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Abstract \
Background: Sjogren’s syndrome (SS) is an autoimmune disorder characterized by sicca syndrome and/or systemic manifestations.
The treatment is still challenging. This study aimed to explore the therapeutic role and mechanism of exosomes obtained from the
supernatant of stem cells derived from human exfoliated deciduous teeth (SHED-exos) in sialadenitis caused by SS.

Methods: SHED-exos were administered to the submandibular glands (SMGs) of 14-week-old non-obese diabetic (NOD) mice, an
animal model of the clinical phase of SS, by local injection or intraductal infusion. The saliva flow rate was measured after
pilocarpine intraperitoneal injection in 21-week-old NOD mice. Protein expression was examined by western blot analysis.
Exosomal microRNA (miRNAs) were identified by microarray analysis. Paracellular permeability was evaluated by transepithelial
electrical resistance measurement.

Results: SHED-exos were injected into the SMG of NOD mice and increased saliva secretion. The injected SHED-exos were taken
up by glandular epithelial cells, and further increased paracellular permeability mediated by zonula occluden-1 (ZO-1). A total of
180 exosomal miRNAs were identified from SHED-exos, and Kyoto Encyclopedia of Genes and Genomes analysis suggested that
the phosphatidylinositol 3 kinase (PI3K)/protein kinase B (Akt) pathway might play an important role. SHED-exos treatment
down-regulated phospho-Akt (p-Akt)/Akt, phospho-glycogen synthase kinase 33 (p-GSK-38)/GSK-38, and Slug expressions and
up-regulated ZO-1 expression in SMGs and SMG-C6 cells. Both the increased ZO-1 expression and paracellular permeability
induced by SHED-exos were abolished by insulin-like growth factor 1, a PI3K agonist. Slug bound to the ZO-1 promoter and
suppressed its expression. For safer and more effective clinical application, SHED-exos were intraductally infused into the SMGs of
NOD mice, and saliva secretion was increased and accompanied by decreased levels of p-Akt/Akt, p-GSK-3B/GSK-38, and Slug
and increased ZO-1 expression.

Conclusion: Local application of SHED-exos in SMGs can ameliorate Sjogren syndrome-induced hyposalivation by increasing the
paracellular permeability of glandular epithelial cells through Akt/GSK-3B/Slug pathway-mediated ZO-1 expression.
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Introduction a chronic course and miéht remain stable for a long period
of time (up to 12 years)."”! In addition, approximately 60%
of SS patients coexist with other autoimmune diseases, such
as rheumatoid arthritis and autoimmune thyroid disease.*!
Mucocutaneous manifestations are also commonly seen
in SS patients.'”) These all have an important impact on
health-related quality of life and even worse, threaten life.

Sjogren’s syndrome (SS) is a systemic autoimmune disease
histopathologically characterized by lymphocytic infiltra-
tion of exocrine glands such as the salivary and lacrimal
glands, leading to destruction and dysfunction present with
sicca symptoms (dry mouth and dry eye)."""?! According to
the literature, >95% of SS patients present with sicca
symptoms, 70% of patients have systemic symptoms such as
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Asa systemic autoimmune disease, the treatment of SS is still
challenging. Traditional therapeutic schedules are focused
on relieving SS with art1ﬁc1al tears and saliva and even
mducmg their productlon[ Others are concentrated on
suppressing the immune system w1th immunosuppressant
and 1mmun0modulat0ry drugs.”®! However, the former
cannot reFalr the damaged glands and restore their
function,'®’ and the long-term use of immunosuppressant
drugs m1ght increase the risk of infection and the incidence of
metabolic disorders and result in cardiovascular disease.”"!
Recently, intravenous injection of bone marrow mesenchy-
malstem cells (BMMSCs), umbilical cord mesenchymal stem
cells, and conditioned media from dental pulp stem cells have
been reported to alleviate the decreased saliva secretion in
experimental and clinical $S.1"%'" Nevertheless, implanted
mesenchymal stem cells (MSCs) will not survive for a long
time in vivo, and the injected cells cannot migrate to the
damaged glands.['>'3! Moreover, the conditioned media
contains numerous and diverse cytokmes, and defining
the exact factors that work is complex.''">'*'¢! Therefore,
it is critical to determine an effective strategy that is easy to
produce with stable performance and clear composition.

Exosomes, as described as mini-maps of their cells of origin,
are extracellular microvesicles with a diameter range of 30
to 150 nm that are positive for cluster of differentiation
63 (CD63) and heat shock protein 70 (HSP70).!'7-18]
Compared with stem cells, exosomes have shown more
potential advantages for clinical application, including (but
not limited to) an absence of need for systemic administra-
tion and no self-replication.”"”! Recently, exosomes have
attracted increasing attention in cell therapy. For example,
the antitumor activities of MSCs are largely mediated
through exosome-established multldlrectlonal communica-
tion in the tumor microenvironment.'*! BMMSC-derived
exosomes are found to induce long-term neuroprotection
and promote neuroregeneration and neurologlcal recovery
in a rodent stroke model at the same time.!*"**! Stem cell-
derived exosomes improve ischemia/reperfusion injury in
rat lungs.””*! Stem cells from human exfoliated deciduous
teeth (WSHEDS) have been isolated and named by Miura
etal®'in 2003 for the first time. Our recent study has shown
thatintravenousinjection of SHEDs protects gland function,
avoidingimmune damage, in 7-week-old non-obese dlabetlc
(NOD) mice, which represents an initial phase of SS.I!
However, with respect to patients in the clinical phase of SS
displaying developed inflammation and gland dysfunction,
it needs to be elucidated whether SHED-derived exosomes
(SHED-exos) have a therapeutic effect on sialadenitis, as
well as the underlying mechanism of this effect.

Therefore, the purposes of the present study were to
explore the therapeutic effects of SHED-exos on the
structure and functional injury caused by SS and to further
reveal the underlying mechanism of increasing saliva
secretion of the damaged glands by SHED-exos.

Methods

Ethical approval

The study was approved by the Institutional Review Board
of Peking University School of Stomatology (No.

WWW.CImj.org

PKUSSIRB-201950162). Participants were informed
about the research project, and informed consent forms
were signed. Mice were used under the ethical approval

and the ethical guidelines of the Peking University
Institutional Review Board (No. LA2019109).

Cell and tissue culture

SHEDs were provided by the ORAL STEM CELL BANK
(Beijing Tason Biotech Co., Beijing, China) and cultured in
MSC medium containing 10% fetal bovine serum (FBS),
100 pg/mL streptomycin, and 100 U/mL penicillin.
Human immortalized keratinocytes (HaCaTs) were
purchased from American Type Culture Collection
(Rockville, MD, USA) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10%
FBS, 100 pg/mL streptomycin, and 100 U/mL penicillin.
Human submandibular gland (SMG) tissues were
obtained from five patients (45-58 years old; three
females) who had primary oral squamous cell carcinoma
but had not received irradiation and chemotherapy and
were undergoing functional neck dissection as part of
surgical treatment. All the collected tissues were histologi-
cally confirmed as normal. For acinar cell preparation, the
gland tissue was minced on ice and digested with
collagenase (Worthington, Lakewood, USA) and 1%
bovine serym albumin (BSA) for 60 min as reported
previously.?’! Duct cells were cultured from Wharton’s
duct tissues with high expression of creatine kinase 8
(CK8) and low expression of a-amylase. For tissue culture,
the fresh gland tissues were minced into small pieces (0. 5
m?) and cultured with or without SHED-exos for 24 h at
37°C. Damaged labial gland samples were obtained from
four SS patients (25-45 years old; three females, diagnosis
according to the American College of Rheumatology/
European League Against Rheumatism Criteria) in Peking
University School of Stomatology, and the labial glands
obtained from four mucocele patients served as normal
controls. The fresh gland tissues were minced into small
pieces (0.5 mm?®) and cultured with or without SHED-exos
for 24 h at 37°C. The SMGs of 14-week-old NOD mice
were collected. The fresh gland tissues were minced into
small pieces and cultured with or without SHED-exos for
24 h at 37°C. Then, all the cultured tissues were collected
for further examination. The rat submandibular epithelial
cell line with characteristics of acinar cells (SMG-C6, a
generous gift from Dr. David O. Quissell) was routinely
cultured in DMEM/F12 (1:1 mixture) containing 5 pwg/mL
transferrin, 2 nmol/L triiodothyronine, 1.1 pmol/L
hydrocortisone, 0.1 wmol/L retinoic acid, 5 mmol/L
glutamine, 80 ng/mL epidermal growth factor, 50 wg/mL
gentamicin sulfate, 5§ wg/mL insulin, 100 U/mL penicillin,
100 pg/mL streptomycin, and 2.5 % FBS.126 All cell and
tissue culture constituents were purchased from Gibco
(Rockville, USA) and Sigma-Aldrich (St Louis, USA).

Exosome isolation and identification

Exosomes were collected from the supernatants of SHEDs
and HaCaTs (both cultured in exosome-free medium with
exosome depleted FBS) and isolated by ultracentrlfugatlon
and sucrose cushion as described previously.!*”!
For identification, SHED-exos were stained with
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phosphotungstic acid and examined with a transmission
electron microscope (JEM-1400 electron microscope,
JOEL, Japan). Furthermore, the size distribution and
particle concentration were determined by nanoparticle
tracking analysis with a NanoSight NS300 (Malvern, UK)
and 3.2 DevBuild 3.2.16.

SHED-exos treatment

The 7- and 14-week-old female NOD mice and age-
matched BALB/c mice used in the study were obtained
from Peking University Health Science Center. The
investigation conformed to the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health. All animal surgeries were performed
under anesthesia, and all efforts were made to minimize
suffering. For injection, 50 pg SHED-exos (diluted in 25
L phosphate buffer saline [PBS]) were injected into the
SMGs at multiple points in 14-week-old NOD mice,
which represents the clinical phase of SS. For intraductal
infusion, the intraoral duct orifice of the SMG was
inserted with an intrathecal catheter system (11.7 cm, 32
g accepts, 27 g needles) and perfused with 50 wg SHED-
exos into 14-week-old NOD mice. Equal volume of PBS
was perfused as control and 50 wg HaCaT-exos (diluted
in 25 pL PBS) was injected as the “sham” exos. The mice
were euthanized after 21 weeks, and the SMGs were
collected.

Stimulated saliva flow rate measurement

Under anesthesia, the mice were intraperitoneally injected
with pilocarpine (0.05 mg/100 g body weight), and then
the whole saliva was collected with a micropipette from
the oral cavity for 10 min. The weight of the saliva was
measured with a precision weighing balance (METTLER
TOLEDO, Columbus, USA).

Hematoxylin-eosin staining and histological evaluation

The SMG tissues of mice were surgically removed and
fixed with 4% paraformaldehyde and embedded in
paraffin wax. The specimens were serially cut into 5
pm thick sections and stained with hematoxylin and eosin.
The sections were observed under a microscope for
lymphocytic infiltration. The degree of inflammation was
assessed and averaged from three different randomly
selected fields in each sample from six SMGs of each
group. The focus score was defined as the number of foci
comprising >50 mononuclear cells per 4 mm? of gland
tissue and the ratio index was defined as the ratio of the
foci area to the tissue total area.

SHED-exos labeling and tracking

SHED-exos were incubated with 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide (DiR; Invitrogen,
Carlsbad, Calif, USA) and PKH26 (Sigma-Aldrich) and
then injected into the glands. The bioluminescence was
measured using the in vivo Imaging Systems (IVIS)
(Caliper Life Sciences, Hopkinton, USA). Next, PKH26-
labeled SHED-exos were incubated with SMG-C6 cells,
primary cultured human SMG acinar cells, and duct cells

WWW.CIj.org

for 24 h. The above images were captured by confocal
microscopy (LMS710, Carl Zeiss Microscopy, Oberko-
chen, Germany).

Real-time polymerase chain reaction (PCR)

Total RNA from four control and four SS labial gland
tissues was extracted using TRIzol reagent (Invitrogen),
and copy DNA (cDNA) was synthesized using a cDNA
Reverse Transcription Kit (Takara, Tokyo, Japan). PCR
was conducted with FastStart Universal SYBR Green
Master reagent (Roche, Mannheim, Germany) as de-
scribed on the ABI Prism 7500 real-time PCR system
(Applied Biosystems, Waltham, USA). The total mRNA
extracted from each sample was performed real-time PCR
in triplicate and the primer sequences used are listed in
Supplementary Table 1, http:/links.lww.com/CM9/B445.

Microarray analysis

SHED-exos extracted from three individual SHEDs samples
were analyzed with an Agilent Human miRNA microarray
(v21.0; Agilent Technologies Inc., Santa Clara, USA). The
original data files were processed by Feature Extraction
software (Agilent Technologies, Inc.). Signals were normal-
ized using Gene Spring GX software 11.0 (Agilent
Technologies). The target genes of exosamal microRNA
(miRNAs) underwent further Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway classification analysis.

Western blotting analysis

SMG tissues and SMG-C6 cells were harvested in lysis
buffer (RIPA buffer, #89900, Thermo Fisher Scientific,
Waltham, USA) and ultrasonicated at 4°C for 30 s. After
centrifugation at 12,000 xg for 10 min, the protein
concentrations were determined using a bicinchoninic acid
protein assay kit (MPK002; M&C Gene Technology,
Beijing, China). The proteins (30 pg) were separated by
12% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to polyvinylidene fluo-
ride membranes, probed with primary antibodies, and then
incubated with horseradish peroxidase-conjugated second-
ary antibodies (ZSGB-BIO, Beijing, China). The target
proteins were detected using enhanced chemiluminescence
reagent (Huaxingbio, Beijing, China). Detailed information
on the antibodies is listed in Supplementary Table 2, http://
links.lww.com/CM9/B445. Immunoreactive band intensi-
ties were calculated with Image] software v1.8.0 (National
Institutes of Health, Bethesda, USA).

Immunofuorescence staining

SMG-C6 cells cultured on glass coverslips were fixed in
4% paraformaldehyde and permeabilized with 0.1%
Triton X-100. Once they were blocked with 1% BSA, cells
were incubated with anti-zonula occluden-1 (ZO-1) and
anti-occludin antibodies at 4°C overnight, and then
incubated with Alexa Fluor 594- or Alexa Fluor 488-
conjugated secondary antibodies. Nuclei were stained
with 4', 6-diamidino-2-phenylindole. Fluorescence images
were captured by a laser scanning confocal microscope
(TCS SP8, Leica, Wetzlar, Germany).
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Transepithelial electrical resistance (TER) measurement

Confluent monolayers of SMG-C6 cells were grown in 24-
well Transwell ™ chambers (Corning Costar, Cambridge,
USA) for 7 days, and then TER was measured at 37°C
using an Epithelial Volt Ohm Meter (WPI, FL, USA). TER
values were calculated by subtracting the blank filter (90
Q) and by multiplying the surface area of the filter.

Z0-1 knockout and rescue

SMG-C6 cells were transfected with the ZO-1 small guide
RNA (sgRNA) plasmid (sequence: TTCACCAATGT-
GACCTTGGT; Genechem Inc., Shanghai, China). Scram-
bled guide RNA plasmids were used as a negative control.
For re-expression (“rescue”), ZO-1 knockout SMG-Cé
cells were cultured to 60% confluency and transfected
with ZO-1 ¢DNA plasmids (#30313, Addgene, http:/
www.addgene.org).

Double luciferase reporter gene assay

A rat ZO-1 promoter fragment was amplified by PCR and
inserted into the pGL3 vector. HEK293T cells were
transfected with plasmids expressing the ZO-1 promoter
region or Slug. For normalization, the Renilla luciferase
reporter construct was cotransfected. All luciferase assays
were analyzed after 24 h of transfection using a Dual-
Luciferase Kit (Promega, Madison, USA) according to the
manufacturer’s protocol.

Statistical analysis

Data are shown as the mean +standard deviation or
mean + standard error. Statistical analysis was performed
by unpaired Student’s #-test between two groups or one-
way analysis of variance followed by Bonferroni’s test
among multiple groups using Prism 6.0 software (Graph-
Pad, San Diego, USA). P <0.05 was considered statisti-
cally significant.

Results

SHED-exos increase saliva secretion and ameliorate
lymphocytic infiltration in the SMGs of NOD mice

SHED-exos extracted from SHEDs culture supernatant
were identified and showed a standard microstructure
[Figure 1A], and they expressed the exosome-associated
proteins CD9, CD63, CD81, and HSP70 [Figure 1B]. The
mean diameter of SHED-exos was 126.5+ 5.7 nm
[Figure 1C]. The stimulated saliva flow rate was
significantly decreased in 14-week-old NOD mice and
further dropped in 21-week-old NOD mice compared
with 7-week-old NOD mice and age-matched BALB/c
mice [Figure 1D]. To explore the therapeutic effect of
SHED-exos on sialadenitis, we injected 50 wg SHED-exos
into the SMGs of 14-week-old NOD mice and euthanized
the mice at 21 weeks. SHED-exos significantly increased
the stimulated saliva flow rate compared with those in age-
matched untreated, PBS-treated, and HaCaT-exo-treated
groups. Inflammatory cell infiltration in the SMGs is
shown in Figure 1E and Supplementary Figure 1, http://

WWW.CImj.org

links.lww.com/CM9/B445.  Moreover,  quantitative
analysis showed that the focus score and the ratio index
were increased in 21-week-old NOD mice, but both of
them were significantly decreased in the SHED-exo-
treated group compared with the age-matched untreated
and PBS-treated groups [Figures 1F and G]. These results
suggest that SHED-exos injected into SMGs increase
saliva secretion and reduce lymphocytic infiltration in the
SMGs of NOD mice.

SHED-exos are taken up by glandular epithelial cells

To investigate the distribution of SHED-exos, PKH-26-
exos or DiR-exos were injected into the SMGs. We found
that PKH-26-exos-positive signals were expressed inten-
sively on the 1st day and appeared to be more uniformly
distributed throughout the glandular tissues on the 3rd and
7th days [Figure 2A]. In addition, DiR-exos were infused
into the glands. As shown in Figure 2B-D, DiR-exos were
distributed around the neck and precisely in the SMG.
There was no positive intensity in heart, lung, liver, spleen,
kidney, pancreas, and intestine tissues. [Figure 2E]. Further
observation showed that the positive signals in SMGs lasted
for more than 40 days in 14-week-old mice [Figure 2F-]].

Next, we determined whether the exosomes were taken up
by glandular epithelial cells. In vitro, PKH-26-exo0s were
cultured with SMG-C6 cells, primary cultured acinar, and
duct cells of human SMG for 24 h. As shown in Figure 2K,
there were positive signals in the cytoplasm of SMG-Cé
cells, human acinar cells, and duct cells, which suggest that
SHED-exos can be ingested by salivary glandular
epithelial cells to perform further functions.

SHED-exos upregulate the expression of the tight junction
proteins Z0-1 and occludin

Fluid secretion can be accomplished through either the
aquaporin 5 (AQPS5)-mediated transcellular or tight
junction-mediated paracellular route.”®?*! We collected
labial gland tissues from SS patients and found that the
expression levels of AQPS, ZO-1, occludin, and claudin-4
were significantly decreased compared with those in
controls. SHED-exos incubation (200 pg/mL) with labial
gland tissues from SS patients for 24 h remarkably increased
the expression of ZO-1 and partially recovered the level of
occludin but did not affect the contents of AQPS and
claudin-4 [Figure 3A-D]. When SMG-C6 cells were
cultured with SHED-exos for 24 h, the expression of
Z0O-1 and occludin was increased [Figure 3E-G]. In
addition, considering that the redistribution of tight
junction proteins also affects their function, we further
examined the location of ZO-1 and occludin. As shown in
Figure 3H, SHED-exos did not change their distribution in
SMG-Cé cells.

Z0-1 is required for the SHED-exo-induced increase in
paracellular permeability

TER is an important indicator used to evaluate the
function of tight junctions, and decreased TER is
associated with increased paracellular permeability. In
this study, the basal TER value of untreated SMG-Cé6
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Figure 1: SHED-exos increased the saliva secretion and ameliorated lymphocytic infiltration in the SMG of NOD mice. (A) The microstructure of SHED-exos. (B) The expressions of CD9,
CD63, CD81, and HSP70 in SHED-exos. (C) The size distribution and particle concentration of SHED-exos. (D) SHED-exos, HaCaT-exos, and PBS were injected into the SMGs of 14-week-
old NOD mice. The stimulated saliva flow rates were measured at 21 weeks. Bars show the mean + standard deviation (7= 6). (E) Representative pictures of hematoxylin-eosin staining
SMGs in 21-week-old BALB/c mice and NOD mice with or without SHED-exos injection. Inflammatory cell foci are shown with arrows. Scale bar, 200 pm. (F) and (G) The degree of
inflammatory infiltration in the SMGs of NOD mice was evaluated by the focus score and the ratio index. Bars show the mean + standard error (n= 6). “P <0.01. HSP70: Heat shock
protein 70; NOD: Non-obese diabetic; PBS: Phosphate buffer saline; SHED: Stem cells from human exfoliated deciduous teeth; SMG: Submandibular gland.

monolayers was 589.00 +23.31 Q/cmd which was
consistent with our previous studies.*®) SHED-exos
induced a visible drop in TER values at 24 h and 48 h
[Figure 31]. These results suggest that the therapeutic effect
of SHED-exos in sialadenitis may involve enhancing ZO-1
and occludin expression and improving paracellular
permeability in SMGs.

Z0-1 plays crucial roles in both basal sahvary epithelial
barrier function and paracellular transport.*" To confirm
that the increased paracellular permeability of SHED-exos
was related to ZO-1, we conducted ZO-1 depletion and
rescue experiments. Compared with control cells, ZO-1
protein expression markedly reduced in ZO-1 knockout
cells and recovered in ZO-1 rescue cells [Figure 3]].
Compared with the control cells, ZO-1 knockout did not
affect the basic TER values, which was consistent with our

previous study."*! Furthermore, the decreased TER values
induced by SHED-exos were abolished in ZO-1 knockout
cells and reappeared in ZO-1 rescue cells [Figure 3K],
which suggests that ZO-1 is required for the SHED-exo-
induced increase in paracellular permeability.

Akt/GSK-38 pathway mediates SHED-exo-induced Z0-1
expression and increased paracellular permeability

To explore the regulatory mechanism of SHED-exos on
Z0-1, we performed an miRNA microarray of SHED-
exos, and 180 exosomal miRNAs were identified and
profiled, as shown in Supplementary Table 3, http://links.
lww.com/CM9/B445. The original data were deposited in
Gene Expression Omnibus database and the accession
number was GSE199497. KEGG pathway classification
analysis of exosomal miRNAs target genes was performed

2600


http://links.lww.com/CM9/B445
http://links.lww.com/CM9/B445
http://www.cmj.org

8L+AWAOANDMNERAAAAYO/FIAEIDYIASALLIAIPOOAEIEAHIOI/ADAU

MY TXOMADYOINXYOHISABZIYTCH+.NIOITWNOIZTARY HABGHANQUE Ag [Wwo/wod: mm| sfeulnol//:sdny wouy papeojumoq

€202/9¢/ZT uo

Chinese Medical Journal 2023;136(21)

WWW.CImj.org

PKH26-exo0s

Day 14 Day 21 Day 30

K PKH26-exos  F-actin/Brightfield

SMG-C6 cells

imary cultured Primary cultured
human duct cells human acnar cells

Figure 2: SHED-exos are taken up by glandular epithelial cells. (A) Representative appearances

Day 1 Day 3 Day 7

Day 40 Day 50
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of SMGs on the 1st, 3rd, and 7th days after PKH26-exos (red) injection. Scale bar, 200 p.m.

Nuclei were stained with DAPI (blue). (B-D) Bioluminescence was detected on the 1st, 3rd, and 7th days after injection of DiR-exos. (E) Organs were harvested and detected on the 7th day.
a: SMG; b: heart; c: lung; d: liver; e: spleen; f: kidney; g: pancreas tissue; h: stomach; i: intestines. (F-J) Bioluminescence was detected on the 14th, 21st, 30th, 40th, and 50th days after
injection of DiR-exos. (K) The uptake of PKH26-exos (red) by SMG-C6 cells, primary cultured human SMG acinar, and duct cells. DAPI (blue), F-actin (green). Scale bar, 200 pm. DAPI: 4’, 6-
diamidino-2-phenylindole; exos: Exosomes; SHED: Stem cells from human exfoliated deciduous teeth; SMG: Submandibular gland.

[Figure 4 left panel]. The majority of the target genes
mediating signal transduction were further listed in the
right panel of Figure 4, which suggested that the PI3K/Akt
pathway might play an important role. Moreover, in
SHED-exo-treated SMGs of NOD mice, the ratios of p-

2601

Akt/Akt and p-GSK-3B/GSK-33 were decreased, but ZO-
1 was increased [Figures SA-E|. In vitro, the SMGs of 14-
week-old NOD mice and human SMG tissues were
collected and cultured with 200 pg/mL SHED-exos for 24
h. We also found that SHED-exos decreased the levels of
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Figure 3: SHED-exos upregulate Z0-1 expressions and increased paracellular permeability in a Z0-1 dependent manner. (A—D) mRNA expressions of AQP5, Z0-1, occludin, and claudin-4
in four control glands and four SS labial glands with or without stimulation of 200 wg/mL SHED-exos for 24 h. SMG-C6 cells were cultured and collected from four independent
experiments. (E) Expressions of Z0-1 and occludin in SMG-C6 cells stimulated with 200 wg/mL SHED-exos for 24 h. (F) and (G) Quantitative analysis of Z0-1 and occludin expressions
normalized to GAPDH. (H) The distribution of Z0-1 and occludin were examined in SMG-C6 cells with or without SHED-exos. Z0-1 (red), occludin (green), DAPI (blue). Scale bar, 20 pm. (I)
The effects of SHED-exos on TER in SMG-C6 cells. (J) ZO-1 expression in ZO*—1 knockout cells and “rescued” cells. (K) The effects of SHED-exos on TER in control, Z0-1 knockout, and Z0-
1 rescued SMG-C6 cells. Bars show the mean + standard deviation (7= 4). P <0.05, "P <0.01. AQP5: Aquaporin 5; Con: Control; DAPI: 4’, 6-diamidino-2-phenylindole; Exos: Exosomes;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; mRNA: Messenger RNA; SHED: Stem cells from human exfoliated deciduous teeth; SMG: Submandibular gland; SS: Sjogren’s

syndrome; TER: Transepithelial electrical resistance; Z0-1: Zonula occluden-1.

p-Akt/Akt and p-GSK-3B/GSK-3B, and increased ZO-1/
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
compared with the untreated control [Supplementary
Figure 2, http://links.lww.com/CM9/B445]. Furthermore,
SHED-exos incubation for 24 h decreased the ratios of
p-Akt/Akt and p-GSK-3B/GSK-38 and increased the ZO-1
levels in SMG-Cé6 cells. Pretreatment with insulin-like
growth factor 1 (IGF1), an Akt upstream molecule PI3K
agonist, abolished SHED-exo-induced responses. IGF1
alone increased p-Akt/Akt and p-GSK-3B/GSK-3B ex-
pression but decreased ZO-1 expression [Figure SF-]J].
These results suggest that Akt/GSK-38 signaling molecules

negatively regulate ZO-1 expression and that SHED-exos
increase ZO-1 expression via the Akt/GSK-33 pathway.

Furthermore, SHED-exos decreased the TER level, which
could be attenuated by IGF1 preincubation. IGF1
treatment alone increased TER levels [Figure 5K]. To
further reveal whether ZO-1 was involved in the SHED-
exo-induced increase in paracellular permeability via the
Akt/GSK-3B pathway, a TER assay was performed on
Z0-1 knockout cells. As shown in Figure 5L, SHED-exos-
or IGF1-induced changes in the TER value disappeared in
Z.0-1 knockout SMG-C6 cells. These results suggest that
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Figure 4: The Akt signaling pathway of exosamal miRNAs target genes. Left panel: Signaling pathway analysis from KEGG pathway classification of exosomal miRNAs target genes. Right
panel: The majority of signal transduction mediated by target genes. miRNA: MicroRNA; KEGG: Kyoto Encyclopedia of Genes and Genomes; PI3K-Akt: Phosphatidylinositol 3 kinase (PI3K)-
protein kinaseB (AKT); MAPK: Mitogen-activated protein kinase; cGMP-PKG: Cyclic guanosine monophosphate-cGMP-dependent protein kinase; Rap1: RAS-associated protein 1; camp:
Cyclic Adenosine monophosphate; AMPK: Adenosine 5'-monophosphate-activated protein kinase; TNF: Tumor necrosis factor; Fox0: Forkhead Box O; mTOR: Mammalian target of
rapamycin; Wnt: Wingless/Integrated; ErbB: Epidermal growth factor receptor; VEGF: Vascular endothlial growth.

the increased paracellular permeability induced by SHED-
exos is related to Akt/GSK-3B pathway targeting at ZO-1.

Slug is involved in the SHED-exo-induced decrease in Z0-1

Slug, a Snail family transcription factor and the down-
stream signaling molecule of GSK-3, is reported to act as
a transcriptional repressor of several tight junction
proteins, such as claudin-1, occludin, and ZO-1 in
Madin-Darbey canine kidney (MDCK) cells and clau-
din-3 in SMG-C6 cells.**33! In the present study, SHED-
exos decreased the Slug level in both NOD and human
SMG tissues [Figures SA, D and Supplementary Figure 2,
http://links.lww.com/CM9/B445] and SMG-C6 cells
[Figures SM and N] but did not change Snail expression
[Figures SM-O]. Moreover, IGF1 preincubation abol-
ished the SHED-exo-induced Slug decrease and ZO-1
increase responses. IGF1 alone increased Slug expression
but downregulated ZO-1 levels [Figures SF-J]. These
results suggest that Slug acts as a transcriptional repressor
of ZO-1 expression. To further reveal whether Slug binds
to the ZO-1 gene directly, the promoter region of the rat
Z0-1 gene was isolated and fused to the luciferase

reporter vector. Transient transfection assays in the
presence of pCMV6 plasmid containing Slug coding
sequence (pCMV6-Slug) revealed that Slug significantly
repressed wild-type ZO-1 promoter activity [Figure 5P].
These results suggest that SHED-exos suppress Slug
expression by inhibiting the Akt/GSK-3B pathway,
thereby decreasing the transcriptional inhibition of Slug
to ZO-1 and finally enhancing ZO-1 expression.

SHED-exo intraductal infusion into the SMG restores saliva
secretion in NOD mice

Stem cell-based cell therapy is commonly performed using
intravenous injection or local administration. For the
exocrine glands, intraductal infusion is also a good choice.
To facilitate the clinical application of SHED-exos, we
infused SHED-exos through the orifice of the submandibu-
lar duct in 14-week-old NOD mice and collected the SMGs
at 21 weeks. As shown in Figure 6A, DiR-exo intensities
were observed in the neck area on the 1st day and 14th day
after infusion and even on the 49th day. As expected, the
saliva flow rate was significantly increased in SHED-exo-
infused mice compared with that in the PBS group
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Figure 5: SHED-exos regulated Z0-1 expression via Akt/GSK-3B3/Slug pathway. (A) Expressions of p-Akt, Akt, p-GSK-33, GSK-3, Slug, and Z0-1 in SHED-exos treated gland. (B—E)
Quantitative analysis of p-Akt/Akt, p-GSK-33/GSK-33, Slug/GAPDH, and Z0-1/GAPDH. (F) Expressions of p-Akt, Akt, p-GSK-3, GSK-3, Slug, and Z0-1 in SMG-C6 cells treated with
SHED-exos, pre-incubated with 100 ng/mL IGF1 for 1 h, and then SHED-exos for 24 h, and IGF1 alone. (G-J) Quantitative analysis of p-Akt/Akt, p-GSK-33/GSK-33, Slug/GAPDH, and Z0-1/
GAPDH. (K) The effects of Akt activation by IGF1 on SHED-exos-modulated TER. (L) The effects of Akt activation by IGF1 on SHED-exos-modulated TER in Z0-1 knockout cells. (M-0) The
Slug and Snail expressions in SHED-exos treated cells. (P) Slug bound to Z0-1 promoter and suppressing Z0-1 transcription. Bars show the mean + standard deviation (n = 6). p <0.05,
P <0.01. GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; IGF1: Insulin-like growth factor 1; NOD: Non-obese diabetic; SHED: Stem cells from human exfoliated deciduous teeth;
SMG: Submandibular gland; TER: Transepithelial electrical resistance; Z0-1: Zonula occluden-1; Con: Control; Fluc: Firefly luciferase; p-Akt: Phospho-protein kinase B; p-GSK-3p3:

Phospho-glycogen synthase kinase 3[3; Exos: Exosomes.

[Figure 6B]. After treatment, inflammatory cell infiltration
in the SMG was alleviated. The focus scores and ratio index
were decreased in the glands infused with SHED-exos
compared with those in the PBS group [Figure 6C-E].
Moreover, p-Akt/Akt, p-GSK-3B/GSK-38, and Slug expres-
sion was decreased, and ZO-1 was increased in SHED-exo-
infused glands compared with PBS controls [Figure 6F-]].

Discussion

In the present study, we demonstrated that local
application of SHED-exos exhibited therapeutic benefits
for sialadenitis induced by NOD. SHED-exos injected or
infused into SMGs of NOD mice increased the saliva flow
rate and alleviated glandular inflammation. Furthermore,
SHED-exos improved paracellular permeability by elevat-
ing ZO-1 expression. A mechanistic study showed that
inhibition of the Akt/GSK-3B pathway and a decrease in
the transcriptional inhibition of Slug to ZO-1 were
involved in promoting the secretion effect of SHED-exos
[Figure 6K].

Recently, exosomes obtained from labial gland-derived
stem cells were demonstrated to promote the proliferation
of regulatory T (Treg) cells, inhibit T helper cell 17 (Th17)
cells, ameliorate inflammatory infiltration in the exocrine
glands and restore salivary gland secretory function in
mouse models of $S.°*" SHEDs originate from the
embryonic neural crest as MSCs and are isolated from
human deciduous teeth.**! Based on the high proliferative
capacity, and low immunogenicity and teratogenicity,
SHEDs are safer and more convenient mediators,
compared to other MSCs.***”! In our previous study,
intravenous injection of SHEDs exerted a protective
effect on saliva secretion in the early phase of NOD mice
by regulating T cell differentiation and improving the
inflammatory microenvironment.!'?! Here, we demon-
strate that local injection of SHED-exos into the SMGs
of 14-week-old NOD mice, a clinical phase of SS,
significantly promotes salivary secretion and decreases
lymphocytic infiltration in the SMGs of NOD mice.
Moreover, we demonstrated that intraductal infusion of
SHED-exos into acinar units was an effective therapy for
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sialadenitis induced by NOD, which may provide a new
feasible strategy to reduce the invasiveness of percutane-
ous needle injection and improve delivery to permeate the
entire gland parenchyma. SHED-exos administered by
local application could be taken up by salivary epithelial
cells and the positive signals lasted for more than 40 days.

Glandular epithelial cells are responsible for saliva
secretion. Gland epithelial cells are the primary target
of immune attack in SS, resulting in impaired expression,
location, and function of secretion-related molecules, such
as AQPS and tight junction proteins.****! Tight junctions
are protein complexes related to cell—cell interactions and
play an essential role in regulating water and solute
transport through the paracellular pathway in salivary
glands.*“*!1 A previous study indicated that disruption of
tight junction integrity and downregulation of ZO-1 and
occludin were observed in minor salivary glands from SS
patients.[*?! Our previous study also showed that the
elevated IL-17 in the SMGs of NOD mice impaired the
expression of ZO-1, claudin-4, and their apicolateral
membrane distribution through the nuclear factor kappa-

B (NF-kB) signaling pathway, which might contribute to
salivary gland dysfunction in $S.1*3! In the present study,
Z0-1, occludin, and claudin-4 expression was decreased
in the labial glands of SS patients, which indicated that the
disruption in tight junction integrity was involved in
decreased saliva secretion in SS. Local injection or
perfusion of SHED-exos significantly increased ZO-1
expression in the salivary glands of NOD mice.

Z0-1 is an important intracellular scaffold tight junction
(T]) protein that links the transmembrane TJ proteins with
actin cytoskeleton.*®! Decreased expression of ZO-1
results in impaired intestinal tight junction barrier and
increased intestinal paracellular permeability.**! Knock-
down of ZO-1 in HK-2 cells by ZO-1 small interfering
RNA increased the permeability to fluorescein isothiocy-
anate (FITC)-detran.'*”! Increasing ZO-1 expression
protects against hypoxia/reperfusion-induced brain vas-
cular endothelial permeability.[*®) ZO-1 knockdown
increased permeability of the retinal pigment epitheli-
um.*”! However, other studies have showed that ZO-1
knockdown exhibits a higher paracellular flux rate in
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MDCK cells.'*®! Knockdown of ZO-1 in HeLa cells
1nh1b1ted normal trafficking and cell-cell communica-
tion.!**! These results suggest that the effect of ZO-1 on
paracellular permeability may vary depending on the cell
type. In rabbit SMGs, ZO-1 plays a critical role in the
saliva secretion, particularly in maintaining T] integrity,
and the decrease or lack of ZO-1 combined with other TJ
components reduced paracellular transport and led to
hyposecretion.®” TER reflects the ions that pass through
claudin-based charge-selective pores (~4 A in radius) with
instantaneous (typically in seconds) high permeability.l%!
Knockout of ZO-1 did not change the base TER values
which was consistent with our previous study,®! 31]
confirming that ZO-1 alone did not obviously influence
ionic permeability in normal salivary epithelium. Howev-
er, SHED-exos incubation decreased TER values in SMG-
C6 cells. These effects were abolished in ZO-1 knockout
cells and recovered in ZO-1 rescued cells. These results
indicate that SHED-exos increase the paracellular perme-
ability of salivary gland epithelial cells via ZO-1,
consequently enhancing gland secretory function.

Next, we focused on the regulatory mechanism of SHED-
exos on ZO-1 expression. Based on the data from the
exosomal miRNAs and KEGG analysis, we hypothesized
that the PI3K-Akt pathway might contribute to the
biological effect of SHED-exos. LY294002, a PI3K
inhibitor, decreased B-lymphocyte viability in the labial
glands of SS, Wthh was deemed a future therapeutic
option in §5.15 Moreover, GSK-3 inhibitor-loaded
osteotropic pluronic hydrogel was reported to reduce
the chronic inflammatory state and the periodontal tissue
damage associated with periodontitis.®*! The above
studies suggest that the PI3K/Akt/GSK-3 pathway might
be involved in regulating saliva secretion.

It has been shown that activation of PI3K/Akt pathway
increased ZO-1, occludin, and claudin-1 expression,
maintaining the normal barrier function of intestinal
epithelial cells.®™ In contrast, in cerebrovascular
endothelial cells, activating the PI3K/Akt pathway
decreased ZO-1 expression and function, destroyed the
normal blood-brain barrier, and part1c1pated in the
occurrence of ischemic stroke.>! In this study, the ratios
of p-Akt/Akt and p-GSK-3B/GSK-33 were decreased in
SHED-exo-treated salivary glands and SMG-Cé6 cells,
accompanied by increased ZO-1 expression and para-
cellular permeability. In wvitro, activation of the Akt
pathway by IGF1 decreased ZO-1 expression and
paracellular permeability. IGF1 pretreatment also de-
pressed the increased ZO-1 expression and paracellular
permeability induced by SHED-exos. More importantly,
the decreased paracellular permeability induced by IGF1
disappeared in ZO-1 knockout cells. These results
suggest that the Akt/GSK-3B pathway negatively regu-
lates ZO-1 expression. SHED-exos increase paracellular
permeability by inhibiting Akt/GSK-38 pathway-medi-
ated ZO-1 expression.

Slug, one of the Snail family proteins, is a key inducer of
the epithelial-mesenchymal transition through mediating
the transcriptional repression of tight junctions, adherens
junctions, and desmosomes.*®! Our previous study

WWW.CIj.org

showed that Slug activated by tumor necrosis factor-a
can bind to claudin-3, thereby destroym% the normal
barrier function of eplthehal cells in SMGs.*? However,
whether Slug can bind to ZO-1 and participate in saliva
secretion is unknown. In this study, SHED-exos de-
creased Slug expression in vivo and in vitro, and the
results from a double luciferase reporter gene assay
directly confirmed that Slug could bind to the ZO-1
promotor and repress its activity. Activation of Akt can
phosphorylate GSK-3B8 and inhibit GSK-3B activity,
thereby preventing the degradation of Slug, resulting in
decreased expression of ZO-1, occludin, and E-cadherin
in a study of renal function injury caused by ketamine.>”!
In the present study, SHED-exos decreased the activation
of the Akt/GSK-3 pathway. Dephosphorylation of GSK-
3B might promote Slug degradation, thereby decreasing
transcription inhibition of ZO-1. Next, more studies are
needed to explore which SHED-exos miRNAs are
involved in regulating the Akt/GSK-3B/Slug signaling
pathway.

In summary, we demonstrated that ZO-1 is a crucial target
in mediating SHED-exo-modulated paracellular transport
in the submandibular epithelium. SHED-exos increased
Z0-1 expression and paracellular permeability of salivary
cells by inhibiting the Akt/GSK-3/Slug pathway. Local
application of SHED-exos significantly decreased SMG
injury induced by SS. These findings enrich our under-
standing of the mechanism involved in SHED-exo-
modulated saliva secretion and provide a potential
therapeutic strategy for the local application of SHED-
exos to sialadenitis induced by SS.
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