and weight of SMGs (mg) was defined as the time from
stimulation to the beginning of saliva secretion.

2.17. Tissue histology

Whole-mount salivary gland organoids and mouse tissue section histological analysis have been
previously described?”. In brief, tissue was fixed with 10% Neutral Buffer Formalin (10% NBF) for
24h. Then the tissue was dehydrated and embedded with paraffin. Paraffin sections (2 um thick)
were dewaxed using xylene for 30 min. Sections were stained with hematoxylin and eosin (H&E,
Abcam, Cambridge, UK) for histological examination and Masson's trichrome (MTC, Abcam), and
periodic acid—Schiff (PAS, Abcam) staining according to the manufacturer’s instructions. Two
blinded examiners assessed the pathological changes, identification of mucosubstances (PAS),
inflammation and structure damage (H&E), and total fibrosis (MTC). Staining scores were recorded
as 0-5 based on the following criteria: staining intensity was scored as 1 for 5% or less, 2 for 5% to
20%, 3 for 20% to 50%, 4 for 50% to 80%, and 5 for 80% or more stained cells. Fibrosis level and
mucus area were measured as blue for MTC and magenta color for PAS as area ratios. Two blind

examiners scored SMG structural damage and measured the ratio of mucin-containing area.

2.18. TUNEL assay

Apoptotic cells in SMG tissues were analyzed using terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) staining using an apoptotic cell detection kit (Millipore,
Billerica, MA, USA) at 37 °C for 60 min in the dark according to the manufacturer’s instructions.
Cells were counterstained for 5 min using DAPI (Vector Labs, San Diego, CA, USA). TUNEL-
positive cells had pyknotic nuclear fragments that were stained dark green after the fluorescent
staining of apoptotic cells. Apoptotic cells were quantified by assessing the number of TUNEL-
positive cells from three randomly selected fields per slide from each mouse using a blinded
examiner. All fluorescence images of the sections were obtained using an Axio Imager M2

microscope (Carl Zeiss).
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2.19. Histochemistry and immunohistochemistry

Tissue samples were fixed with formalin and embedded in paraffin. Following dewaxing and
rehydration, immunofluorescence-stained using a heat-induced epitope retrieval was performed by
boiling the specimens in Tris-EDTA buffer (pH 9.0) at 98 °C for 45 min. With 5% normal goat
serum as the blocking solution. Subsequently, the slides were washed in Tris-Buffered Saline (TBS)
before followed by incubation with primary antibodies overnight at 4 °C. The following primary
antibodies were used for IHC or IF experiments; KRTS (#905904, 1:1000; Biolegend, San Diego,
CA, USA), KRT7 (#ab181598, 1:500; Abcam), KRT14 (#ab7800, 1:500; Abcam), MIST1
(#ab187978, 1:250; Abcam), AQPS5 (#sc-514022, 1:1000; Santa Cruz, Dallas, CA, USA), MUC10
(#0rb101843, 1:250; Biorbyt, Cambridge, UK), Cleaved Caspase-3 (#9661, 1:500; Cell Signaling,
Danvers, MA, USA), gH2AX (#80312, 1:500; Cell Signaling, Danvers, MA, USA), PCNA (#2586,
1:1000; Cell Signaling, Danvers, MA, USA), p-PI3K (#4228, 1:200; Cell Signaling, Danvers, MA,
USA), and p-AKT (#4060, 1:200; Cell Signaling, Danvers, MA, USA). Biotinylated secondary
antibodies and Pierce DAB substrate kit (#34002, Thermo Fischer) were used for IHC. For IF, the
following secondary antibodies were used at 1:500 dilution; Donkey anti-Mouse 1gG, Alexa Fluor™
Plus 488 (#A32766, Invitrogen), Donkey anti-Rabbit IgG, Alexa Fluor™ Plus 488 (#A32790,
Invitrogen), Donkey anti-Mouse IgG, Alexa Fluor™ Plus 555 (#A32773, Invitrogen), Donkey anti-
Rabbit IgG, Alexa Fluor™ Plus 555 (#A32794, Invitrogen), Donkey anti-Goat IgG, Alexa Fluor™
Plus 555 (#A32816, Invitrogen), Donkey anti-Rabbit IgG, Alexa Fluor™ Plus 647 (#A32795,
Invitrogen), Alexa Fluor 488 AffiniPure Donkey Anti-Chicken IgY (#703545155, Jackson
ImmunoResearch, West Grove, PA, USA), and nuclei were counterstained with Hoechst 33342
(#R37605, Thermo Fischer). The data were analyzed with NIS-elements BR (Nikon) or ZEN (Carl

Zeiss) software.

2.20. Quantitative real-time polymerase chain reaction analysis

Total RNA was isolated from the cultured organoids and mouse tissue using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA), and 1 pg of total RNA was subjected to first-strand cDNA
synthesis (Takara Bio, Shiga Ontario, Japan), according to the manufacturer’s instructions. Gene
expression was assessed by the conventional SYBR method using the QuantStudio 5 Real-Time
PCR Systems (Applied Biosystems). Primer information for analysis of mouse and human genes.

Gene expressions were normalized to the expression of GAPDH. The amplification program

11



consisted of 35 cycles of denaturation at 95 °C for 5 s, annealing at 55 °C for 20 s, and extension
at 72 °C for 20 s. Sample quantification was performed according to the threshold cycle using the

AACt method. The values presented in the graphs are mean + SD values.

2.21. Statistical analysis

Statistical analysis was performed using Prism software (GraphPad® Software, Inc., CA, USA),

Fkk

and statistical significance was defined as “P < 0.05, P < 0.01, and *™P < 0.001 for comparison
to 2D group; *P < 0.05, #P < 0.01 and **P < 0.001 for comparison to 3D-®A group; *P < 0.05, %P
< 0.01, and **P < 0.001 for comparison to the 3D"NT group. One-way ANOVA using Tukey’s post-
hoc test was used to compare groups; Control: (healthy control); PBS: PBS injected after irradiation
(Positive control or Disease group); 2D: treated with 2D culture exosomes; 3DL94; treated with

PLGA scaffold culture exosomes; 3DWNT: treated with WNT3A scaffold culture exosomes.
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3. Results

3.1. Characterization of WNT3A-releasing microwell scaffolds

Figs. 1 A and B depict a manufacturing process of the WNT3A-releasing microwell scaffolds. Fig.
1C shows the completed images of the scaffold for culture in a 24-well plate. This WNT3A-releasing
microwell scaffold enabled spheroids formation, sustained release of WNT3A, and their influence
on the cells during the culture to improve function-enhanced exosome secretion from the cells, as
shown in Fig. 1D. The combination of electrospinning and photopatterning techniques produced a
well-defined microwell array consisting of a PEG hydrogel wall and PCL nanofibers as shown in
the SEM images (Fig. 1E). Surface profile data revealed that the depth of the microwell was
approximately 128 pm (Fig. 1F). The morphology and thicknesses of the PLGA nanofibers with and
without loading WNT3A were analyzed through SEM examination (Fig. 1G and 1H). The similar
average diameters of the bare PLGA and WNT3A-loaded PLGA nanofibers, which resulted in
3.2076 £+ 0.6043 pm and 3.2095 + 0.8896 pum, respectively, demonstrate that the two nanofibers
have no significant difference and thus suitable to compare for control experiment. Although the
magnified SEM images of the nanofibers in Fig. 1G showed a different morphological feature such
as the rough surface of WNT3A-loaded PLGA nanofiber strands, this resulted from the existence of
WNT3A protein since the protein’s structural heterogeneity and surface charge affects the

electrospinning process.
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Figure 1. Schematic representation of the overall procedure for manufacturing insert-
integrated WNT3A-releasing scaffolds. (A) Fabrication process of PCL microwells and WNT3a-
releasing PLGA nanofiber. (B) Stacking method of PCL microwells and WNT3A-loaded PLGA
nanofiber using insert. (C) Images of fabricated insert-integrated WNT3A-releasing scaffold. (D)
Schematic representation of cell seeding and spheroid formation on WNT3A-releasing scaffold. (E)
SEM images of PCL microwells (scale bar = 100pum). (F) Surface profiler of PCL microwells. (G)
SEM images and (H) diameter distribution of bare PLGA nanofibers and WNT3A-loaded PLGA

nanofibers. (scale bar = 10um).

15



3.2. Release profile of WNT3A and cell viability

SG-EpSCs were seeded onto the Microwell, PLGA+Microwell, and WNT3A+Microwell groups
and cultured for 5 days. To identify the cell morphology and viability, a Live/Dead assay was
conducted for days 1, 3, and 5 (Fig 2A). This result indicates that once the cells were attached to the
PCL nanofiber layer after their seeding process, they grew and aggregated well during the culture,
which leads to successful spheroids formation. Spheroids formations were observed in the PCL
microwell layer of all groups within 5 days. The existence of the PLGA nanofiber layer had any
negative influence on the cell culture, which was determined by comparison of the PCL group,
PLGA group and PLGA+WNT3A groups. The SG-EpSCs were more densely assembled as
spheroids in the PLGA+WNT3A group than in the PCL and PLGA groups. To detect the
proliferation of SG-EpSCs cultured on PCL, PLGA group, and PLGA+WNT3A group, a CCKS8
assay was performed within 5 days. As shown in Fig. 2B, the cells seeded on all three groups
proliferated well within 5 days of culture, indicating that PCL, PLGA group, and PLGA+WNT3A
group cultures induced no significant cytotoxicity. PCL and PLGA groups had no significant
differences in the measured value of the number of cells proliferated for each day 1, 3, and 5, which
represents that the PLGA nanofiber layer including its by-products produced by the hydrolysis of
PLGA in the culture medium did not affect during the cell culture and spheroids formation at all.
According to this result, we decided to exclude using the PCL group and rather use only the PLGA
group as a 3D spheroid cell culture group without WNT3A protein, as a control group of
WNT3A+PCL, for further in vitro and in vivo assessment. Among the three groups, the
WNT3A+PCL group showed the best proliferative ability compared to the other two groups. The
release of the WNT3A from PLGA nanofibers of our WNT3A-releasing scaffold was determined by
ELISA assay upon recombinant human-WNT3A. Fig. 2C shows a cumulative release profile of
WNT3A proteins within 7 days. The initial burst was observed within 4 hours after immersing in
PBS at 37°C condition and then showed a linear release profile until day 4. From day 4 to day 7, the
release rate decreased compared to the previous days. 33ng of the WNT3A protein was initially
loaded on one scaffold, and the total amount of the WNT3A protein released from the scaffold within
7 days was measured to 20.26439 + 0.219376 ng. As a result, we verified that our scaffold has about
61.4% yield of the WNT3A protein release. There results demonstrated that our scaffold was
successfully designed to enable sustained release of the protein completely within 7 days to affect

the cell function during the culture since the cell spheroids formation on our scaffold takes 5 days
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and we harvest the exosome on the seventh day of the culture.
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Figure 2. WNT3A release profiling and cell viability assessment of SG-EpSCs in PLGA-
microwells. (A) Live/Dead fluorescence images of SG-EpSCs cultured on the scaffolds (scale bar
=200um). (B) Cell viability results of SG-EpSCs cultured on Microwell, PLGA + Microwell, and
WNT3A/PLGA + Microwell scaffolds for day 1, 3, and 5. (C) Cumulative WNT3A release profile
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of WNT3A -releasing scaffold. ELISA assay upon recombinant human-WNT3A was conducted

twice with n=3 for each trial.

3.3. Characterization of SG-EpSCs derived exosomes

While all cells are known to release exosomes, it is reported that rapidly dividing cells release a
greater amount of exosomes. Therefore, we aimed to measure the released exosomes from cells
cultured in 2D (hereafter, 2D), cells cultured in PLGA microwells for 3D culture (hereafter, 3DP-CA),
and cells cultured in WNT3A+PLGA microwells where WNT3A (hereafter, 3DWNT) is released to
validate this hypothesis. To test our hypothesis, first, we isolated exosomes from the supernatant of
equal amount of endpoint cell numbers of each cell culture conditions by sequential centrifugation
(Fig. 3A). Nanoparticle tracking analysis (NTA) revealed that the average diameter of the most
common particle is 120.9 nm, and the distribution histogram further showed that the diameter of this
particle was concentrated in the range of 120—150 nm (Fig. 3B-D). Exosome particles derived from
3DPLeA and 3DWNT increased compared to those derived from 2D. This interpretation is supported
by the large range in scattering intensity observed across EV size in the nanoparticle tracking
analysis data (Inserted panel of Fig. 3B-D). EV concentration per 1 mL increased from 2D to 3DP-¢4
and further increased from 3DP-CA to 3DWNT, The amount of EVs released per cell also showed
consistent results across these conditions (Fig. 3E-F). On the other hand, the average diameter of
EVs was larger than that of 3DP-®A in 2D, and 3DP-®A was found to be larger than 3DWNT (Fig. 3G).
The measurements of EVs released in each culture condition using transmission electron microscopy
also confirmed consistency in EV size with the results obtained from NTA (Fig. 3H-J). Furthermore,
the culture environment not only altered the release of EVs from cells but also, upon comparing EVs
of the same quantity through western blot, revealed higher expression of the representative
tetraspanin family markers CD9 and CD81 in 3DP-¢A and 3DWNT compared to 2D (Fig. 3K).
Conversely, calnexin, used as a cell surface marker, showed higher expression in 2D. Collectively,
in summary, 3D culturing using WNT3A protein-secreting scaffolds increased the growth of SG-

EpSCs cells, thereby enhancing the quantity of EVs released per cell.
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(B-D) Measurement of the microvesicle concentration by nanoparticle tracking analysis (NTA).
(upper panel) Scattering distributions are presented from three consecutive 60 s runs for each sample
(n=35). (E) Quantification of the number of secreted EVs. (F) Particle number per cell for 2D,
3DPL%A and 3DYNT (n=5). (G) Quantification of the size of secreted EVs. (H-J) Representative TEM
images of exosomes isolated from SG-EpSCs confirm the expected cup-shaped morphology of
vesicles seen in three different exosomes. (K) Detection of exosomal positive markers CD9, CD81,
and exosomal negative marker Calnexin by western blotting (20 pg protein per each lane). Data are
presented as the mean cell number = SEM. One-way ANOVA and Tukey’s post-hoc test were used
to compare groups. *compared to 2D; *compared to 3DFL9A *P < (.05, ***P < 0.001, %P <

0.05, $%5P < 0.001.
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3.4. Retroductal exosome administration reduces radiation-related

morbidity and evaluates the functional changes in gland function.

When the mouse salivary glands are irradiated, nearly all acinar and ductal cells suffer irreversible
loss. To investigate the role of EVs in the salivary gland dysfunction model, salivary gland
dysfunction was induced by irradiation three times, and 2D, 3DP-¢A, and 3DWNT exosomes were
administered three times for three days. Salivary glands were analyzed at 2 and 12 weeks post-
irradiation. (Fig. 4A). Final body weights at 12 weeks post-irradiation significantly differed among
the groups (Fig. 4B). We found that IR-induced body weight loss in 35-40% of irradiated mice (PBS)
at 12 weeks post-IR possibly due to loss of saliva and decreased oral intake. And, the average body
weights were greater in the 2D, 3DP-CA and 3DWNT groups than in the PBS group. As a result of
measuring the gland size and gland weight, it was found to be smaller in the 2D group than in the
3DPLeA and 3DWNT groups, and the gland size in the PBS group was the smallest (Fig. 4C, D). At
12 weeks post-IR, the PBS group showed a significantly reduced ability to produce saliva with
decreased SFR and prolonged salivation lag time, compared with the control group (Fig. 4E, F).
Both SFR and lag time were significantly improved in the 2D, 3D-%A, and 3DWNT groups, compared
with the PBS group, at 12 weeks post-IR. Both SFR and lag time were significantly improved in the
2D, 3DP-®A and 3DYNT groups, compared with the PBS group, at 12 weeks post-IR. The 3DWNT
group showed more effective SFR and lag time improvement at 2- and 12-weeks post-IR than the
2D, 3DP®A group (Fig. 4E, F). In addition, a chronic salivary gland damage model induced by
radiation, utilizing mice that had passed 12 weeks post-exposure, was examined using special
staining techniques such as hematoxylin and eosin (H&E), periodic acid—Schiff (PAS) and Masson’s
trichrome (MTC) staining. Histologically, IR-induced salivary gland showed epithelial
desquamation, vacuolation, loss of acinar and duct structure, and inflammatory cell infiltration.
Exosome treatment decreased the IR-induced increase in epithelial desquamation, vacuolation, loss
of acinar and duct structure, and inflammatory cell infiltration compared with IR-treated salivary
gland (Fig. 4G). Moreover, the average total damage score was lower in the 3DP-¢A group than in
the 2D group, and lower in the 3DWNT group than in the 3DP-®A group (Fig. 4J). Mucin-producing
acini were assessed by quantification of magenta-colored areas (Fig. 4H). Degrees of fibrosis were
evaluated by measuring blue areas after MTC staining (Fig. 41). The results of morphometric
analysis revealed that fibrosis increased and mucin-containing area decreased significantly after

irradiation. However, compared to the PBS-administered group, fibrosis decreased and mucus
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production area increased in the 2D-administered group, and in the 3D group, the 3DWNT group had
better effects than the 3DP-CA group (Fig. 4K, L). These increases were significantly higher in the
3DWNT group than in the 2D, 3DP-®A, suggesting that retroductal administration of EVs protection

the survival of acinar, ductal structure and mucin components for up to 12 weeks post-IR.
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Figure 4. Retrograde exosome administration reduces radiation-related damage and preserves
salivary glandular function. (A) Schematic protocol for investigating EVs in a mouse model of
salivary gland hypofunction. (B) Body weight changes over time after IR. (C) Representative image
of SMGs extirpated at 12 weeks after IR. (D) Salivary gland weight was measured at 12 weeks after
IR. (E) Salivary total volume (uL/5 min) after stimulation at 12 weeks after IR. (F) Lag time to
salivation (sec) after pilocarpine stimulation at 12 weeks after IR. Representative histological images
of H&E, PAS, and MTC staining at 12 weeks post-IR (scale bar = 25 um). Representative
histological images of H&E staining at 12 weeks post-irradiation (scale bar =25 pm). (G) Arrows
indicate vacuolization. “A” and “D” indicate acinar cells and ductal cells, respectively. (H) PAS and,
(I) MTC staining at 12 weeks post-irradiation (scale bar=25 um). Arrows indicate fibrosis. (J)
Densitometric analyses were performed by measuring the pixels of the acinar and ductal areas after
H&E staining; SMG damage score was quantified based on the morphological breakdown of acinar
and ductal structures after H&E imaging, (K) Magenta-colored mucin production areas after PAS
staining, (L) Blue fibrotic lesion areas after MTC staining. Three random fields of sections were
calculated by Imagel software. Data are presented as the mean cell number =+ SEM. One-way
ANOVA and Tukey’s post-hoc test were used to compare groups. *compared to PBS; *compared to
2D; Scompared to 3DPLYA, ##p < (.01, ***P < 0.001, “P < 0.05, *#P < 0.001, 5P < 0.05, $%5P <
0.001.
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3.5. Exosomes can promote cell proliferation and exhibit an enhanced
protective effect against irradiation-induced cell death and structural

damage to salivary glands.

Next, we investigated the mechanism through which exosomes protect the structure and function of
SMGs from radiation exposure. To examine whether exosome treatment inhibits cell death and
preserves the structure and function of SMGs, we investigated whether DNA double-strand breaks
(DNA-DSBs) induced by radiation contribute to cell death. Following exosome administration, we
examined whether DNA-DSBs decreased. The results showed that the levels of the DNA damage
marker YH2AX significantly decreased in the 3DWNT group compared to the PBS, 2D, and 3DP-¢A
groups, indicating a protective effect of exosomes on DNA damage induced by radiation (Fig. 5A).
The SMG tissues in the PBS group exhibited significant DNA damage, while yYH2AX-positive cells
were markedly reduced in both acinar and ductal compartments in mice treated with EVs (Figure B-
C). And the co-expression of caspase-3, an apoptosis marker, and AQP5* pro-acinar cells was
observed, with a significant decrease in the number of caspase-3-expressing cells in the 2D, 3DP-6A,
and 3DWNT groups (Figure D and E). After the investigation, the number of TUNEL -positive cells
significantly increased following radiation exposure. Compared to the PBS group, both the 2D,
3DPLCA and 3DWNT groups showed a significant decrease in the number of TUNEL-positive
apoptotic cells in both acinar and ductal compartments (Figure 5(F) and (G-H)). We observed that
the radioprotective effects against radiation-induced DNA damage-related cell death were
significantly greater in the 3D"NT group compared to the 2D and 3DP-®A groups. Additionally,
immunohistochemical results showed a significant increase in Ki67 expression levels in both acinar
and ductal cells (Figure 5(1) and (J). These findings suggest that administering 3D-¢A or 3DWNT
exosomes can promote cell proliferation and protect AQP5* pro-acinar cells from radiation-induced
cellular damage. Exosomes may contribute to alleviating radiation-induced salivary gland damage

and deterioration.
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Figure 5. Exosomes extracted from 3D culture after 2 weeks post-irradiation exhibited
enhanced anti-apoptotic effects and proliferative activities compared to those extracted from
2D culture. (A) Representative immunofluorescence and (B, C). quantified positive cell numbers
were obtained via the yYyH2AX in AQP5* cells. (scale bar=25pum). (D) Representative
immunofluorescence and (E) quantified positive cell numbers were obtained via the cleavage
caspase-3 in AQP5" cells. (scale bar = 25 um). (F) Representative immunohistochemistry and (G, H)
quantified positive cell numbers were obtained via the TUNEL assay (scale bar=25 um). (I)
Representative immunohistochemistry and (J) quantified positive cell numbers were obtained via
the Ki67 assay (scale bar=25 um). Data are presented as the mean cell number + SEM. One-way
ANOVA and Tukey’s post-hoc test were used to compare groups. *compared to PBS; *compared to
2D; Scompared to 3DFMOA, *#P < (.05, **P < 0.01, ***P < 0.001, *P < 0.05, #P < 0.01, *#*P <
0.001, 3P < 0.05.
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3.6. Retrograde ductal infusion of exosomes promotes the survival of
salivary gland progenitor cells and enhances function through the PI3K-

AKT signaling pathway.

We also investigated the expression of ductal progenitor markers KRT5 and KRT7 at 2 and 12 weeks
post-irradiation. Immunofluorescence staining revealed a significant increase in the expression of
KRT5 and KRT7 in the KRT5* ductal progenitor cells and KRT7* luminal ductal cells in the 2D,
3DPLeA and 3DYNT groups compared to the PBS group (Fig. 6A and B-C). We also examined the
expression of the acinar transcription factor cell, Mistl, and the pro-acinar cell marker, AQPS5.
Immunofluorescence staining revealed a significant increase in the expression of Mistl* acinar
transcription cells and AQP5* pro-acinar cells in the 2D, 3DP-®A, and 3DWNT groups compared to
the PBS group (Fig. 6D and E). Additionally, the transcripts for Mistl and Agp5 decreased after
irradiation but returned to control levels by 12 weeks post-IR. These results suggest that Mistl is
involved in the recovery of the salivary glands via exosomes. Therefore, despite the initial loss,
AQP5 can be replenished in the acinar compartment by Mistl+ cells following radiation-induced
damage. Therefore, in salivary gland tissues from mice exposed to radiation and allowed to recover
for two weeks, the phosphorylation of PI3K and AKT was confirmed through
immunohistochemistry (Fig. 6F, G). Compared to the group irrigated with PBS immediately after
radiation exposure, overall phosphorylation of PI3K and AKT was observed to be higher in the

group treated with exosomes, particularly in the 3DWNT group (Fig. 6H, I).
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Figure 6. Retrograde exosome administration restores IR-induced salivary gland architecture
and replenishes KTR5*/TRT7* ductal progenitors and AQP5*/Mistl* acinar cells. (A)
Representative immunofluorescence images and (B, C) quantified positive KRT5* cell number and
KRT7*cells. The nuclei were counterstained with DAPI (scale bar =25 um). (D) Representative
immunofluorescence images and (E) quantified positive Mistl + cell number in AQPS5 + cells. The
nuclei were counterstained with DAPI (scale bar=25pum). (F, G) Representative images of
regulation of cell survival, growth, metabolism, and proliferation (p-PI3K, p-AKT). The scale bar
indicates 25 um. (H, I) Densitometric analyses were performed by measuring the cells of the acinar
and ductal areas after p-PI3K, p-AKT; SMG survival, growth, metabolism, and proliferation score
was quantified based on the morphological breakdown of acinar and ductal structures after p-PI3K,
p-AKT imaging. The nuclei were counterstained with hematoxylin (scale bar=25 pum). Data are
presented as the mean cell number = SEM. One-way ANOVA and Tukey’s post-hoc test were used
to compare groups. *compared to PBS; *compared to 2D; Scompared to 3DPL9A, *P < (.05, **P <

0.01, ***P < 0.001, *P <0.05, #P < 0.01, **P < 0.001, P < 0.05.
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3.7. Exosomes harvested from the WNT3A scaffold suppressed apoptosis

and promoted growth in irradiated mouse salivary organoids.

DPLGA and

To investigate the biological effect and differences of exosomes derived from 2D, 3
3DWNT we utilized an organoid system derived from submandibular glands (SGOs) (Fig. 7A). Firstly,
we explored the optimal treatment concentration of exosomes. When exosomes from all three groups
were applied to irradiated organoids, an increase in exosome concentration corresponded to an
augmentation in cell viability (Fig. 7B). Therefore, we determined to use a concentration of 1x10°9
particles/mL EVs in subsequent ex vivo experiments. Radiation exposure reduced the size of SGOs
and inhibited cell growth, as well as decreased the occurrence of budding or branching (Fig. 7C and
F). However, exosomes derived from 2D, 3D"-0A, and 3D™NT restored both the size of diminished
SGOs and cell growth, and partially improved budding or branching in response to radiation-induced
DWNT

changes (Fig. 7C and F). Furthermore, exosomes derived from 3 showed superior effects

compared to those derived from 2D and 3DP-6A

in increasing cell proliferation rates as assessed by
radiation exposure (Fig. 7C, F, and G). Exosomes not only improved the morphology and cell growth
ofirradiated organoids but also enhanced mucin production, as confirmed through PAS staining (Fig.

7D, G, and H).
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Figure 7. Exosomes mitigate radiation toxicity in salivary glands organoids derived from mice
tissue. A scheme of the methodology. Schematic representation of mouse salivary gland organoid
culture from salivary gland stem cells or cells isolated from the salivary gland. Produced with
BioRender.com. (A) Exosome concentration testing and assessment of cell survival rates. (B)

Microscopic image (phase contrast) of organoids developed from mouse salivary gland organoids
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demonstrating the loss of crypt domain exposed to irradiation (C-D). Both bright field and
hematoxylin and eosin (H&E) staining demonstrated complete loss of budding crypt at 5 days post-
irradiation. mSMG organoids were subjected to periodic acid-Schiff staining (E). Quantification of
the size of organoids by measuring the diameters of organoids (n=15, ***p < 0.001) (F). To measure
viability of MSGOs, Cell Titer-Glo 3D was used at the indicated time points post-infection. Mock-
infected MSGOs were used to normalize the viability as a percentage (G). Quantification of the
mucin component of organoids by measuring the diameters of organoids (H). Data are presented as
the mean cell number = SEM. One-way ANOVA and Tukey’s post-hoc test were used to compare
groups. “compared to IR; *compared to 2D; *compared to 3DP-CA, *P < 0.05, **P < 0.01, ***P <
0.001, ##P < 0.01, ##P < 0.001, $P < 0.05, $$$P < 0.001).
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3.8. The retroductal delivery of YWHAZ-loaded exosomes is a major
pathway for regulating the regeneration of salivary gland dysfunction

following irradiation.

To ascertain whether exosomes contributed to the growth of organoids by inhibiting apoptosis or
promoting cell proliferation, immunofluorescent staining was conducted for markers of apoptosis,
cleaved caspase-3 (CC3) (Fig. 8A, C). Exosomes not only inhibited cell death in investigated
organoids but also exhibited smaller sizes and fewer branches compared to uninvestigated organoids.
the sizes of irradiated and EVs-treated organoids were larger than those of irradiated and EVs-
untreated organoids and, they notably stimulated cell growth, with exosomes derived from 3DWNT
showing the most potent effects. (Fig. 8A, D). Furthermore, exosomes not only promote cell growth
and inhibit radiation-induced cell death but also contribute to the functional recovery of salivary
gland organoids by increasing KRT14 (ductal progenitor) and AQPS5 (pro-acinar cell) (Fig. 8B).
Radiation-induced apoptosis can be protected by the activation of the PI3K-AKT pathway. In our
study, we treated the organoids with a PI3K inhibitor (Ly294002) to investigate whether the PI3K-
AKT pathway was implicated in the effects of EV pretreatment. It is known that apoptosis by
radiation can be protected by the activation of PI3K-AKT. We treated the organoids with a PI3K
inhibitor (Ly294002) to determine if the PI3K/AKT pathway was involved in the effects of EV
pretreatment. EVs treatment decreased the levels of several apoptotic markers, including YH2AX,

p-P53, P53, and cleaved caspase-3 (Fig. 8E).
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However, in the EVs pretreatment group also treated with Ly294002, IR-induced pro and anti-
apoptotic markers were not alleviated. These results suggest that EV pretreatment can protect against
IR through the PI3K-AKT pathway. We explored whether exosomes generated from scaffolds loaded
with WNT3A exhibit superior therapeutic efficacy by analyzing the proteins encapsulated within the
exosomes using LC/MS. Hierarchical clustering of 3DPX94, and 3DWNT EV distances by heatmap

and volcano plot showed clear differences in the enriched proteins within the EV (Fig. 8E, F). When
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Figure 8. Proteomic analysis revealed diverse characteristics of exosomes under various

conditions, including cell proliferation and anti-apoptosis of mouse salivary gland organoids.
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Organoids formed in the KSFM culture medium were further cultured for an additional 5 days in the
presence or absence of exosomes. (A) Representative immunofluorescence images of Caspase-3
anti-apoptosis and PCNA proliferation cells (scale bar=25pm) and, (B) Representative
immunofluorescence images of AQPS5 pro-acinar cell and KRT14 ductal progenitor cells (scale
bar =25 um). (C,D) Quantified positive cell numbers were obtained via the CC3, PCNA positive
cells (scale bar =25 pum). (E) Western blot analysis of pro-apoptotic and anti-apoptotic protein levels
after treatment of EVs with PI3K-AKT inhibitor (Ly294002). The expression levels of Cleaved
caspase-3, BCL-2, p-P53, P53, p-AKT, and AKT were detected by Western blots. (F) Heat map of
the protein level of shared proteins among three sources of SG-EpSC-EVs. (G) Scatter plot of log
fold change versus log P value in perfusion differential expression analysis. (H) The percentage of
gene products detected in proteomics experiments as a function of gene conservation. (I) Changes
in expression levels of YWHAZ genes (14-3-3 zeta) were analyzed using qRT-PCR at 5 days after
culture. (J) Representative immunofluorescence images of YWHAZ Genes found in the human
genome. (scale bar =25 um). (K) Quantified positive cell numbers were obtained via the YWHAZ
positive cells (scale bar =25 um). Data are presented as the mean cell number + SEM. One-way
ANOVA and Tukey’s post-hoc test were used to compare groups. “compared to IR; *compared to
2D; Scompared to 3DPLCA, *P < 0.05, **P < 0.01, ***P < 0.001, ##P < 0.01, ##P < 0.001, $P <
0.05, $$$P < 0.001).
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comparing the biological properties of each internally supported protein, using Gene ontology
analysis (GO) 3D™NT showed properties for cell growth factor-related fusion, migration, and
localization (Fig. 8@G). Furthermore, when exosomes derived from 2D, 3DPLGA, and 3DWNT were
individually administered to mouse salivary gland organoids, both mRNA and protein levels of
YWHAZ were found to be highest in the 3DWNT group, as determined by qPCR analysis (Fig. 8H).
Indeed, when exosomes derived from 2D, 3DPL94, and 3D"NT were individually administered to
mouse salivary gland organoids, detection of YWHAZ through immunofluorescence staining was
found to be highest in the 3D"NT group (Fig. 81, J). These result may imply that YWHAZ enriched
3DWNT derived exosomes how exerts superior healing effect compared to other EVs.

Taken together, In summary, we confirmed the inhibition of cell apoptosis through the PI3K-AKT-
P53 axis. This has the potential to serve as a radiation mitigator or protector, allowing selective
preservation of salivary gland cells for the promotion of tissue regeneration.

In experiments where exosomes and radiation were administered to ex vivo organoids, the

promotion of AKT phosphorylation by exosomes was associated with the inhibition of cell death.
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4. DISCUSSION

Exosomes are considered promising for regenerative medicine. Their therapeutic efficacy can be
enhanced by various isolation and culture methods. In our research, we cultivated SG-EpSCs on a
WNT-secreting scaffold, which increased the secretion of exosomes and improved the healing of
radiation-damaged murine salivary glands. Exosomes released by SG-EpSCs cultured on scaffolds
loaded with WNT3A were found to be highly enriched with YWHAZ, which can inhibit cell death
and promote cell growth. These exosomes showed a significant effect in the recovery of salivary
glands in mice exposed to radiation and were verified to promote the activation of the AKT pathway
through an ex vivo organoid system.

It is crucial to maintain a consistent cellular state when cultivating a large number of cells in the
same volume or area for efficient and economical exosome production. While 2D cultivation allows
for continuous culture without complex techniques, it is challenging to prevent overconfluence, and
maintaining a consistent cell phenotype after overconfluence becomes difficult. On the other hand,
3D cultivation avoids overconfluence, allows for the cultivation of more cells in the same volume
or area compared to 2D cultivation, and facilitates exosome production. However, challenges arise
when using biological-derived extracellular matrix (ECM) such as Matrigel, including natural
differentiation and issues like tumorigenicity. In contrast, the nanofibrous artificial ECM used in our
research is free from tumorigenicity and offers the advantage of maintaining a consistent cellular
state without differentiation through motif cues adjustment. Therefore, the use of nanofibrous
artificial ECM may offer a highly efficient alternative for exosome production and research
compared to conventional 2D cultivation or the use of biological-derived ECM.

Research on tissue healing using exosomes has mainly focused on exosomes derived from MSCs
or similar stromal cells. However, recent regenerative medicine studies have looked into exosomes
derived from amniotic epithelial cells or oral epithelial cells. When combined with 3D cultivation,
epithelial cell-derived exosomes may be more effective than MSC-based approaches. Unlike various
types of MSCs, which tend to acquire motility in a biological-derived 3D culture environment,
epithelial cells do not acquire such mobility in 3D culture and maintain their inherent properties,
making them advantageous for obtaining homogeneous exosomes compared to mesenchymal cells.

Moreover, using epithelial cells may provide additional benefits in terms of cultivation and

39



maintenance compared to MSCs. By employing conditional reprogramming culture with the use of
small molecules and feeder cells, it's possible to achieve an induced immortalized state, allowing
the perpetuation of desirable cell properties after selective separation without the need to introduce
foreign genes. Our previous research suggests that exosomes derived from autologous cells may be
more advantageous for the applied tissue than stem cells from different tissues. Given that salivary
glands experience a significant decrease in mesenchymal cells with maturation, and epithelial cells
are dominant in the majority of salivary glands, utilizing exosomes derived from autologous salivary
gland epithelial cells may be a favorable option, especially in adults. However, future research is
needed to determine which cells secrete exosomes with superior efficacy, whether from epithelial or
mesenchymal cells.

The WNT proteins are molecules that signal the self-renewal of WNT-dependent stem cells from
various tissue origins. In a previous report, it was shown that activating the WNT pathway in 3D
spheroids grown in microwells primes the functions of SGSCs, such as spheroid formation and
differentiation. To investigate whether WNT proteins contribute to the promotion of stem cell
properties, attempts have been made to increase their stability and activity in stem cell cultures
without using serum. However, simply adding WNT proteins to a medium without FBS results in a
rapid loss of WNT activity. Several approaches have been tried, such as using lipid-stabilized
WNT3A, WNT3A-stabilizing serum glycoprotein afamin, and lipid-coated PLGA NPs. In this study,
WNT3A proteins were encapsulated into PLGA nanofibers, allowing the release of up to 90% of the
protein into the microwells over a 7-day period. The quantity of WNT3A released was sufficient to
maintain stemness, and the sustained release of WNT3A significantly enhanced the paracrine and
production of exosomes compared to the simple addition of recombinant WNT3A into the medium.
The released paracrine factors include HGF, VEGF, IGF, BDNF, and GDNF, which are involved in
salivary tissue development, remodeling, or homeostasis modulation. These findings suggest that
the therapeutic potential of exosomes enriched with YWHAZ, isolated from SG-EpSCs cultured on
WNT-secreting scaffolds, can enhance the improvement or regeneration of radiation-damaged
salivary glands.

Recent advancements in organoid technology have led to the replacement or planned replacement
of many experiments that previously relied on animal models. When studying the efficacy and
mechanisms of drugs, they offer advantages over animal models in observing biological processes

that occur quickly, such as protein phosphorylation and movement within the cell. However, some
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disease modeling still necessitates the use of animal experiments. In particular, the chronic loss of
acinar cells in salivary glands and pathological structural changes such as fibrosis caused by strong
radiation exposure are challenging to observe with organoids, which undergo partial cell renewal
through short-term culture or passaging. In our study, we used salivary gland organoids and found
that those treated with exosomes after irradiation were larger and more numerous compared to those
that were not treated. We also observed the presence of structures like lumens or endbuds.
Additionally, we verified changes in protein phosphorylation and expression of specific genes under
different experimental conditions using Western blotting.

In our experiments, treatment with exosomes resulted in a reduction of radiation-induced fibrosis
in the salivary glands. This was especially prominent in the group with high concentrations of
YWHAZ. However, further research is needed to determine whether YWHAZ directly contributes
to the mitigation of fibrosis or indirectly aids in reducing fibrosis through the suppression of cell
death and the subsequent inhibition of inflammation within the tissue. YWHAZ has been shown to
regulate multiple intracellular biological pathways, promoting the downstream PI3K/AKT signaling.
The 14-3-3z protein family participates in various signaling pathways by binding to motifs
containing specific phosphoserine/phosphothreonine (pSer/Thr) residues on target proteins.
YWHAZ expression is modulated by miRNAs or long non-coding RNAs, activating downstream
molecules including protein kinases, apoptosis, and proliferation proteins, as well as metastasis-
related molecules, thereby enhancing the potential of cell cycle progression. However, a
comprehensive evaluation of YWHAZ regulatory networks through bioinformatics analysis is
needed. Currently, the most widely known evidence suggests its potential role in cancer diagnosis,
prognosis, and chemoresistance. However, the specificity and sensitivity of YWHAZ as an
independent biomarker are limited. Combining YWHAZ with downstream targets may enhance its
capability as a biomarker. Previous studies have shown that YWHAZ can form a complex with B-
catenin to activate the WNT signaling pathway, enhancing cell growth potential. This result aligns
with our study, indicating that Y WHAZ may increase radiation-induced apoptosis and proliferation
both in vitro and in vivo, possibly through the PI3K/AKT axis.

Salivary gland cancers, particularly those in the head and neck region, are currently treated with
standard therapies involving surgery and CCRT. However, salivary glands are highly sensitive to
radiation, and radiation damage can cause permanent impairment of salivary gland function. While

attempts have been made to use gene therapy and growth factors to prevent or reverse salivary gland
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dysfunction, these approaches have not yet been widely adopted in clinical practice. Specifically,
the use of growth factors is limited due to the potential to stimulate the survival and growth of
remaining cancer cells. Proteomic analysis has shown an enrichment of YWHAZ in salivary gland
epithelial cells enhanced with WNT. Interestingly, YWHAZ is known to be overexpressed in many
types of malignant tumors, promoting resistance to anticancer treatments and tumor growth.
However, it has been reported that its expression is suppressed in salivary gland tumors. This
presents an opportunity for the safe use of exosomes derived from WNT-enhanced salivary gland
epithelial cells to address radiation-induced salivary gland dysfunction. Further research is needed
to understand how YWHAZ can be efficiently encapsulated within exosomes during WNT

enhancement.
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5. CONCLUSION

Our research findings show that exosomes from WNT-enhanced SG-EpSCs can help repair
radiation-damaged mouse salivary glands. They achieve this by delivering YWHAZ, which helps
resist cell apoptosis and promotes cell growth. This study proposes a new therapeutic approach and
molecular mechanism for restoring impaired salivary gland function using exosomes. The proposed
approach involves providing autologous salivary gland epithelial cells before radiotherapy in

salivary and head and neck cancer patients.
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Abstract in Korean
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