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Abstract

Background: Tracheal fistulas (TF) can be dangerous and even fatal in patients. The current treatment is really chal-
lenging. Previous studies reported that mesenchymal stem cells (MSCs) could be used to treat respiratory tract fistu-
las. Stem cells from human exfoliated deciduous teeth (SHED) are considered to be MSC-like cells that may also have
the potential to treat the tracheal fistulas. In this study, we investigated the therapeutic effects of SHED in rat tracheal
fistula models.

Methods: A total of 80 SD rats were randomly divided into five groups: a sham-operated group, a local PBS group
(L-PBS), an intravenous PBS group (I-PBS), a local SHED treatment group (L-SHED), and an intravenous SHED treatment
group (I-SHED). The L-SHED and I-SHED groups were given a topical application around the fistula or an intravenous
injection of 1107 SHED via the tail vein, respectively, while the L-PBS and I-PBS groups were given an equivalent
volume of PBS through local or intravenous administration. A stereomicroscope was used to observe fistula healing
on the 2nd, 3rd, and 5th days following transplantation. On the 7th day, the survival of SHED was observed by immu-
nofluorescence. The pathology of the lungs and fistulas was observed by hematoxylin and eosin (H&E) and Masson
staining. The expression levels of the Toll-like receptor 4 (TLR4), interleukin (IL)-13, IL.-33, and IL-4 were measured using
immunohistochemistry. The expression levels of TLR4, high mobility group box 1 (HMGB1), and myeloid differentia-
tion factor 88 (MYD88) were studied using western blotting. On day 14, airway responsiveness of rats was detected
and analyzed.

Results: Fistula healing in the L-SHED and I-SHED groups was faster than that in their respective PBS groups after
transplantation. The fistula diameters in the L-SHED and I-SHED groups were significantly smaller than those in the
[-PBS and I-PBS groups on the 3rd day. Moreover, the phenomenon of fibroblast proliferation and new blood ves-
sel growth around the fistula seemed more pronounced in the L-SHED and I-SHED groups. Although no discernible
difference was found in airway responsiveness after SHED treatment, the degree of inflammation in the lungs was
reduced by intravenous SHED treatment. However, there was no significant reduction in lung inflammation by local
SHED treatment. The expression levels of IL-13 and IL-33 were decreased in the I-SHED group, while IL-4 was elevated
compared with the I-PBS group. Interestingly, intravenous SHED treatment inhibited the activation of HMGB1/TLR4/
MYD88 in the lung tissues of TF rats.
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Conclusions: SHED transplantation accelerated the rate of fistula healing in rats. Intravenous SHED treatment
reduced lung inflammation. Thus, SHED may have potential in the treatment of tracheal fistula, providing hope for

future therapeutic development for TF.
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Introduction

A respiratory tract fistula is an abnormal passage commu-
nicating between any component of the respiratory tract
or between any part of the respiratory system and sur-
rounding organs [1], including tracheal fistula (TF) and
bronchial fistula (BF). Tracheal fistula includes tracheoe-
sophageal fistula (TEF) and tracheomediastinal fistula
(TME). Bronchoesophageal fistula (BEF), bronchopleural
fistula (BPF), bronchocutaneous fistula, and bronchobile
duct fistula are all bronchial fistula types. Tracheal fistula
occurs in cases of prolonged mechanical ventilation and
excessive cuff pressure of the endotracheal tube or tra-
cheostomy tube, blunt trauma, infections, stent-related
injuries, ingestion of foreign bodies or corrosive prod-
ucts, and cancers arising from the esophagus, trachea,
lungs, larynx, and thyroid [2—4]. Sometimes, small fis-
tulas can close spontaneously, while fistulas larger than
20 mm rarely heal spontaneously, resulting in a low sur-
vival rate [5]. Currently, the most common treatments for
TF are surgery, interventional therapy, and conservative
treatments [6]. However, these therapies do have some
drawbacks. Managing TF currently remains challenging,
and there are no viable techniques available [7, 8]. Mes-
enchymal stem cells (MSCs) have recently been found to
promote damaged tissue healing [9] and alleviate local
inflammatory responses, giving patients a unique thera-
peutic alternative.

Several pioneering studies have explored the therapeu-
tic efficacy of MSC administration for treating respira-
tory tract fistulas. In a goat model of BPF, Petrella et al.
[10] found that bronchoscopic stem cell transplantation
enhanced fistula healing by extraluminal fibroblast pro-
liferation and collagenous matrix development. Encour-
aged by this result, he presented a case report of effective
BPF blockage with MSC injection under bronchoscopy
[11]. At 60 days, bronchoscopy showed complete heal-
ing of the resection line and the orifice that was observed
before stem cell implantation was no longer visible.
Current evidence supports the safety of MSCs in treat-
ing respiratory tract fistula and suggests a beneficial
effect. However, research in this field is still scarce, and
the molecular mechanisms remain unknown. There are
no reports on animal models of tracheal fistulas and no
studies on stem cell therapy of tracheal fistulas.

MSCs can be isolated from many tissues and organs
[12] and have slight differences in their surface marker

expression and differentiation potential [13]. Stem cells
from human exfoliated deciduous teeth (SHED), first dis-
covered in 2003 [14], are self-renewing MSCs residing
within the perivascular niche of the dental pulp. They are
derived from the neural crest and can differentiate into
osteoblasts, chondrocytes, hepatocytes, and neuron-like
cells under appropriate conditions. Because teeth fall out
naturally throughout childhood, offering the ideal chance
to recover and retain this easy supply of young stem cells,
obtaining SHED is simple and convenient, with little or
no trauma and fewer ethical concerns. Furthermore, the
dental pulp of deciduous teeth is present from birth and
lasts until permanent teeth erupt. This period is charac-
terized by maintaining an active niche rich in stem cells,
which are strong and proliferative and are not yet heavily
affected by the cumulative effects of genetic and environ-
mental factors [15]. SHED have been shown to promote
considerable recovery in many animal models of disease,
including liver fibrosis, systemic lupus erythematosus,
ischemic brain injury, spinal cord injury, and diabetes
[16-22].

In this study, we successfully established a simple rat
tracheal fistula model. With this model, we investigated
the curative effects and probable mechanisms of SHED
on TE In our study, SHED transplantation accelerated
the rate of fistula healing in rats. Most importantly, intra-
venous SHED treatment reduced lung inflammation and
inhibited the activation of the HMGB1/TLR4/MYD88
signaling pathway in the lung tissues of TF rats.

Materials and methods

Origin and identification of SHED

SHED at passage 4 were present from CAR-T (Shang-
hai) Biotechnology Co., Ltd. and were isolated from
individuals (aged 6-12 years) who all signed informed
consent forms. The surface markers of SHED were
characterized using flow cytometry, while the dif-
ferentiation potential was tested using osteogenic,
adipogenic, and chondrogenic induction. For flow
cytometry analysis, the cell surface expression levels
of CD73, CD90, CD105, CD146, CD29, CD44, CD34,
and CD45 were tested. Cells were washed twice with
ice-cold PBS and stained with PE-or FITC-conjugated
antibodies (Beyotime, Shanghai, China) for 30 min on
ice in the darkroom. Samples were examined on an
Accuri C6 flow cytometer (BD Biosciences, Franklin
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Lake, NJ, USA). FlowJo 7.6.1 analysis software was
used to analyze the data. For three lineage inductions
of SHED, an osteogenesis differentiation kit (Cyagen,
Shanghai, China) was used to induce osteogenic dif-
ferentiation. SHED were cultured in osteogenic dif-
ferentiation medium and fed every three days for three
weeks. Alizarin red working solution was used to stain
the cells for 5 min. Adipogenesis was induced by using
an adipogenic differentiation kit (Cellcook Biotech,
Guangzhou, China). Oil Red O working solution (3:2
dilution with distilled water, filtered) was used to stain
SHED cultured in adipogenic differentiation medium
for 30 min. Chondrogenic induction of SHED was
performed according to the instruction manual of the
chondrogenic differentiation kit (Sanyuan, Shanghai,
China). Alcian blue staining was applied after induc-
tion for 3—4 weeks.

Measurement of cytokine and growth factor levels

from serum-free cultured medium of SHED

SHED at 70-80% confluency were washed with PBS,
and the culture medium was replaced with serum-free
DMEM. After a 48 h incubation, the medium was col-
lected and centrifuged for 10 min at 1000 x g. Matrix
metalloproteinase-10 (MMP-10), vascular endothe-
lial growth factor (VEGF), hepatocyte growth factor
(HGF), and interleukin 6 (IL-6) in CM were deter-
mined by ELISA kits (Cloud-Clone, Guangzhou,
China).

Page 3 of 14

Animal model establishment and cell transplantation
Eighty male SD rats (4-5 weeks old) were purchased
from Hunan SJA Laboratory Animals. These rats were
fed in the Laboratory Animal Research Center, Institutes
for Life Sciences, South China University of Technology.
All animal protocols were approved by the Research Eth-
ics Committee of Guangdong Provincial People’s Hospi-
tal, Guangdong Academy of Medical Sciences (Approval
ID: GDREC2019347A).

A total of 80 rats were randomized into five groups:
a sham-operated group, a local PBS group (L-PBS), an
intravenous PBS group (I-PBS), a local SHED treatment
group (L-SHED), and an intravenous SHED treatment
group (I-SHED). To anesthetize the rats, 1% pentobarbi-
tal sodium (30 mg/kg) was given intraperitoneally. After
a cervical incision was made, the skin, subcutaneous tis-
sue, and muscle layers were dissected to expose the tra-
chea. Then, a 1.5-mm fistula was created on the trachea
of SD rats with a biopsy punch. Under the microscope,
the fistula had a smooth edge and was uniform in diam-
eter (Fig. 1A).

At the same time of the successful construction of
the tracheal fistula, the L-SHED group was given a local
injection of 110’ SHED in 500 pl of PBS, which was
distributed at four sites around the fistula. The I-SHED
group was given an intravenous injection of 1*10” SHED
in 1 ml of PBS. In the L-PBS and I-PBS groups, the rats
received topical or intravenous application of an equal
volume of PBS, respectively. On the 2nd, 3rd, and 5th
days after the initial injection, the repair of the fistula was
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Fig. 1 Establishment of the tracheal fistula and experimental flow. A Establishment of the tracheal fistula. After exposing the trachea, a 1.5-mm
fistula was created on the trachea of SD rats with a biopsy punch. Under the microscope, each tracheal fistula had a uniform diameter and smooth
edge. B Schematic illustration of the experimental flow. On DO, TF rats were transplanted with SHED around the fistula and via the tail vein,
respectively. Fistula repair was observed on D2, D3, and D5. The tissues were collected on D7 for immunohistochemical, immunofluorescence, and
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observed by a stereomicroscope. The fistula and lung tis-
sues from these rats were harvested and processed for
histological and immunostaining or western blotting
one week after the injection. Airway responsiveness tests
were performed two weeks after the injection (Fig. 1B).

Histology and immunohistochemistry

The right lungs and fistulas were fixed in 4% paraform-
aldehyde (Sigma, St. Louis, USA) for 24 h. Tissues were
then paraffin-embedded (Sigma, St. Louis, USA) and cut
into 5-pm slices. Sections were stained with hematoxylin
and eosin (H&E) (Sigma, St. Louis, USA) to assess the
status of inflammatory infiltration, edema, and epithelial
damage. Besides, Masson trichromatic dyeing solution
was used to investigate connective tissue and collagen
fibers. For immunohistochemical staining, lung tissues
were incubated overnight at 4 °C with a rabbit polyclonal
anti-Toll-like receptor 4 (TLR4) antibody (CST; 1:100),
anti-interleukin (IL)-1p antibody (Cloud-Clone; 1:100),
anti-IL-33 antibody (Cloud-Clone; 1:100), and anti-IL-4
antibody (Cloud-Clone; 1:100). Then, the slices were
washed with PBS and incubated with goat anti-rabbit IgG
and a streptavidin peroxidase (SP) complex for 40 min at
37 °C (ZSGB-BIO, Beijing, China). Immunoreaction was
visualized after incubating with 0.05% diaminobenzidine
and 0.003% H,O,. Finally, images were randomly taken
using a digital pathology scanning system (Leica, Shang-
hai, China). The Smith score was used for semiquantita-
tive analysis of pulmonary edema, alveolar and interstitial
inflammation, alveolar and interstitial hemorrhage, and
atelectasis and hyaline membrane formation. The aver-
age score of the two researchers was used to calculate the
total lung injury score. Image-Pro Plus 6.0 was used as a
tool to quantify the integrated optical density (IOD) of
positive areas.

Airway responsiveness of rats

On the 14th day, airway responsiveness to methacholine
was measured in each group of three rats. After the rats
were placed in the whole-body chamber and connected
to the device (BUXCO, DSI, MN, USA), the basic Penh
value was measured first. The respiratory data were col-
lected with aerosols containing increasing doses of meth-
acholine (6.25, 12.5, 25, and 50 mg/mL, with a volume of
0.5 mL) and analyzed with Flexi Vent software. Enhanced
pause (Penh) was obtained as an index relative to the
measured airway responsiveness.

Immunofluorescence

Sections of the lungs were incubated in PBS containing
5% normal donkey serum and mouse antihuman nuclei
(HuNu) antibody (Millipore; 1:200) overnight at 4 °C.
After washing with PBS, the sections were incubated for
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one hour in a box at 37 °C with Alexa Fluor® 594 goat
anti-mouse IgG (Invitrogen; 1:200). Then, the sections
were redyed with DAPI, washed, and sealed.

Western blotting

Total protein was extracted from the lung tissue in RIPA
lysis buffer on ice with protease inhibitor cocktail. The
concentration of total protein was determined using
a BCA Protein Assay Kit. Equal amounts of proteins
(20 pg) were separated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) before
being transferred to a polyvinylidene difluoride (PVDEF)
membrane (Millipore, Billerica, MA, USA). The mem-
branes were incubated overnight at 4 °C with specific
primary antibodies against high mobility group box-1
(HMGB1) (CST; 1:1000), TLR4 (CST; 1:1000), and mye-
loid differentiation factor 88 (Myd88) (CST; 1:1000) after
blocking in 5% milk/Tris-buffered saline Tween (TBST)
for 2 h, followed by horseradish peroxidase (HRP)-
labeled secondary antibodies for 2 h at room tempera-
ture. A ChemiScope series (Clinx, Shanghai, China) was
used to observe immunoreactive bands, and Image-Pro
Plus 6.0 was used to quantify the expression.

Statistical analysis

GraphPad Prism 7.0 was used to analyze the data. All
data are shown as the mean+ SEM. For the data statis-
tics of the two experimental results, a T-test was applied
to calculate the variance. For the data statistics of the
five groups, an ANOVA with Turkey’s post hoc test was
applied to obtain the variance between the groups. A
value of P<0.05 was considered statistically significant.

Results

Identification of SHED

We first examined the cell morphology, surface markers,
and differentiation capability of SHED. Cell morphology
was evaluated by light microscopy. The surface markers
of SHED were detected using flow cytometry, while the
differentiation potential was tested using osteogenic, adi-
pogenic, and chondrogenic induction.

Under the microscope, SHED adhered to the dish
and grew in a long spindle shape (Fig. 2A). SHED were
defined as having high levels of CD73, CD90, CD29,
CD44, CD146, and CD105 expression while having low
levels of CD34 and CD45 expression [23]. According to
our flow cytometry results, the positive rates of CD73,
CD90, CD29, and CD44 were higher than 95%, CD105
was higher than 90%, and CD146 was higher than 60%,
while the positive rates of CD34 and CD45 were less
than 2% (Fig. 2B). Differentiation of the SHED to osteo-
cytes was confirmed by positive staining with alizarin
red staining (Fig. 2C). After oil red O staining, deep red
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Fig. 2 Identification and characterization of SHED. A Morphology of SHED. SHED grew adherently, with a long spindle form, an oval nucleus,

and a fibroblast-like nucleus in the cytoplasm'’s center. B Surface markers of SHED. Flow cytometric analysis showed that SHED highly expressed
CD73,CD90, CD105, CD146, CD29, and CD44, while it did not express CD34 and CD45. C Osteogenic of SHED. Alizarin red staining of SHED. D
Adipogenesis of SHED. Oil red O staining of SHED was performed after adipogenic induction. E Chondrogenesis of SHED. Alcian staining of SHED

lipid droplets were visible, indicating adipogenic differ-
entiation (Fig. 2D). Alcian staining was used to confirm
chondrogenic differentiation (Fig. 2E). The three lineage
inductions of SHED proved their strong differentiation
potential. Many investigations have shown that MSC'’s
therapeutic efficacy is due to paracrine rather than cell
differentiation. As a result, we discovered that SHED
released several cytokines and growth factors, such as
MMP-10, VEGE, HGF, and IL-6 (Table 1).

Healing of fistulas after SHED transplantation

To investigate whether SHED had therapeutic effects
on tracheal fistulas, we observed the healing of fistu-
las on the 2nd, 3rd, and 5th days after transplantation
under a stereomicroscope. Compared to the respec-
tive PBS group, the fistulas in the SHED-transplanted
groups healed substantially faster when observed
under a stereomicroscope (Fig. 3A-C). Isolated tra-
cheal fistulas were taken on the third day, and the

Table 1 Cytokine and growth factor levels are present in
conditioned medium derived from SHED

Cytokine Conditioned
medium (n=5,
pg/ml)

MMP-10 300.23+16.32

HGF 20.42+£3.88

VEGF 15.024+247

IL-6 1.034+0.09

The levels of MMP-10, HGF, VEGF, IL-6 in SHED were measured using ELISA kits
(Cloud-Clong, China). Data are expressed as the mean = standard deviation.
HGF, hepatocyte growth factor. VEGF, vascular endothelial growth factor. IL-6:
interleukin-6. MMP-10: matrix metalloproteinase-10

diameters of the fistulas in each group were measured
(Fig. 3D). The diameters of fistulas were significantly
smaller in the SHED-transplanted groups than in the
PBS groups (Fig. 3E). These findings imply that SHED
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Fig. 3 Healing of fistulas after SHED transplantation. A, B, C Healing of the fistulas on D2, D3, and D5. Fistula repair was observed under a
stereomicroscope. The healing speed of the fistulas in the SHED-transplanted groups was faster than that in the PBS groups. D Representative gross
images of isolated tracheal fistulas on D3. The diameters of the tracheal fistulas were 0.5 mm, 0.75 mm, 0 mm, and O mm. E Statistical analysis of the
diameters of the isolated fistulas on day 3 (n=5/group; *P < 0.05, compared with T test)

transplantation, whether in the form of a topical mul-
tipoint injection around the fistula or an intravenous
SHED injection via the tail vein, could accelerate fistula
healing in rats.

Engraftment of SHED in the lung and fistula

To determine whether SHED engrafted to the injury site
in vivo, the fistula and lung tissues were harvested and
cut into 5-um-thick slices on the 7th day. The tissues were
next stained with a mouse antihuman nuclei (HuNu) anti-
body, a human-specific nucleus marker that recognizes
human and primate nuclei but not rat or mouse nuclei.

After intravenous injection, SHED was engrafted into the
lungs and the fistulas (Fig. 4A, B). However, when locally
injected, SHED were found only around fistulas but not
in the lungs. As expected, no signal was detected in the
lungs or fistulas in the L-PBS and I-PBS groups. These
results suggest that SHED in the body entered circulation
and migrated to the wounded area.

Pathology of the fistulas

The tracheal fistula tissues of rats in each group were
taken on day 7, and H&E and Masson staining ana-
lyzed the pathological patterns of the tissues around the
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Fig. 4 Engraftment of SHED around the fistula and in the lung. A Surviving SHED after transplantation around the fistula. SHED were found in both
the I-SHED group and the L-SHED group. No SHED were observed in the I-PBS and L-PBS groups. B Surviving SHED after transplantation in the lung.
SHED were found in the I-SHED group. However, no transplanted SHED were seen in the other groups

fistulas. When compared with the PBS groups, fistula
tissues in the SHED treatment groups showed apparent
inflammatory cell infiltration, extensive neovasculariza-
tion formation, and hyperplasia of fibers and epithelium,
indicating that SHED could have the potential to be con-
ducive to tissue repair (Fig. 5). But in both the I-SHED

and L-SHED treatment groups, the fistulas demonstrated
incomplete tissue repair and healing.

Lung inflammation and airway responsiveness
H&E staining and smith scoring of lung tissue showed
intravenous SHED treatment could induce damage to



Wang et al. Stem Cell Research & Therapy ~ (2022) 13:310

Page 8 of 14

L Sham

5 gl RNE

« : - |
A p. [

neovascularization, and the hyperplasia of fibers and epithelium

Fig. 5 H&E and Masson staining of the fistula. Fistula tissues in the SHED treatment groups showed obvious inflammatory cells and intense

the lung tissues caused by TF, whereas local treatment
could not (Fig. 6A, B). To further assess the status of
the inflammatory level in the lung tissues, we identified
several pro-inflammatory and anti-inflammatory factors
by immunohistochemical staining. The expressions of
IL-1P and IL-33 were decreased, while IL-4 was elevated
in the I-SHED group compared with the I-PBS group
(Fig. 6A—E). These results suggest that intravenous SHED
injections could successfully reduce lung inflammation,
whereas local SHED injections did not.

Airway responsiveness was assessed using whole-body
plethysmography on day 14. The enhanced pause (Penh)
test was used to determine airway responsiveness. As the
concentration of methacholine increased, the rats in each
group showed much deeper, rapider, and open-mouth
breathing. Furthermore, the Penh values curve elevated
slowly and flatly in the SHED or PBS treatment groups,
while the Penh values curve in the sham-operated group
expressed a bigger and relatively significant increase. The
Penh values of the sham-operated group were signifi-
cantly higher than those in the SHED or PBS treatment
groups (P<0.001) when the concentration of methacho-
line reached above 12.5 mg/ml. There was no significant
difference between the I-SHED or L-SHED groups and
their respective PBS groups (Fig. 6F).

The expression of TLR4 in the lungs after transplantation
To further explore the molecular changes after SHED
transplantation in TF rats, immunohistochemical

staining of TLR4 was performed in the lung tissue. Toll-
like receptors are a class of crucial transmembrane pro-
tein molecules that can recognize foreign microbial
molecules or pathogen-associated molecular patterns
and participate in nonspecific immunoreactions. Stem
cells have previously been shown to affect the function
of natural killer cells, macrophages, and T lymphocytes
via a TLR-dependent response [24]. TLR4 expressed on
stem cells serves as a crucial sensor that stimulates LPS-
induced cell signaling via myeloid differentiation factor
88 (MyD88) to downstream proinflammatory genes, ulti-
mately defining the adaptive stem cell response [25]. Liu
found that MSC exhibited its anti-inflammatory effects
by inhibiting activation of the TLR4/NF-kB signaling
pathway [26]. In our study, the expression of TLR4 was
significantly increased in the L-PBS and I-PBS groups
compared with the sham-operated group by immunohis-
tochemical staining (Fig. 7A, C). After intravenous injec-
tion of SHED, the expression levels of TLR4 (P<0.0001)
in the lung were significantly reduced when compared
to the I-PBS group. After topical SHED treatment, the
expression levels of TLR4 in the lung showed a down-
ward trend, but there was no statistical significance when
compared to the L-PBS group. Consistent results were
obtained by western blot analysis (Fig. 7B, D).

The HMGB1/TLR4/MYDS88 signaling pathway reactivity
The preceding results indicated that the expression and
activation of TLR4 were decreased after intravenous
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SHED transplantation. It has been reported that high
mobility group box 1 (HMGB1) binds to TLR4, leading to
MYD88-dependent activation of the NF-KB pathway in
neutrophils and macrophages and promoting inflamma-
tory responses [27]. We examined the expression levels
of HMGB1 and MyD88 using western blotting (Fig. 8A).
In the L-PBS and I-PBS groups, the HMGB1 and MYD88
expression levels were significantly increased compared
with the sham-operated group (Fig. 8B, C). After intra-
venous injection of SHED, the expression of HMGB1
and MYDS8S significantly decreased in the [-SHED group
compared with the I-PBS group. However, there was no
statistical significance between the L-SHED group and
the L-PBS group.

Discussion

Tracheal fistulas (TF) can be dangerous and even fatal.
Currently, there is no practical way to treat it. Therefore,
there is an urgent need to find novel therapeutic inter-
ventions. To our knowledge, the present study was the
first to establish the TF rat models to determine the effect
of SHED treatment. First, we identified SHED. SHED
grew in fusiform adherents, expressing the specific mol-
ecules CD73, CD90, CD29, CD44, CD105, and CD146,
and demonstrated the ability to differentiate into osteo-
genic, lipogenic, and chondrogenic cells. It suggests that
our SHED has the characteristics of stem cells consistent
with the previous research, so that it could be used for
further research. Second, an animal model of respira-
tory tract fistula was established. In our study, we con-
structed a tracheal fistula model in rats using a 1.5 mm
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surgical punch. Under the microscope, the fistula had a
smooth edge and was consistent in diameter. In 2000,
Wagner et.al [28] proposed the surgical construction of
a minipig model of tracheoesophageal fistulas. In addi-
tion, left pneumonectomy was performed to establish a
bronchopleural fistula model in Wistar rats [29]. How-
ever, the surgery caused severe harm to the animals, and
controlling the diameter and margin of the fistula was
challenging. Then, Gao et al. [30] used a magnetic com-
pression approach to create dog models with a tracheoe-
sophageal fistula. The magnetic compression technique
solved the defects of fistulas with different diameters and
uneven edges. However, it took a long time for the fis-
tulas to develop and required an X-ray examination. To
our knowledge, this is the first study that reported a rat
model of tracheal fistula. Our approach has the advan-
tages of being easy to operate and fast to develop. More-
over, the fistulas had consistent diameters and smooth
margins, indicating that this approach could be utilized
as an animal model to research respiratory fistulas.

Next, we observed the therapeutic effect of SHED
on tracheal fistulas. The findings revealed that SHED
transplantation could accelerate the rate of fistula heal-
ing in rats. Currently, there are few animal experiments
on stem cell therapy for respiratory tract fistulas, and
most of them are clinical case reports [31-33]. Petrella

et al. [10] conducted a study on the efficacy and safety
of BMSC injections under bronchoscopy in the treat-
ment of a BPF goat model, and the results showed that
BMSCs could repair and cure BPF. SHED are defined as
one source of MSCs that have great potential in tissue
repair [34]. In our study, the diameters of fistulas in the
SHED-transplanted groups were considerably lower than
those in the PBS groups on the third day. And pathologi-
cal analysis demonstrated the formation of new blood
vessels surrounding the fistula and the proliferation
of collagen fibers and epithelium in the SHED-treated
groups. Inflammatory cells may play a pivotal role in
wound healing at this stage of the cicatrization process.
They assist in microbial decontamination, produce mul-
tiple growth factors that promote the healing process and
help in the clearance of cellular death and tissue remod-
eling. On the 7th day after the MSC treatment of the
bronchial stump model of Wistar rats, David et al. [29]
found intense inflammation with diffuse ulceration of the
mucosa, intense neovascularization, and signs of infec-
tion with foreign body granulomas in the peribronchial
pleura, which was similar to our study. He suggested that
MSCs administered topically on a bronchial stump could
migrate and reach the bronchial wall and participate in
the healing process.
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We used two different methods to transplant SHED;
topical treatment and intravenous treatment. Both of
them have the potential to hasten fistula repair. Moreo-
ver, SHED may survive in the lungs after intravenous
injection, and intravenous SHED could reduce pulmo-
nary inflammation. It may be because intravenously
injected MSCs can migrate to the lung through circula-
tion and tend to recruit into the injury site. One hour
after an injection of human MSCs from the jugular veins
of rats, the number of cells decreased by 82%, predomi-
nantly in the lungs, liver, and kidneys, with a few in other
organs, such as the kidneys and small intestine, and the
number of cells decreased over time [35]. When pulmo-
nary damage exists, the retention of stem cells increases.
The local lung microenvironment activates MSC, releas-
ing substantial amounts of anti-inflammatory substances
that reduce inflammation. Even an intravenous injection
of substance P can activate mesenchymal stem cells in the
body, causing them to enter the bloodstream and travel
to the injury site, facilitating tissue regeneration [36]. Our
study suggests that both topical and intravenous thera-
pies have the potential to speed up fistula repair. And
intravenous treatment may be more effective in reducing
pulmonary inflammation.

According to research on their dynamic disper-
sion in vivo, MSCs may exert their therapeutic benefits
through touch-and-walk or hit-and-run processes [37].
Many studies have shown that the therapeutic efficacy of
MSCs involves multiple targets and strategies rather than
cell differentiation [38]. Previous studies have suggested
that the paracrine effect of MSCs plays an essential role
in trauma repair and regulation of the inflammation
response. According to our findings, SHED released a
variety of cytokines and growth factors, including MMP-
10, VEGF, HGEF, and IL-6. These elements may aid in the
healing of fistulas and alleviate pulmonary inflammation.

Finally, we further explored the molecular mechanism
by which SHED affects its effect on reducing lung inflam-
mation. TLR4 is present in immune cells such as mac-
rophages, neutrophils, and nonimmune cells, including
alveolar endothelial cells and epithelial cells. Endothelial
cell destruction is the basis of structural degradation of
the alveolar basement membrane in lung injury, and infil-
tration of alveolar inflammatory cells is the key to the
inflammatory response. Furthermore, earlier research has
suggested that TLR4-mediated inflammation is involved
in acute lung injury caused by lipopolysaccharide (LPS).
These changes lead to the synthesis and release of vari-
ous inflammatory mediators and ultimately initiate and
amplify the inflammatory response. TLR4 disruption
has been shown to reduce pulmonary inflammation and
damage in previous studies [39]. MSCs could downregu-
late the expression of TLR4 to inhibit lung inflammation
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[40, 41]. MSCs were discovered to have an anti-inflam-
matory effect on renal fibrosis by suppressing the activa-
tion of the TLR4 signaling pathway [26]. MSC exosomes
have also been shown to diminish burn-induced inflam-
mation by inhibiting the TLR4 signaling pathway [42].
Our results also suggested that intravenous SHED treat-
ment might reduce the inflammatory response mediated
by the HMGB1/TLR4/MYD88 signaling pathway. We
believe that regulating the effect of SHED is multifaceted,
which is also a significant feature of biologically active
drugs that are different from chemical single-component
drugs. However, further investigations are still warranted.

There are some limitations to our current study. First of
all, our infusion was a single injection, and a single dose
of SHED had a short-term effect. Furthermore, since our
study only used a single infusion of SHED, long-term
tolerance to tissue allografts was unable to be achieved.
As a result, immunological rejection was inescapable,
speeding up SHED clearance in rats. Although our stud-
ies provide encouraging results that suggest that SHED
treatment is a promising therapy for TF, safety remains
one of the main concerns in cell therapy. To develop
safe and effective stem cell-based treatment approaches,
secure SHED must be produced, as well as quality control
systems, delivery mechanisms, and strict adherence to
the Clinical Translation of Stem Cells Guidelines.

Conclusion

In summary, SHED could accelerate tracheal fistula heal-
ing and reduce lung inflammation. Furthermore, intra-
venous SHED injection inhibited the activation and
expression of HMGB1/TLR4/MYDS88 signaling path-
ways, demonstrating that SHED protects in a bystander-
like manner. These findings suggest that SHED
transplantation may be a potential solution to repair res-
piratory tract fistulas. Although our experimental results
showed that SHED had a healing effect on tracheal fistu-
las, more in-depth investigations are needed to promote
future clinical applications.

Abbreviations

SHED: Stem cells from human exfoliated deciduous teeth; TF: Tracheal fistulas;
TLR4: Toll-like receptor 4; MSCs: Mesenchymal stem cells; HMGB1: High mobil-
ity group box 1; MYD88: Myeloid differentiation factor 88; IL-1(: Interleukin-16;
IL-33: Interleukin-33; IL-4: Interleukin-33; IL-6: Interleukin-6; VEGF: Vascular
endothelial growth factor; HGF: Hepatocyte growth factor; MMP-10: Matrix
metalloproteinase-10.

Acknowledgements
We thank all the investigators for their excellent assistance in this research.

Author contributions

F.W, F.L, and J. W. conceived and designed the experiments. Z. L, J. G, J. L.,
J.L,X.C,Z L,and J. S. performed the experiments. F. W. analyzed the data
and wrote the article. F. L. and J. W. revised the manuscript and contributed to



Wang et al. Stem Cell Research & Therapy ~ (2022) 13:310

discussions. J. W. contributed to discussions and important reagents and sup-
ported funds. All authors read and approved the final manuscript.

Funding

The studies were supported by fundings from Jian Wu (National Natural Sci-
ence Foundation of China (No. 81970012), Shanghai Wu Mengchao Medical
Science Foundation (No. JJHXM-2019004), and Key R&D projects of Guang-

dong Provincial Science and Technology Plan (No. 2109B020227006)).

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the Research Ethics Committee Guangdong Pro-
vincial People’s Hospital, Guangdong Academy of Medical Sciences (Approval
ID: GDREC2019347A).

Informed consent
There are no human subjects in this article, and informed consent is not
applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Medicine, South China University of Technology, Guang-

zhou 510006, China. 2Second Department of Elderly Respiratory, Guangdong
Provincial People’s Hospital, Guangdong Academy of Medical Sciences,
Guangdong Provincial Geriatrics Institute, Guangzhou 510080, China. *The
Second School of Clinical Medicine, Southern Medical University, Guang-
zhou 510515, China. “Department of Emergency Medicine, Affiliated Baoan
Hospital of Shenzhen, The second school of clinical medicine, Southern Medi-
cal University, Shenzhen 518101, China.

Received: 6 January 2022 Accepted: 28 June 2022
Published online: 15 July 2022

References

1. Trivisonno A, Nachira D, Boskoski |, Porziella V, Di Rocco G, Baldari S,
Toietta G. Regenerative medicine approaches for the management of
respiratory tract fistulas. Stem Cell Res Ther. 2020;11(1):451.

2. Palmes D, Kebschull L, Bahde R, Senninger N, Pascher A, Laukotter MG,
Eichelmann AK. Management of nonmalignant tracheo- and bron-
choesophageal fistula after esophagectomy. Thorac Cardiovasc Surg.
2021,69(3):216-22.

3. LiY,Shen C,Yin W.Tracheal fistula in a patient after esophageal surgery
confirmed by lung ultrasound: a new bedside tool for thoracic surgeons.
Thoracic cancer. 2020;11(10):3007-10.

4. Santosham R. Management of acquired benign tracheoesophageal
fistulae. Thorac Cardiovasc Surg. 2018;28(3):385-92.

5. Qureshi YA, Muntzer Mughal M, Markar SR, Mohammadi B, George J,
Hayward M, Lawrence D. The surgical management of non-malignant
aerodigestive fistula. J Cardiothorac Surg. 2018;13(1):113.

6. Wang H, Ke M, LiW,Wang Z, Li H, Cong M, Zeng Y, Chen L, Lai G,

Xie B, et al. Chinese expert consensus on diagnosis and manage-
ment of acquired respiratory-digestive tract fistulas. Thoracic cancer.
2018,9(11):1544-55.

7. Zeng J,Wu X, Chen Z, Zhang M, Ke M. Modified silicone stent for the
treatment of post-surgical bronchopleural fistula: a clinical observation of
17 cases. BMC Pulm Med. 2021;21(1):10.

8. Kim HS, Khemasuwan D, Diaz-Mendoza J, Mehta AC. Management of
tracheo-oesophageal fistula in adults. European Respir Rev Off J Euro-
pean Respir Soc. 2020. https://doi.org/10.1183/16000617.0094-2020.

20.

21.

22.

23.

24.

25.

26.

27.

Page 13 of 14

Leung VY, Aladin DM, Lv F, Tam V, Sun'Y, Lau RY, Hung SC, Ngan AH, Tang
B, Lim CT, et al. Mesenchymal stem cells reduce intervertebral disc fibro-
sis and facilitate repair. Stem Cells. 2014;32(8):2164-77.

Petrella F, Toffalorio F, Brizzola S, De Pas TM, Rizzo S, Barberis M,

Pelicci P, Spaggiari L, Acocella F. Stem cell transplantation effectively
occludes bronchopleural fistula in an animal model. Ann Thorac Surg.
2014,97(2):480-3.

. Petrella F, Spaggiari L, Acocella F, Barberis M, Bellomi M, Brizzola S,

Donghi S, Giardina G, Giordano R, Guarize J, et al. Airway fistula closure
after stem-cell infusion. N Engl J Med. 2015;372(1):96-7.

Lv FJ, Tuan RS, Cheung KM, Leung VY. Concise review: the surface
markers and identity of human mesenchymal stem cells. Stem cells.
2014,32(6):1408-19.

Lv F, Lu M, Cheung KM, Leung VY, Zhou G. Intrinsic properties of
mesemchymal stem cells from human bone marrow, umbilical cord
and umbilical cord blood comparing the different sources of MSC. Curr
Stem Cell Res Ther. 2012;7(6):389-99.

Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey PG, Shi S. SHED:
stem cells from human exfoliated deciduous teeth. Proc Natl Acad Sci
USA. 2003;100(10):5807-12.

Kerkis I, Caplan Al. Stem cells in dental pulp of deciduous teeth. Tissue
Eng Part B Rev. 2012;18(2):129-38.

Inoue T, Sugiyama M, Hattori H, Wakita H, Wakabayashi T, Ueda M. Stem
cells from human exfoliated deciduous tooth-derived conditioned
medium enhance recovery of focal cerebral ischemia in rats. Tissue Eng
Part A. 2013;19(1-2):24-9.

Zhang N, Lu X, Wu S, Li X, Duan J, Chen C, Wang W, Song H, Tong J, Li S,
et al. Intrastriatal transplantation of stem cells from human exfoliated
deciduous teeth reduces motor defects in Parkinsonian rats. Cyto-
therapy. 2018;20(5):670-86.

LvY, Ge L, ZhaoY. Effect and mechanism of SHED on ulcer wound heal-
ing in Sprague-Dawley rat models with diabetic ulcer. Am JTrans Res.
2017;9(2):489-98.

Yamaza T, Alatas FS, Yuniartha R, Yamaza H, Fujiyoshi JK, YanagiV,
Yoshimaru K, Hayashida M, Matsuura T, Aijima R, et al. In vivo hepato-
genic capacity and therapeutic potential of stem cells from human
exfoliated deciduous teeth in liver fibrosis in mice. Stem Cell Res Ther.
2015;6(1):171.

Sugimura-Wakayama Y, Katagiri W, Osugi M, Kawai T, Ogata K,
Sakaguchi K, Hibi H. Peripheral nerve regeneration by secretomes of
stem cells from human exfoliated deciduous teeth. Stem Cells Dev.
2015;24(22):2687-99.

Sakai K, Yamamoto A, Matsubara K, Nakamura S, Naruse M, Yamagata M,
Sakamoto K, Tauchi R, Wakao N, Imagama S, et al. Human dental pulp-
derived stem cells promote locomotor recovery after complete transec-
tion of the rat spinal cord by multiple neuro-regenerative mechanisms. J
Clin Investig. 2012;122(1):80-90.

Izumoto-Akita T, Tsunekawa S, Yamamoto A, Uenishi E, Ishikawa K, Ogata
H, lida A, lkeniwa M, Hosokawa K, Niwa Y, et al. Secreted factors from
dental pulp stem cells improve glucose intolerance in streptozotocin-
induced diabetic mice by increasing pancreatic 3-cell function. BMJ
Open Diabetes Res Care. 2015;3(1): e000128.

Zhang X, Lei T, Chen P, Wang L, Wang J, Wang D, Guo W, Zhou Y, Li Q,

Du H. Stem cells from human exfoliated deciduous teeth promote hair
regeneration in mouse. Cell Transplant. 2021;30:9636897211042928.

Ji'S, Xiao J, Liu J, Tang S. Human umbilical cord mesenchymal stem cells
attenuate ocular hypertension-induced retinal neuroinflammation via
toll-like receptor 4 pathway. Stem Cells Int. 2019;2019:9274585.

de Miguel-Gémez L, Ferrero H, Lépez-Martinez S, Campo H, Lépez-Pérez
N, Faus A, Hervés D, Santamaria X, Pellicer A, Cervellé I. Stem cell parac-
rine actions in tissue regeneration and potential therapeutic effect in
human endometrium: a retrospective study. BJOG Int J Obstet Gynaecol.
2020;127(5):551-60.

Liu B, Ding F, Hu D, Zhou Y, Long C, Shen L, Zhang Y, Zhang D, Wei G.
Human umbilical cord mesenchymal stem cell conditioned medium
attenuates renal fibrosis by reducing inflammation and epithelial-to-
mesenchymal transition via the TLR4/NF-kB signaling pathway in vivo
and in vitro. Stem Cell Res Ther. 2018,9(1):7.

Ding N, Zhang Y, Loughran PA, Wang Q, Tsung A, Billiar TR. TIFA upregula-
tion after hypoxia-reoxygenation is TLR4- and MyD88-dependent and


https://doi.org/10.1183/16000617.0094-2020

Wang et al. Stem Cell Research & Therapy

28.

29.

30.

31

32

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

(2022) 13:310

associated with HMGB1 upregulation and release. Free Radical Biol Med.
2013;63:361-7.

Wagner HJ, Stinner B, Barth P, Klose KJ. Are covered stents really effective
at closing esophagotracheal fistulas? results of an animal study. Cardio-
vasc Intervent Radiol. 2000;23(4):291-7.

Gomez-de-Antonio D, Zurita M, Santos M, Salas |, Vaquero J, Varela

A. Stem cells and bronchial stump healing. J Thorac Cardiovasc Surg.
2010;140(6):1397-401.

Gao Y, Wu RQ, Lv Y, Yan XP. Novel magnetic compression technique for
establishment of a canine model of tracheoesophageal fistula. World J
Gastroenterol. 2019;25(30):4213-21.

Diaz-Agero Alvarez PJ, Bellido-Reyes YA, Sanchez-Girén JG, Garcia-Olmo
D, Garcia-Arranz M. Novel bronchoscopic treatment for bronchopleural
fistula using adipose-derived stromal cells. Cytotherapy. 2016;18(1):36-40.
Aho JM, Dietz AB, Radel DJ, Butler GW, Thomas M, Nelson TJ, Carlsen BT,
Cassivi SD, Resch ZT, Faubion WA, et al. Closure of a recurrent bronchop-
leural fistula using a matrix seeded with patient-derived mesenchymal
stem cells. Stem Cells Transl Med. 2016;5(10):1375-9.

Alvarez PD, Garcia-Arranz M, Georgiev-Hristov T, Garcfa-Olmo D. A new
bronchoscopic treatment of tracheomediastinal fistula using autologous
adipose-derived stem cells. Thorax. 2008;63(4):374-6.

Deng Z, Jin J,Wang S, Qi F, Chen X, Liu C, LiY, MaY, Lyu F, Zheng Q. Narra-
tive review of the choices of stem cell sources and hydrogels for cartilage
tissue engineering. Annals Trans Med. 2020;8(23):1598.

Schmuck EG, Koch JM, Centanni JM, Hacker TA, Braun RK, Eldridge M, Hei
DJ, Hematti P, Raval AN. Biodistribution and clearance of human mesen-
chymal stem cells by quantitative three-dimensional cryo-imaging after
intravenous infusion in a rat lung injury model. Stem Cells Trans| Med.
2016;5(12):1668-75.

Zhang Y, An S, Hao J, Tian F, Fang X, Wang J. Systemic injection of sub-
stance P promotes murine calvarial repair through mobilizing endog-
enous mesenchymal stem cells. Sci Rep. 2018;8(1):12996.

Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and
disease. Nat Rev Immunol. 2008;8(9):726-36.

Huang YC, Li Z, Li J, Lyu FJ. Interaction between stem cells and

the microenvironment for musculoskeletal repair. Stem Cells Int.
2020;2020:7587428.

Zhu Q He G, Wang J, Wang Y, Chen W, Guo T. Down-regulation of toll-like
receptor 4 alleviates intestinal ischemia reperfusion injury and acute lung
injury in mice. Oncotarget. 2017;8(8):13678-89.

Liu J, ChenT, Lei P Tang X, Huang P. Exosomes released by bone marrow
mesenchymal stem cells attenuate lung injury induced by intesti-

nal ischemia reperfusion via the TLR4/NF-kB pathway. Int J Med Sci.
2019;16(9):1238-44.

Li D, Pan X, Zhao J, Chi C, Wu G, Wang Y, Liao S, Wang C, Ma J, Pan J. Bone
marrow mesenchymal stem cells suppress acute lung injury induced by
lipopolysaccharide through inhibiting the TLR2, 4/NF-kB pathway in rats
with Multiple trauma. Shock. 2016;45(6):641-6.

Li X, Liu L, Yang J, Yu'Y, Chai J, Wang L, Ma L, Yin H. Exosome derived

from human umbilical cord mesenchymal stem cell mediates MiR-

181c attenuating burn-induced excessive inflammation. EBioMedicine.
2016;8:72-82.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The therapeutic effect of stem cells from human exfoliated deciduous teeth on a rat model of tracheal fistula
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Origin and identification of SHED
	Measurement of cytokine and growth factor levels from serum-free cultured medium of SHED
	Animal model establishment and cell transplantation
	Histology and immunohistochemistry
	Airway responsiveness of rats
	Immunofluorescence
	Western blotting
	Statistical analysis

	Results
	Identification of SHED
	Healing of fistulas after SHED transplantation
	Engraftment of SHED in the lung and fistula
	Pathology of the fistulas
	Lung inflammation and airway responsiveness
	The expression of TLR4 in the lungs after transplantation
	The HMGB1TLR4MYD88 signaling pathway reactivity

	Discussion
	Conclusion
	Acknowledgements
	References


