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Abstract

Background: Several studies have demonstrated that mesenchymal stem cells can ameliorate the inflammation of
allergic rhinitis (AR) and correct the Th1/Th2 immune imbalance.

Methods: This study was performed to explore the immunomodulation properties of stem cells from human
exfoliated deciduous teeth (SHEDs) in the treatment of AR in vivo and in vitro. BALB/c mice were sensitized
to ovalbumin (OVA) by intraperitoneal injection, and then SHEDs or bone marrow mesenchymal stem cells
(BMMSCs) were injected intravenously before challenge. We evaluated nasal symptoms, inflammatory infiltration of
nasal mucosa, immunoglobulin secretion, cytokine production, and mRNA expression in the spleen. In addition,
peripheral blood mononuclear cells (PBMCs) from AR patients were cultured with SHEDs or BMMSCs in the presence of
phytohemagglutinin (PHA). PBMCs cultured alone with or without PHA served as controls. After 3 days of culture, we
examined the effect of SHEDs on T lymphocyte proliferation, cytokine secretion, and the proportion of Foxp3™* Treg
cells via flow cytometry. Finally, to determine the role of soluble factors (TGF-3;, PGE,) in the immunomodulatory
mechanism, a cytokine neutralization assay was performed.

Results: Nasal symptoms and inflammatory infiltration were significantly reduced after SHED administration. The OVA-
specific Igk and IgG; levels in serum were significantly decreased, and the increased IL-4, IL-5, IL.-13, and IL-17A levels in
the spleen after OVA challenge were markedly downregulated, while the level of IFN-y was upregulated by SHED
administration. The mRNA expression levels also changed correspondingly. SHEDs significantly inhibited the proliferation of T
lymphocytes; increased the levels of IFN-y, IL-10, PGE,, and TGF-3; decreased the levels of IL.-4 and IL-17A; and induced the
expansion of Treg cells in the coculture system. The neutralization of TGF-3; partly relieved the immunosuppression of
SHED:s, but blocking PGE, did not. In addition, SHEDs were superior to BMMSCs in inhibiting the Th2 immune response in
vivo and inducing the expansion of Treg cells in vitro.

Conclusion: These results suggest that SHEDs could correct the CD4™ T cell immune imbalance via Treg cells and may be
potential therapeutic agents for the treatment of allergic diseases, such as AR, in the future.
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Background

Allergic rhinitis (AR) is an allergic inflammatory reaction
characterized by sneezing, itching, rhinorrhea, and nasal
blockage. The incidence of AR has increased in recent
years, and it seriously impacts the quality of life and
work efficiency of patients [1]. Pharmacotherapy, such as
intranasal corticosteroids, antihistamines, and leukotri-
ene antagonists, can reduce allergic symptoms, and aller-
gen immunotherapy can be employed if patients are
resistant to the usual therapy. Immunotherapy involves a
regular injection of incremental doses of allergen vac-
cines to induce allergen tolerance. However, immuno-
therapy is restricted by allergen types, and the long
treatment cycle usually results in poor compliance in
clinical settings.

In recent years, experimental and clinical evidence
have indicated that mesenchymal stem cells (MSCs) pos-
sess significant immunomodulatory and nonimmuno-
genic properties in the treatment of several immune
diseases, including asthma, multiple sclerosis, Crohn’s
disease, graft-versus-host disease, and other inflamma-
tory disorders [2—4]. MSCs have been proposed as a
new approach for AR treatment as they are able to re-
duce eosinophil infiltration in the nasal mucosa and
regulate the release of cytokines to control the CD4* T
cell response [5-7]. However, the main problem at
present is to find the suitable tissue source from which
MSCs can be achieved by immune regulation, security,
easy access, low cost, and no ethical hurdles.

MSCs were first found in the bone marrow, namely
bone marrow mesenchymal stem cells (BMMSCs). The
immunomodulatory ability of BMMSCs has been veri-
fied in various allergic disease models with typicality and
representativeness [8]. Nevertheless, the acquisition of
BMMSC:s is difficult along with invasive operations. The
content of MSCs in bone marrow is relatively low, and
the quantity and differentiation capacity reasonably de-
crease with age [9]. Fortunately, after the first isolation
of MSCs from bone marrow, further studies demon-
strated that other tissues also contain MSCs. To date,
MSCs can be obtained more easily from many tissues,
such as adipose tissue, umbilical cord, kidney, lymph
nodes, and dental pulp. Among them, stem cells from
human exfoliated deciduous teeth (SHEDs) are drawing
attention. SHEDs were first isolated from children’s de-
ciduous teeth [10], which are regarded as medical waste.
Compared with BMMSCs, they are easily obtained and
are free from the ethical concerns. The dental pulp from
deciduous teeth exists before birth and until permanent
teeth eruption, SHEDs are considered more immature
than other postnatal MSCs. Besides all, SHEDs are
MSCs with a more proliferative capacity than BMMSCs
[11]. Up to now, several SHED banks have been estab-
lished worldwide. SHEDs are relatively new and less
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studied than MSCs from other sources. Few studies have
investigated the immunomodulatory properties of
SHEDs in AR models. In this study, we addressed the
immunomodulatory effects of SHEDs on a murine
model of AR and a cell coculture system, providing a
basis for further clinical applications of MSCs in treating
allergic diseases.

Methods

Expansion of SHED and BMMSC in vitro

Three frozen tubes of SHEDs (passage 2) were kindly
provided from Tason Biotech Co., Ltd. (Beijing, China)
for this research study. These cells had been isolated
from the pulp tissues of exfoliated deciduous teeth in
children aged 6-8years. The immunophenotyping
(CD11b7/CD197/CD34™/CD45 /CD73"/CD90"/CD105")
and capacity of differentiation (osteoblast induction)
were confirmed by the supplier. SHEDs were seeded into
T75 flasks, cultured in complete medium containing
alpha modification of Eagle’s medium (a-MEM; Invitro-
gen, Carlsbad, CA, USA) supplemented with 15% fetal
bovine serum (FBS; Invitrogen), 2mM L-glutamine
(Invitrogen), 100 pM L-ascorbic acid 2-phosphate
(Sigma, St. Louis, MO, USA), and 1% penicillin/strepto-
mycin (Invitrogen) for further passages. The culture
medium was changed every 3 to 4 days, and the cells
were again trypsinized and cultured for additional pas-
sages when they reached 80% confluency. When SHEDs
were cultured to passage 4, 15% FBS was replaced with
10% FBS. These steps were repeated until a sufficient
number of SHEDs (passage 6) were collected for further
experiments.

BMMSCs were purchased as a T25 cell culture flask
(passage 2) from Lonza (Basel, Switzerland). To obtain
the required number of cells, BMMSCs were cultured in
complete Dulbecco’s modified Eagle’s medium/nutrient
F-12 Ham (DMEM/F12; Invitrogen) supplemented with
10% FBS, 2mM L-glutamine, and 1% penicillin/strepto-
mycin, and cells were also expanded in vitro as SHEDs.

AR mouse model
Female BALB/c mice (6-8weeks of age), free of
murine-specific pathogens, were purchased from Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The mice were housed in a controlled environ-
ment under a 12/12-h light/dark cycle with free access
to food and water. The animal study protocol was ap-
proved by the Institutional Animal Care and Use Com-
mittee of Capital Medical University (AEEI-2018-075).
AR mouse models were sensitized using ovalbumin
(OVA, grade V; Sigma) and alum (Pierce, Rockford, IL,
USA) as previously reported with minor modification
[12]. Briefly, mice were sensitized on days 0, 7, and 14
via intraperitoneal injection of 25 pg OVA emulsified in
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2mg alum in a total volume of 100pl Sections were stained with hematoxylin and eosin (HE)
phosphate-buffered saline (PBS). On days 21 to 27 after  and periodic acid-Schiff (PAS) respectively and observed
the initial sensitization, these mice were challenged by under a light microscope (x400 magnification). HE
the daily intranasal instillation of 100 ug OVA in 20 pul  staining was performed to evaluated eosinophil infiltra-
PBS using a micropipette. The mice were sacrificed via  tion. Eosinophils were morphologically defined by the

cervical dislocation under anesthesia at day 28 (Fig. 1). presence of eosinophilic granules (red) that were stained
by eosin in the cytoplasm and the presence of a
Xenograft of SHEDs or BMMSCs into AR mouse model two-lobed nucleus. The numbers of eosinophils were

SHEDs or BMMSCs (passage 4) were washed and sus-  evaluated in four randomly selected fields by two ob-
pended in PBS at a concentration of 5x 10° cells/ml, servers blinded to the experiment. PAS staining was
and 100 pl of purified stem cells was injected with a  used to estimate goblet cell hyperplasia and mucus pro-
26-gage needle into the mouse tail vein on days 18, 19, duction. Positive-goblet cells were stained purple-ma-
and 20 (Fig. 1). Thirty mice were divided into five groups  genta color under the microscope.

of six mice, each in accordance with the different inter- To analyze T lymphocyte infiltration, immunohisto-
ventions of sensitization, challenge, and injection as fol-  chemistry (IHC) procedure was performed using Elivi-
lows: (1) control group, sensitized and challenged with  sion method. Briefly, after deparaffinization and
PBS and injected with PBS; (2) sham-SHED group, sensi-  rehydration, endogenous peroxidase activity —was
tized and challenged with PBS and injected with SHEDs;  quenched with 3% hydrogen peroxide. Sections were
(3) OVA group, sensitized and challenged with OVA and  heated for 3 min in a citrate buffer (10 mmol/L, pH 6.0)
injected with PBS; (4) SHED group, sensitized and chal-  to retrieve antigen. After goat serum blocking for 20
lenged with OVA and injected with SHEDs; (5) BMMSC  min, sections were incubated with the primary poly-
group, sensitized and challenged with OVA and injected  clonal antibody, rabbit anti-mouse CD3e (1:200; Cat.No.

with BMMSCs. PA5-32318; Invitrogen), overnight at 4 °C to stain target
protein expression. Following 20-min incubation with
Nasal allergic symptoms secondary anti-rabbit antibody, 3.3-diaminobenzidine

On day 27, during the 10-min period after the final ad-  (Sigma) was applied for visualizing immunoreactivity,
ministration of intranasal OVA, the frequencies of and counterstaining was performed with Mayer
sneezing and nasal rubbing were recorded by two ob-  hematoxylin. The cytoplasm of the positive T lympho-
servers in a blind manner as previously reported [13]. cytes was stained brown.

Histologic analysis and immunohistochemistry Detection of serum OVA-specific IgE, IgG;, and 1gG;,
The mice were sacrificed 24 h after the last OVA chal- The blood samples were collected from mice via eyeball
lenge. Nasal mucosa was removed, washed with PBS, extraction 24h after the last OVA challenge. Serum
and immersed in 4% buffered paraformaldehyde for 24  levels of OVA-specific IgE, IgG;, and IgG,, were mea-
h. After fixation, the specimens were embedded in paraf-  sured by ELISA kits (BD Bioscience, San Jose, CA, USA)
fin wax and sectioned serially at a thickness of 4 um. in accordance with the manufacturer’s instructions.

Sensitization Challenge
OVA/Alum IP OVA instranasal instillation
l l l SN
Y Y VY VYVYY
Day 0 7 14 18 19 20 21 22 23 24 2526 27 28 >

—
——
————

|

Fig. 1 The animal experimental protocol. Mice were sensitized on days 0, 7, and 14 by an intraperitoneal injection of OVA with aluminum hydroxide.
From days 21 to 27, the mice were challenged with OVA intranasal instillation using a micropipette. Purified SHEDs or BMMSCs were injected via the
tail vein on days 18, 19, and 20, and all mice were sacrificed on day 28
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Expression of cytokines in the spleen

Fresh spleens were separated from the mice in aseptic
conditions after sacrifice. The spleen was placed in a
petri dish containing RPMI 1640 medium, and a syringe
was used to crush the tissue before filtration through a
70-pm filter. The splenocytes were treated with lysis buf-
fer to deplete erythrocytes. Single-cell suspensions of
splenocytes (1 x 10° cells/well in 96-well culture plates)
were cultured in completed RPMI 1640 medium supple-
mented with 10% FBS, 2 mM L-glutamine, and restimu-
lated with OVA (100 ng/ml). After 3 days of culture,
interleukin (IL)-4, IL-5, IL-13, and IL-17A and interferon
(IFN)-y levels in the culture supernatant were measured
using an ELISA kit (BD Bioscience) following the manu-
facturer’s instructions.

Quantitative real-time polymerase chain reaction analysis
Total RNA was extracted from the spleen using the TRI-
zol reagent kit (Invitrogen) for messenger RNA (mRNA)
relative expression analysis of IFN-y, T-bet, IL-4,
GATA-3, IL-17A, RORyt, and Foxp3. Equivalent
amounts of RNA were reverse transcribed using the Pri-
meScript RT Reagent Kit (Takara, Tokyo, Japan). The
mRNA expression analysis was performed using an Ap-
plied Biosystem 7500 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). The corresponding
primers and probes for the cytokines and chemokines
are listed in Additional file 1: Table S1. The average
transcript levels of genes were normalized to [B-actin.
The relative mRNA gene expression was calculated
using the 224" method.

Coculture of SHEDs with PBMCs

To investigate the underlying mechanism of the SHED
immunomodulatory effect, we carried out coculture ex-
periments of MSCs with human peripheral blood mono-
nuclear cells (PBMCs). PBMCs were isolated from
heparinized peripheral blood of 20 AR patients using
Ficoll-Paque (Amersham Biosciences, NJ, USA). The
diagnosis of seasonal AR was established according to
the criteria of the Allergic Rhinitis and its Impact on
Asthma (ARIA) [14] based on clinical symptoms, nasal
endoscopy examination, and serum IgE allergen detec-
tion. The patients did not receive intranasal steroids, an-
tihistamines, or leukotriene blocker treatments within 1
week or oral steroids within 3 months prior to this study.
The Ethics Committee of Beijing Tongren Hospital,
Capital Medical University approved this study
(TREC2018-KY01), and informed consent was obtained
from all participants.

Coculture experiments (n=10) were performed in a
24-well plate, and both types of human MSCs were
treated with mitomycin (incubation for 2h at 10 pg/ml)
to prevent proliferation in advance. Next, 1 x 10°/well
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SHEDs or BMMSCs (passage 6) were cultured in
complete RPMI 1640 culture medium (Invitrogen) sup-
plemented with 10% FBS, 2mM glutamine, 100 U/ml
penicillin, and streptomycin, and allowed to adhere for
2h at 37°C and 5% CO,. Then, 1 x 10°® PBMCs were
seeded onto the cultured MSCs in the presence of 5 g/
ml phytohemagglutinin (PHA; Sigma). PBMCs cultured
alone with or without PHA served as controls. After 3
days, the suspended PBMCs were collected for flow cy-
tometry analysis. The supernatant of cell cultures was
collected and kept at — 80 °C for later examination with
ELISA.

Lymphocyte proliferation assay

The effects of SHEDs and BMMSCs on lymphocyte pro-
liferation were examined using carboxyfluorescein diace-
tate succinimidyl ester (CFSE; BD Biosciences) labeling
(n=5). Briefly, PBMCs were resuspended and labeled
with CFSE (5uM) for 10 min at 37°C and 5% CO,.
Then, 1x10° CFSE-labeled PBMCs were then seeded
into a set of wells containing diminishing numbers of
MSCs (1 x 10%/well SHEDs, 2 x 10*/well SHEDs, 1 x 10°/
well SHEDs, and 1 x 10°/well BMMSCs) in the presence
of 5ug/ml PHA. CFSE-labeled PBMCs cultured alone
with or without PHA served as controls. After 3 days of
culture, gated CD3" T cells in PBMCs were analyzed
using a FACS Calibur flow cytofluorimeter (BD Biosci-
ences). The percentages of mean fluorescent intensity
(MFI) were used to reflect the proliferation of T
lymphocytes.

Cytokine measurement assay

The concentrations of human IFN-y, IL-4, IL-10,
IL-17A, prostaglandin-E2 (PGE,), and transforming
growth factor beta 1 (TGF-p;) in the supernatant of the
coculture systems were examined using ELISA Kkits
(IEN-y, IL-4, IL-10, IL-17A: BD Biosciences; PGE;: R&D
System, Minneapolis, MN, USA; TGF-f3;: Thermo Fisher,
Waltham, MA, USA) in accordance with the manufac-
turer’s instructions.

Flow cytometry analysis

Flow cytometry analysis was performed to identify Treg
cells. Cells were stained with fluorescein isothiocyanate
(FITC)-labeled anti-CD4 antibodies (Abs) and allophyco-
cyanin (APC)-labeled anti-CD25 Abs (BD Biosciences)
and then fixed and permeabilized using a fix/perm solu-
tion (BD Biosciences) according to the manufacturer’s
instructions. The cells were then incubated with phyco-
erythrin (PE)-labeled anti-Foxp3 Abs (BD Biosciences),
and an isotype-matched control was used to determine
the background. The data were evaluated using FlowJo
software (version 7.6; Treestar, Inc., St Ashland, OR,
USA).
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Cytokine neutralization assay

To identify the possible pathway involved in the immune
regulation of SHEDs on T lymphocytes, coculture sys-
tems of PBMCs and SHEDs were treated with indometh-
acin (10 pM; Sigma) to block the PGE, pathway through
the inhibition of cyclooxygenase (COX) or anti-TGF-p
Ab (BD Biosciences), respectively, for the neutralization
of soluble TGF-f;. Treg expansion was detected via flow
cytometry, and T lymphocyte proliferation was evaluated
by CFESE labeling (n =5).

Statistical analysis

Data are represented as the mean + SD from three inde-
pendent experiments. Statistical significance was
assessed by Student’s ¢ test or ANOVA using SPSS soft-
ware 23.0 (SPSS Inc., Chicago, IL, USA) and GraphPad
Prism 7.0 (GraphPad, San Diego, CA, USA). A p value <
0.05 was considered significant.

Results

SHEDs reduce nasal inflammation in an AR mouse model
To assess the anti-inflammatory effects of SHEDs on al-
lergic symptoms, we injected SHEDs into an AR mouse
model via the tail vein. First, we counted the sum of
sneezing and nasal rubbing events in 10 min after the
final challenge. As illustrated in Fig. 2A, the number of
sneezing and rubbing events was significantly higher in
the OVA group than in the control group and
sham-SHED group (p<.001). The nasal symptoms of
mice were obviously relieved after the injection of MSCs.
There was no significant difference between the
BMMSC group and the SHED group at the same injec-
tion dose.

We qualitatively and quantitatively evaluated the effect
of SHED treatment on the histopathology of the nasal
mucosa (Fig. 2B, C). The pathological manifestations of
AR mainly include eosinophil and T lymphocyte infiltra-
tion. T lymphocytes, especially Th2 cells, can release cy-
tokines and recruit inflammatory cells. Eosinophils can
release cellular content, cause tissue damage, and pro-
mote inflammation progress. According to our results,
nearly no inflammatory cell was observed in the nasal
mucosa of the control and sham-SHED groups. In con-
trast, the OVA group exhibited obvious eosinophil infil-
tration, goblet cell hyperplasia, and T lymphocyte
infiltration in the nasal mucosa. Interestingly, the num-
bers of eosinophils were significantly decreased in the
SHED and BMMSC groups compared to the OVA group
(both p <.001). Meanwhile, the positive-goblet cell and
T lymphocyte infiltration were significantly alleviated
upon MSC administration. It demonstrated that SHEDs
have the ability to inhibit the development of allergic in-
flammation. In addition, the inflammatory reaction in
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the SHED group was much lighter than that in the
BMMSC group (p <.001).

SHEDs regulate the secretion of immunoglobulin in an AR
mouse model

Since immunoglobulins play an important role in regu-
lating the inflammatory response, the expression of sev-
eral OVA-specific immunoglobulin antibodies was
determined. As illustrated in Fig. 3a, we confirmed a sig-
nificant elevation in the serum levels of OVA-specific
IgE, IgGy, and IgG,, in the OVA group compared with
the control and sham-SHED groups (p <.05). Interest-
ingly, systemic administrations of SHEDs and BMMSCs
resulted in a decrease in serum OVA-specific IgE and
IgG; in comparison with the OVA group (SHED: p
=.002 and p <.001; BMMSC: p =.018 and p <.001) but
not IgG,, (SHED: p=.419; BMMSC: p=.901). The
downregulation of IgE and IgG; in the SHED group was
not different from that in the BMMSC group at the
same injection dose (p = .356 and p =.188, respectively).

SHEDs change the cytokine levels in the splenic
lymphocyte culture system

To determine whether injected SHEDs affect cytokine
production, a lymphocyte restimulation test was per-
formed (Fig. 3b). IFN-y, IL-4, IL-5, IL-13, and IL-17A
levels in the supernatant of OVA-incubated splenocytes
were significantly higher in the OVA group than in the
control group and sham-SHED group (p <.001). IL-4,
IL-5 IL-13 and IL-17A levels were significantly reduced
upon SHED and BMMSC administration (SHED: p
<.001, p<.001, p<.001, p=.008, respectively; BMMSC:
p=.008, p=.012, p=.002, p = .023, respectively). In con-
trast, the levels of IFN-y in the supernatant were signifi-
cantly higher in the SHED and BMMSC treatment
groups compared with the OVA group (SHED: p =.009;
BMMSC: p=.027). The downregulation of IL-4 and
IL-13 in the SHED group was more obvious than that in
the BMMSC group at the same dose (p= .031 and p
= .033, respectively).

Effect of SHEDs on mRNA expression

To further evaluate the effects of SHED administration
on allergic inflammation, we measured the relative ex-
pression of mRNAs encoding Thl, Th2, Th17, and Treg
cell-related cytokines and specific transcription factors
using real-time PCR (Fig. 4). The relative mRNA expres-
sion levels of IL-4 and GATA-3 were significantly higher
in the OVA group than in the control group and
sham-SHED group and were downregulated upon treat-
ment with MSCs (SHED: p <.001 for both; BMMSC:
p <.001 and p = .018). The levels of mRNAs encoding
IFN-y and T-bet increased in both the SHED group
(p <.001 and p= .017, respectively) and the BMMSC



Dai et al. Stem Cell Research & Therapy (2019) 10:39 Page 6 of 14

e N

=

(A) £ 100 (B) 50-
= Fkk Kk
= ok sk o ey T !
8 80+ ——r—— & 404 N
£ I
2 ] .
o 607 2 30-
£ g
S 407 % 204
T [=3
& 20 2
o H 104
£ w
3
Q
c
%

Fig. 2 Effect of SHED on nasal inflammation. A The nasal symptoms were evaluated by the number of sneezing and rubbing events in 10 min after
the final challenge. Nasal symptoms in the OVA group were much more serious than those in the control group and sham-SHED group but were
relieved after SHED and BMMSC treatment. B, C Twenty-four hours after the last challenge, HE staining, PAS staining, and IHC were used to reflect the
inflammatory infiltration in the nasal mucosa. The numbers of eosinophils were evaluated under a light microscope (x 400 magnification). Nearly no
inflammatory cells were observed in the control group (a) and sham-SHED group (b). In contrast, the OVA group (c) exhibited obvious eosinophil
infiltration, goblet cell hyperplasia, and T lymphocyte infiltration. The inflammatory infiltration in the SHED group (d) and BMMSC group (e) was
significantly alleviated compared with the OVA group, and the eosinophil count in the SHED group was lower than that of the BMMSC group. Data
are expressed as the mean + SD (n =6 in each group) from three representative experiments. ***p < .001
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Fig. 3 Effect of SHED on antigen-specific antibody and cytokine production. OVA-specific IgE, 1gG;, and 1gG,, levels in serum (a) and
characteristic cytokines of Th1, Th2, and Th17 cells in lymphocyte culture supernatant (b) were measured by ELISA kits. OVA-specific
IgE, 19Gy, and IgG,, levels were higher in the OVA group than in the control and sham-SHED groups. In addition, IgE and IgG; were
significantly reduced upon SHED and BMMSC treatments but not IgG,,. Both SHED and BMMSC treatments significantly enhanced the
expression of IFN-y but reduced IL-4, IL-5, IL-13, and IL-17A levels. The downregulation of IL-4 and IL-13 levels in the SHED group was
more obvious compared with that in the BMMSC group at the same dose. Data are expressed as the mean+SD (n =6 in each
group) from three representative experiments. *p <.05, **p <.01, ***p <.001

group (p = .002 and p = .014, respectively) in contrast to  of SHEDs in reducing IL-4 and GATA-3 were stronger
those in the OVA group. Additionally, SHED and than those of BMMSCs (p= .006 and p= .003,
BMMSC treatment reduced the mRNA expression of respectively).

IL-17A in splenic lymphocytes (p = .012 and p = .02, re-

spectively). However, RORyt expression in the SHED  SHEDs inhibit T lymphocyte proliferation in AR patients
and BMMSC groups showed no significant change com-  To explore the immunomodulatory effect of SHEDs on T
pared with that in the OVA group (SHED: p= .53; lymphocytes, a lymphocyte proliferation assay was per-
BMMSC: p = .303). Furthermore, the relative mRNA ex-  formed in the CFSE experiment. As illustrated in Fig. 5,
pression levels of Foxp3 were significantly decreased in ~ we found that the percentages of T lymphocyte prolifera-
the OVA group compared to the control group tion decreased with an increasing SHED to PBMC ratio,
(p= .006) and were upregulated with the treatment of suggesting that SHEDs significantly inhibited the prolifer-
SHEDs (p <.001) and BMMSCs (p = .001). The abilities ation of CD3" T cells in a dose-dependent manner.
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Fig. 4 Expression of mRNAs encoding cytokines and specific transcription factors. The relative mRNA expression levels of IL-4 and GATA-3 were
significantly higher in the OVA group than in the control and sham-SHED groups, and such upregulation was inhibited by SHED and BMMSC
administration. The IFN-y, T-bet, and Foxp3 mRNA expression levels were markedly enhanced by SHED and BMMSC administration. In addition,
MSCs reduced the mRNA expression of IL-17A, but RORyt expression in the SHED and BMMSC treatment groups had no significant change
compared with that in the OVA group. The capacity of SHEDs in reducing IL-4 and GATA-3 levels was superior to that of BMMSCs. Data are
expressed as the mean + SD (n =6 in each group) from three representative experiments. *p < .05, **p < .01, ***p < 001, n.s. no significance
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BMMSCs inhibited PHA-stimulated T cell proliferation as
well, but there was no significant difference in inhibition
ability between SHED and BMMSC under the same cul-
ture conditions.

SHEDs alter cytokine production in PHA-stimulated

PBMCs of AR patients

To further investigate the immunomodulatory effects of
SHEDs on the T cell phenotype, we next examined the
effects of SHEDs and BMMSCs on cytokine production
in the supernatant using ELISA kits (Fig. 6a). Compared
with the culture of PHA-stimulated PBMC, the levels of
IFN-y and IL-10 were significantly increased (p =.003,
p =.006, respectively), and the levels of IL-4 and IL-17A
were decreased upon the presence of SHEDs (p =.012
and p <.001, respectively). Although IL-10 was increased
and IL-17A was markedly decreased after the addition of
BMMSCs (p =.047 and p = .006, respectively), there was
no significant difference in the levels of IFN-y and IL-4

between the BMMSC coculture system and the
PHA-stimulated PBMC (p=.326 and p=.294,
respectively).

Moreover, MSCs could regulate immune response by
secreting soluble factors, such as PGE, and TGF-B;. In
our results, the levels of PGE, and TGF-p; were in-
creased in the supernatant of SHED or BMMSC cocul-
ture system compared to those in the culture of
PHA-stimulated PBMC without MSCs (PGE,, both
p <.001; TGF-By, p <.001 and p =.002, respectively). Sig-
nificant differences were detected in the levels of PGE,
and TGF-f; between the cultures of SHED and BMMSC
(p =.009 and p = .045, respectively).

SHEDs enhance CD4"CD25*Fxop3* Treg cell expansion
The effects of SHEDs and BMMSCs on Treg expansion
in restimulated PBMCs were determined using flow cy-
tometry. As illustrated in Fig. 6b, we found that both
SHEDs and BMMSC:s significantly increased the ratio of
CD4"CD25"Foxp3"™ Tregs in the CD4" subpopulation
(p <.001). Interestingly, the increase in Foxp3*Treg fre-
quency in the SHED group was higher than that in the
BMMSC group (p = .026).

TGF-B; neutralization downregulates Treg cells in AR
patients

As illustrated in Fig. 7, after neutralizing TGF-f,, the per-
centage of Tregs in flow cytometry was significantly de-
creased in contrast to the SHED group, and the
percentage of MFI in the T lymphocyte proliferation test
correspondingly increased (p =.014 and p = .046, respect-
ively). However, these changes were not significant after
blocking PGE, (p =.531 and p = .484, respectively), which
suggested that TGF-B; neutralization, but not PGE2
blockage, could partly relieve the immunomodulatory
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effect of SHEDs on T lymphocytes though changing Treg
expansion.

Discussion

MSCs have been revealed to possess immunomodulatory
capacity in vitro and vivo, which significantly alleviates
the inflammatory response in allergic diseases [15]. Due
to the low expression of major histocompatibility com-
plex class I (MHC I) and the negative expression of
major histocompatibility complex class II (MHC 1I) [16],
we transplanted xenogeneic SHEDs into an AR mouse
model to explore the immunomodulatory effect com-
pared with that of BMMSCs. In addition, coculture sys-
tems of MSCs and PBMCs from AR patients were
established to determine the underlying mechanism.

The immunological basis of AR pathogenesis is the de-
crease of Th1/Th2 ratio. Hence, correcting the imbal-
ance is the key to AR treatment [17]. In the present
study, we demonstrated that xenogeneic MSCs downreg-
ulated the Th2 inflammatory response and relieved nasal
symptoms and inflammation (eosinophil infiltration,
goblet cell hyperplasia, and T lymphocyte infiltration).
Both SHEDs and BMMSCs significantly reduced the
levels of IL-4, IL-5, and IL-13 (representing the Th2
phenotype) in splenic lymphocytes and decreased the
production of IgE and IgG; in serum. The relative
mRNA expression of IL-4 and GATA-3 was reduced
upon MSC injection, which reflected the immunosup-
pression effect from another aspect. In contrast, SHEDs
and BMMSCs upregulated the level of IFN-y and the
relative mRNA expression of IFN-y and T-bet (repre-
senting the Thl phenotype), suggesting that MSCs could
shift the Th2 to Thl immune response and increase the
ratio of Th1/Th2. The above data were consistent with
previous studies involving BMMSCs and adipose mesen-
chymal stem cells (ASCs) [5, 7, 18].

Th17 cells involved in neutrophil and macrophage in-
filtration are closely related to the initiation and progres-
sion of AR [19]. Yamaza et al. [20] found that SHEDs
had significant effects on inhibiting Th17 cells in vitro.
A recent study also showed that ASCs reduced the IL-17
levels of bronchoalveolar lavage fluid (BALF) and serum
in OVA-induced asthma models and suppressed the
relative mRNA expression of IL-17 and RORyt in lung
tissue [21]. According to our results, although the
mRNA expression of RORyt did not change, the levels
of IL-17A and mRNA expression of IL-17A in the spleen
decreased significantly after MSC transplantation, sug-
gesting that both SHEDs and BMMSCs inhibited the ac-
tivity of Thl7 cells in AR mice and delayed the
development of disease.

Moreover, Treg cells characterized by intracellular ex-
pression of the transcription factor Foxp3 have been iden-
tified as having suppressor functions, which are essential
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for the resolution of inflammatory processes [15, 22]. Nu-
merous studies have shown the upregulation of Treg cell
numbers and activity after the administration of MSCs in
asthma models [23, 24]. Similarly, our in vivo study found
that Foxp3 mRNA expression in splenic lymphocytes sig-
nificantly increased in MSC groups compared to the OVA
group, providing evidence that SHEDs and BMMSCs play
anti-inflammatory roles through Foxp3"™ Treg expansion
in mouse models of AR.

It was acknowledged that MSCs suppressed the immune
response by inhibiting T cell proliferation, whether in a
mitogen- or allergen-stimulated culture system [25, 26]. To
further explore the ability of inhibiting T cell proliferation
in vitro, SHEDs and BMMSCs were cocultured in PBMCs
from AR patients respectively. Likewise, in our study, we
found that SHEDs inhibited CD3" T cell proliferation by
decreasing the division percentage in a dose-dependent
manner compared to that of PHA-stimulated PBMCs

alone. In addition, the decrease in IL-4 and IL-17A and the
increase in IFN-y in the supernatant suggested that SHEDs
could increase Th1/Th2 ratio and correct the immune im-
balance of AR in vitro. Some studies showed that the level
of IFN-y was decreased after coculture of MSCs with
PBMCs from healthy subjects, which was contrary to our
results [27, 28]. As the immunosuppressive properties of
MSCs were not inflexible but were induced by environmen-
tal inflammatory mediators [29], we attribute these con-
trasting results to the different modulatory effects of MSCs
on Thl- or Th2-mediated responses.

The protection afforded by MSCs in allergic disease is
mediated through multiple mechanisms (soluble factors,
cell-to-cell contact, regulatory T cells, induction of an-
ergy, apoptosis, etc.), which in the end lead to the induc-
tion or expansion of active Tregs and the generation of
tolerance [30—32]. Furthermore, the promotion of Tregs
by MSCs in vitro required cell-cell contact as well as
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PGE, and TGF-f;. Cell contact between MSCs and acti-
vated T cells induces IL-10 production, which plays an
essential role in promoting the generation of Treg cells
[33, 34]. The soluble factors TGF-f; and PGE, are
regarded as the main inducers of Treg cell subsets dur-
ing the differentiation process of T helper lymphocytes
[35]. Cho et al. showed that blocking PGE, and neutral-
izing TGF-P; eliminated the immunosuppressive effect
of ASCs [24]. Geng et al. stated that human dental pulp
MSCs enhanced CD4"CD25"Foxp3" Treg frequency and
demonstrated that blockade of TGF-B; resulted in de-
creased T regulatory cell frequency [28]. In accordance
with previous studies, Treg cell frequencies were in-
creased in both SHED and BMMSC coculture systems,
accompanied by the upregulation of IL-10, TGF-;, and
PGE, levels. In addition, neutralizing TGF-f; downregu-
lated Treg cell frequency in contrast to SHEDs cocul-
tured without blockade, leading to the partial relief of
the proliferation inhibition of CD3" T cells, which sug-
gested that the change in TGF-; might be the potential
pathway of SHEDs promoting Treg expansion. However,
blocking of PGE, did not significantly change the fre-
quency of Treg cells and T lymphocyte proliferation,
which indicated that the suppressive mechanism of
SHEDs might not be mediated through PGE,. Even so,
we cannot completely deny the role of PGE, in SHED
immunomodulation. MSC-mediated immunoregulation
is a redundant system that is mediated by several mole-
cules, and inhibition of any one of these molecules does
not result in a complete loss of the immunosuppressive
activity of MSCs.

In this study, we compared the immunomodulatory func-
tion of SHEDs and BMMSCs in parallel. In vivo, SHEDs
were superior to BMMSCs in inhibiting the Th2 immune
response (downregulation of IL-4 and IL-13 and mRNA ex-
pression of IL-4 and GATA-3) and inflammatory infiltra-
tion of nasal mucosa. In vitro, although there was no
difference between SHEDs and BMMSCs in the inhibition
of T lymphocyte proliferation, the ability of SHEDs to in-
duce the expansion of Treg cells was superior to that of
BMMSCs. Moreover, we found an interesting phenomenon
in our research. In vitro, the cytokine levels were all signifi-
cantly changed in SHED coculture system. However, in
BMMSC coculture system, even the levels of IFN-y and
IL-4 showed a change tendency, there was no statistical sig-
nificance compared with the positive control group. This
results suggested that SHEDs could achieve the effect of
cytokine regulation under the present condition, while
BMMSCs might need a larger proportion of cells than 1:10
(MSC to PBMC) or a lower cell passage. According to the
above analysis and considering the convenience of SHED
acquisition, no ethical issues, and the ability of proliferation,
we believe that SHEDs may have more advantages in the
application of AR therapy than BMMSCs.
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We acknowledge the limitations of this study. For ex-
ample, it may be more persuasive to investigate the im-
munoregulation effect of MSCs in mouse splenic
lymphocytes directly. However, we chose to use PBMCs
from AR patients for the aim of clinical transformation.
Second, a transwell assay is suggested to be used to de-
tect the role of cell-to-cell contact on the immunoregu-
latory capacity of SHED. At last, a coculture assay of
higher ratios of MSC to PBMC or lower cell passages
need to be performed in the follow-up study.

Conclusions

SHEDs reduced nasal inflammation, suppressed the
Th2-driven response, and corrected the CD4" T cell im-
mune imbalance in a mouse model of AR. In vitro,
SHEDs inhibited the proliferation of T lymphocytes and
increased the ratio of Th1/Th2 by inducing the expan-
sion of Treg cells. Furthermore, the neutralization of
TGEF-B; inhibited the immunomodulatory effect of
SHEDs, suggesting that TGF-B; plays a crucial role in
the underlying mechanism. These results suggest that
SHEDs have excellent immunomodulation ability and
may be potential therapeutic agents for the treatment of
allergic diseases such as AR in the future.
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