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Human dental pulp stem cells attenuate
airway inflammation in mice with PM, .-
induced asthma exacerbation by inhibiting
the pyroptosis pathway
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Zhangquan Liu', Xiaoyang Liao' and Jian Wu'*'

Abstract

Background Fine particulate matter (PM, 5) exposure significantly exacerbates respiratory morbidity, particularly

in asthmatic individuals, highlighting an urgent need for effective therapeutic interventions. In this study, we
evaluated the therapeutic potential and underlying mechanisms of human dental pulp stem cells (hDPSCs), a
promising mesenchymal stem cell population, in mitigating airway inflammation in mice with PM, s-induced asthma
exacerbation.

Methods In a PM, s-exacerbated ovalbumin (OVA)-asthma murine model, hDPSCs were intravenously administered
with MCC950 (NLRP3 inhibitor) as positive control, systematically evaluating their therapeutic effects on airway
inflammation and pyroptosis through pulmonary function tests, histopathological examination, cytological and
molecular analyses.

Results The administration of hDPSCs ameliorated airway inflammation. Moreover, hDPSCs further alleviated Th2
inflammation and decreased serum IgE concentrations, along with a decrease in eosinophils in BALF. At the same
time, interleukin-13 (IL-13) and IL-18 levels in BALF and caspase-1 activity in lung tissues were reduced. In addition,
immunohistochemistry showed that the expression levels of NLRP3, caspase-1, GSDMD, cleaved capsase-1 and IL-13
were reduced. The western blot results also showed that the expression level of NLRP3/caspase-1/GSDMD/cleaved
capsase-1in the classical pathway of pyroptosis decreased after hDPSCs intervention.

Conclusions These findings provided the first evidence that hDPSCs transplantation attenuated allergic airway
inflammation and mucus secretion in mice with PM, s-induced asthma exacerbation. Thus, hDPSCs exert these
protective effects through suppression of the NLRP3/caspase-1/GSDMD-mediated pyroptosis pathway, suggesting
their potential as a novel cell-based therapy for PM, s inhalation-mediated asthma.
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Introduction

Asthma is a chronic inflammatory disease that affects
hundreds of millions of people worldwide [1]. It is dis-
tinguished by an increase in type 2 immune cells that
infiltrate the airways, such as mast cells, basophils, eosin-
ophils, and T helper 2 (Th2) cells, which render exces-
sive mucus production and airway hyperresponsiveness
(AHR), ultimately leading to airflow obstruction [2, 3].
Environmental factors, such as air pollution, are one of
the main causes of asthma attack and exacerbation [4].
PM, 5 is particulate matter, the main component of air
pollution, with an aerodynamic diameter of less than 2.5
[5, 6]. Due to its ability to spread further into the terminal
bronchioles and alveoli, PM, ; is considered particularly
detrimental in triggering asthma attacks [7]. While the
precise mechanism by which PM, ; causes asthma exac-
erbations is still unknown, emerging evidence implicates
PM, s-induced activation of the nod-like receptor pyrin
domain containing 3 (NLRP3) inflammasome and subse-
quent pyroptosis in asthma exacerbation pathogenesis [8,
9l.

Pyroptosis is a novel type of inflammatory and
programmed cell death, characterized by cellular
enlargement, membrane rupture, and the release of
immune-stimulating substances from the cell [10]. The
recognition receptor known as the NLRP3 inflamma-
some is responsible for the creation of inflammatory
vesicles, which are made up of many complexes including
NLRP3, caspase-1 and proteins containing the C-termi-
nal cysteoaspartate-recruiting structural domain (ASC).
Activation of NLRP3 inflammasome activates caspase-1
and other cysteoaspartic enzymes, which in turn cleave
the GSDMD, releasing its N-terminus, leading to rupture
and perforation of the cell membrane and the release of
cytokines such as IL-1p and IL-18, leading to pyropto-
sis [11]. NLRP3 inflammasome-mediated pyroptosis is
closely associated with respiratory diseases [12]. Notably,
the selective NLRP3 inhibitor MCC950 has been shown
to attenuate lung injury and ischemia/reperfusion-
induced inflammasome activation [13]. Emerging studies
specifically demonstrated that PM,; exposure triggers
NLRP3-inflammasome-mediated pyroptosis in pulmo-
nary tissues [14]. For example, Juan Li et al. discovered
that the PM, ; exposure activated NLRP3 inflammasome
in airway epithelial cells, which was linked to the patho-
physiology of lung inflammation [15]. Another study
also reported PM, ; led to lung damage by activating the
NLRP3 inflammasome and promoting pyroptosis [16].
Therefore, targeting NLRP3 inflammasome-mediated
pyroptosis might be a potential treatment for asthma.

Mesenchymal stem cells are pluripotent stem cells
derived from multiple sources [17, 18], such as bone
marrow [19], adipose tissue [20], umbilical cord, and
placenta [21], with distinct differences in differentiation
potency and cytokine profiles [22]. It has been dem-
onstrated to have anti-inflammatory [23], anti-fibrotic
[24], and immunomodulatory properties [25]. Dental
pulp stem cells (DPSCs) have similar immunopheno-
typic and multidirectional differentiation characteristics
to MSCs, but DPSCs exhibited higher proliferation rate
[26, 27]. DPSCs offer distinct advantages for therapeutic
applications, including accessibility, absence of ethical
constraints, potent bioactivity, low immunogenicity, and
robust differentiation potential [28]. These cells exhibit
significant anti-inflammatory properties in various path-
ological conditions such as inflammatory bowel disease
and peripheral neuropathy [29]. Notably, in paraquat-
induced acute respiratory distress syndrome, DPSCs
demonstrate enhanced anti-inflammatory efficacy com-
pared to umbilical cord-derived MSCs [30]. Supporting
these findings, Gao et al. reported that intratracheally
administered DPSCs ameliorated pulmonary function,
attenuated emphysematous changes, and reduced inflam-
mation in a murine chronic obstructive pulmonary dis-
ease (COPD) model through Nrf2 pathway activation and
oxidative stress suppression [31].

Currently, it is unclear whether human DPSCs (hDP-
SCs) may have potential in preventing PM, ;-exacer-
bated asthma lung injury. This study aimed to investigate
whether hDPSCs exert a protective effect against PM, ;-
induced inflammation by suppressing pyroptosis.

Materials and methods

Cell culture and characterization of hDPSCs

Human dental pulp stem cells (OriCell°, Guangzhou,
China) were provided by Cyagen Biosciences (Guang-
zhou) Inc, with donor informed consent obtained. The
hDPSCs were cultured in stem cell-specific medium
(OriCell°, Guangzhou, China) supplemented with 10%
fetal bovine serum (FBS). Flow cytometry identification
of DPSCs was performed using the Mesenchymal Stem
Cell Surface Marker Assay Kit (OriCell°, Guangzhou,
China). To assess multilineage differentiation potential,
hDPSCs were cultured in differentiation media accord-
ing to the instructions of the Osteogenesis, Adipogenic
and Chondrogenic Kit (OriCell*, Guangzhou, China), fol-
lowed by staining with alizarin red, oil red O, and alcian
blue to confirm successful induction of osteogenesis, adi-
pogenesis, and chondrogenesis.
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Preparation of PM, ;

PM, ; samples were collected from January 2 to March
16, 2022, using the American TISCH high-flow atmo-
spheric sampler (Thermo Fischer Scientific, Waltham,
USA) at the Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences (Guangzhou, China). Quartz
filter membranes were sectioned into 3x3 cm pieces,
ultrasonically extracted in 500 mL deionized water
(three 30-minute cycles), and filtered through eight-layer
gauze. The filtrate was subsequently centrifuged at 4 °C,
9000 rpm for 1 h, and the resulting precipitate was refrig-
erated for 48 h before vacuum freeze-drying for 36 h to
remove residual moisture. The PM,; composition was
validated against standard reference materials from the
National Institute of Standards and Technology (NIST),
with certified mass fractions of organic and inorganic
components determined by high-performance liquid
chromatography [32].

Animals and ethics statements

Specific-pathogen-free female BALB/c mice (6—8 weeks
old, weight=18-22 g) were purchased from Guang-
dong Scarstar Biotechnology Co., Ltd (License No.:
SCXK2020-0052). The mice were fed in the Animal
Experiment Center of South China University of Tech-
nology with ad libitum access to autoclaved water and
standard rodent diet. All animal protocols, including the
use of human cells to intervene mice, were approved by
the Animal Welfare and Use Committee of the South
China University of Technology (Approval ID: 2023051).

Experimental design of animal studies

Fifty female BALB/c mice were randomly allocated into
five groups (10 mice per group): control group, OVA
group, OVA +PM, ; group, OVA + PM, ; + MCC950 (the
NLRP3 inhibitor) group, OVA + PM, ; + hDPSCs group.
Ovalbumin (OVA) is a common allergen. And the asthma
model was sensitized and challenged using OVA accord-
ing to the previous study protocol [33, 34]. As illustrated
in Fig. 1A, mice were sensitized via intraperitoneal injec-
tion of a mixture containing 50 pg ovalbumin (OVA;
Sigma-Aldrich, St. Louis, USA) and 5 mg aluminum
hydroxide (Sigma-Aldrich) on days 1, 7, and 14. Subse-
quently, from days 21 to 27, animals were subjected to
daily 30-minute challenges with 2% OVA aerosol using
a compressor nebulizer (402Al, ]S, China) every day.
Thirty minutes prior to each OVA nebulization, 20 puL of
5 mg/mL PM, 5 suspension in 0.9% saline was adminis-
tered intranasally. MCC950 is an NLRP3-specific inhibi-
tor and was used as a positive control group in this study
[35]. On days 21 and 24, OVA +PM, s + MCC950 group
and OVA +PM, ; + hDPSCs group mice received intrave-
nous injections of either hDPSCs (1 x 10”6 cells in 200 pL
PBS) or MCC950 (50 mg/kg, GLPBIO, USA). The hDPSC
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dosage was determined based on established protocols
[30, 36], while the MCC950 dose followed manufacturer
specifications. On the 28th day, mice were tested for pul-
monary function. Then mice were euthanized by intrave-
nous injection of pentobarbital sodium (120 mg/kg).

Pulmonary function test

Pulmonary function was assessed within 24 h after the
final PM,; exposure using a FinePointe whole-body
plethysmography (WBP) system (DSI Instrument Co.,
Ltd, ST. PAUL, USA). Following device calibration,
mice were acclimated in the whole-body chamber for
3 min prior to testing. Airway responsiveness was evalu-
ated through sequential nebulization of acetylcholine at
increasing concentrations (0, 6.25, 12.5, 25, and 50 mg/
mL), with each concentration administered for 30 s fol-
lowed by a 3-min recording period. Airway hyperrespon-
siveness was quantified using the enhanced pause (Penh)
index.

Measurement of inflammatory cytokines in
Bronchoalveolar lavage fluid

Mice were anesthetized with 1% pentobarbital sodium
and intubated using a 0.8-gauge flexible catheter con-
nected to a 1 mL syringe for bronchoalveolar lavage
fluid (BALF) collection. Then, 0.8 mL of ice-cold sterile
PBS was instilled into the lungs and slowly withdrawn to
obtain approximately 0.5 mL of BALF following gentle
thoracic massage. This lavage procedure was repeated
twice. The pooled BALF was centrifuged at 3000 rpm
for 10 min at 4 °C, and the resulting cell pellet was resus-
pended in PBS for counting using a hemocytometer
under light microscopy. The supernatant was aliquoted
and stored at -80 °C for subsequent analysis. Differential
cell counts were performed using modified Giemsa stain
(Servicebio, Wuhan, China). Total protein concentration
was quantified using a BCA assay kit, while cytokine lev-
els were determined by ELISA (Cusabio, Houston, TX,
USA) and multiplex immunoassay (LabEx).

Measurement of serum immunoglobulin E (IgE)

The peripheral blood of mice was collected, left at 4 °C
for 12 h, and centrifuged at 3000 rpm at 4 °C for 10 min
to obtain serum. Serum IgE concentrations were deter-
mined using an enzyme-linked immunosorbent assay kit
(Solarbio, Beijing, China).

Histological evaluation and immunohistochemistry
analysis

The left lungs were fixed via tracheal perfusion with 4%
paraformaldehyde (PFA) and post-fixed for 48 h before
paraffin embedding. Serial 5 um sections were prepared
and stained with periodic acid-Schiff (PAS) and hema-
toxylin-eosin (H&E). Histopathological scoring criteria
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Fig. 1 Lunginflammation and airway responsiveness. (A) Experimental design. (B) Representative images of H&E stained lung sections from each group
(scale bar: up: 50 pm; down:20 um). (C) The inflammatory infiltration was quantified by HE scores (n=>5/group). (D) Airway responsiveness of mice (n=4/

group). *: vs. OVA group; #: vs. OVA+PM, s group

was as follows: 0 points: no significant inflammation; 1
point: a small number of inflammatory cells; 2 points: a
thin layer of inflammatory cells; 3 points: inflammatory
cell infiltration in 2—4 layers; Score 4: Inflammatory cell
infiltration above 4 layers [37, 38].

Lung tissue sections were subjected to immunohis-
tochemical (IHC) staining to evaluate the expression

of NLRP3, caspase-1, GSDMD, cleaved caspase-1, and
IL-1p proteins. Following standard paraffin embedding
and dehydration, antigen retrieval was performed using
citrate buffer (pH 6.0). Subsequently, the slices were
blocked with 10% goat serum for 30 min prior to incu-
bation with caspase-1 (1:100, Origene), NLRP3 (1:200,
Servicebio), GSDMD (1:100, Affinity), cleaved caspase-1
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(1:100, Servicebio), and IL-1p (1:100, Servicebio) anti-
bodies at 4 °C overnight. After washes in PBS immersion,
the slides were incubated with goat horseradish conju-
gated goat anti-rabbit IgG secondary antibody (1:100,
Servicebio) for 2 h at room temperature. Counterstain
was achieved by incubation with 3,3’-diaminobenzidine
(DAB) for 15 min. Protein expression was quantified in
three randomly selected fields per slide using Image]
software, with results expressed as mean absorbance and
average absorbance (absorbance/positive area).

Caspase-1 activity assessment

According to the Caspase-1 Activity Assay Kit (Beyo-
time, Shanghai, China), the mice’s pulmonary tissue was
split on the ice and decentralized. After incubated with
caspase-1 substrate for 2 h at 37 °C, the level of yellow-
methane products of nitrogen-benzamine (pNA) was
measured at 450 nm.

Western blot

Proteins from lung tissues were extracted with RIPA lysis
buffer (Beyotime, Shanghai, China). and quantified with
a BCA Protein Assay Kit. The lysates (30 pg/lane) were
electrophoresed on a 4-12% SDS-PAGE gel and trans-
ferred to polyvinylidene difluoride (PVDF) membranes
((Millipore, Billerica, MA, USA). After blocking with
5% milk/ Tris Buffered Saline/0.01% Tween (TBST) for
2 h at room temperature, membranes were further incu-
bated with primary antibodies against NLRP3 (1:1000;
CST), caspase-1 (1:1000; CST), GSDMD (1:1000; CST)
or GAPDH (1:2000; Absin) overnight at 4 “C. Following
three TBST washes, membranes were incubated with
HRP conjugated goat anti-rabbit IgG antibodies (1:5000;
CST) for 2 h at room temperature. Finally, bands were
detected using an ECL kit (Beyotime, Shanghai, China)
and taken using a ChemiScope series (Clinx, Shanghai,
China). The expression was quantified with Image J soft-
ware and normalized to GAPDH.

Statistical analysis
All data were expressed as the mean+SEM. Statisti-
cal analyses were performed using GraphPad Prism 8.0
for Windows (La Jolla, CA, USA). Statistical differences
between three or more variables were calculated by anal-
ysis of variance (ANOVA) followed by Tukey’s post hoc
test. Statistical significance was determined using the fol-
lowing criteria: *P<0.05; **P<0.01; ***P<0.001.

The work has been reported in line with the ARRIVE
guidelines 2.0.

Results

Characterization of hDPSCs

HDPSCs adhered to the dish and displayed fibroblast-like
morphology (Fig. 2A). Flow cytometry analysis revealed
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high expression of CD44 (99.88%) and CD146 (92.90%),
with minimal expression of hematopoietic markers CD34
(0.30%) and CD45 (Fig. 2B). These results confirmed the
predominantly non-hematopoietic MSC phenotype of
the isolated cells. In differentiation assay, calcium nod-
ules were stained in alizarin in osteogenic induction
(Fig. 2C), red droplets were observed and stained with
Oil Red O in adipogenic induction (Fig. 2D), and proteo-
glycan accumulation was observed with alcian blue stain-
ing in chondrogenic induction (Fig. 2E), which confirmed
that hDPSCs can differentiate into osteocytes, adipocytes
and chondrocytes.

Lung inflammation and airway responsiveness
The lung tissue of the control group exhibited an intact,
well-organized bronchial structure, with few inflamma-
tory cell infiltration observed around the bronchioles.
The OVA group showed inflammatory exudation in the
alveolar lumen, and plenty of inflammatory cells aggre-
gated around the bronchioles and blood vessels. In the
OVA +PM, ; group, there was thickening of the bron-
chiolar epithelial basement membrane and a significant
inflammatory cell aggregation surrounding the bron-
chioles and blood vessels. The intervention of MCC950
or hDPSCs, reduced bronchial and perivascular inflam-
matory cell infiltration caused by OVA + PM, ; (Fig. 1B).
The scores for lung injury were consistent with the above
findings (Fig. 1C). Overall, PM, ;-exposed mice had more
inflammatory cells infiltration around blood vessels and
bronchioles than the OVA group mice (P<0.05). In addi-
tion, compared with the PM, ; group, the hDPSCs group
had significantly lower tissue scores (P<0.01). These
results suggest that hDPSCs reduced pathological lung
tissue damage in PM, ;-induced asthma mouse episodes.
The results of pulmonary function test indicated that
as the concentration of methacholine rose, the AHR of
mouse steadily increased (Fig. 1D). Furthermore, the
Penh values curve of hDPSCs climbed slowly, whereas
the Penh values curve exhibited a larger and more sig-
nificant increase following the PM, ; intervention. When
the concentration of methacholine on 25 mg/mL and
50 mg/mL, the Penh values in the OVA +PM, ; group
were substantially greater than those in the OVA group
(P=0.0119, P=0.0224), showing that PM, ; intervention
raised the AHR of asthma mouse. HDPSCs intervention
reduced Penh values of the OVA +PM, ; group, and the
difference became statistically significant when metha-
choline concentrations reached 25 mg/mL (P=0.0111).
However, there was no significant difference between the
MCC950 group and the OVA +PM,; group, indicating
that MCC950 alone did not reduce AHR.
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Fig. 2 Characterisation of hDPSCs. (A) Morphology of hDPSCs under 100x light microscope. (B) Surface expression of CD44, CD146, CD34, and CD45. (C)
Alizarin red staining of hDPSCs on day 26. Up: before staining, blow: after staining. (D) Oil Red O staining of hDPSCs on day 21. Up: before staining, blow:
after staining. (E) Alcian staining of hDPSCs on day 69. Up: before induction, blow: after induction

Goblet cell hyperplasia

Goblet cell proliferation and airway mucus secretion are
characteristic hallmarks of allergic asthma, which could
be assessed by PAS staining [39] As expected, intense
PAS staining, a hallmark of goblet cell proliferation, was
observed in mice with PM,-induced exacerbation of
allergic asthma (Fig. 3A). In addition, MCC950 infusion
attenuated PM, ;-induced goblet cell proliferation and
airway mucus secretion (P<0.001). HDPSCs had similar
effects to MCC950 in that they alleviate goblet cell hyper-
plasia and mucus secretion (P<0.001, Fig. 3B).

Disruption of the airway epithelial barrier facili-
tates extravasation of protein-rich fluid from the vas-
culature into pulmonary tissues [40]. Quantitative
analysis of BALF revealed that PM,; exposure signifi-
cantly increased protein leakage compared with the OVA
group (P<0.05), while both hDPSC transplantation and
MCC950 administration effectively attenuated this effect
(P<0.001, Fig. 3C). The results suggest that hDPSCs
inhibit goblet cell proliferation and mucus secretion in
the lungs as well as protect the intrapulmonary epithelial
barrier.
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Fig. 3 Mucus secretion. (A) Representative images of PAS staining (scale bar: up: 50 um; down:20 um). (B) Quantitative analysis of mucus secretion. (C)

Total protein concentration in BALF. (n=3-5/group)

Serum IgE and pulmonary Th2 cytokines

Given that allergic asthma is characterized by Th2-biased
immune responses [41, 42], we evaluated the impact of
hDPSCs on Th2 cytokine production [41, 42]. Concur-
rently, serum IgE levels and inflammatory cell counts in
BALF were quantified to assess inflammatory responses.
Compared with the OVA group, increased levels of
TNF-a and type 2 cytokines (IL-5 and IL-13) in the
OVA +PM,; group were observed (P<0.01, P<0.05).
However, hDPSC intervention dramatically lowered their
levels in BALF (both P<0.05). Similarly, PM, : exposure
increased peripheral blood IgE levels compared to the
OVA group (P=0.0960), however, this increase could be
reversed by hDPSCs (P<0.001).

The number of total inflammatory cells and eosinophils
in BALF was significantly increased in the OVA + PM, -
group compared to the OVA group (P<0.05, Fig. 4E-
F). Intravenous injections of hDPSCs (1x10° cells) in

PM, ;-treated mice reduced the total number of inflam-
matory cells in BALF (P<0.05), particularly the eosino-
phils when compared to the PM2.5-treated mice (P<0.05,
Fig. 4F).

MCC950 also reduced IL-5 levels (P<0.01), however, it
did not significantly alter IL-4, IL-13, TNF-a, or IgE lev-
els. At the same time, MCC950 did not change the num-
ber of BALF total cells and eosinophils in PM, ;-induced
asthma exacerbation. These results demonstrate that
hDPSCs exhibit superior efficacy to MCC950 in attenuat-
ing pulmonary inflammation.

The expression of NLRP3 in the lungs

Pyroptosis plays an important role in inflammation
[43]. To elucidate the mechanisms underlying hDP-
SCs-mediated attenuation of airway inflammation in
PM, s-induced asthma exacerbation, we investigated the
potential involvement of pyroptosis. NLRP3 expression
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Fig. 4 Th2 immune response. (A-D) The levels of Th2-related cytokines and TNF-a were measured using ELISA. (E-F) Statistical analysis of the total cells
and eosinophils in BALF. (G) Serum IgE levels were measured using ELISA. (n=3-5/group)

was evaluated by IHC, while IL-1p and IL-18 levels were
quantified using ELISA. Our results showed that com-
pared with the OVA +PM, group, the proportion of
NLRP3-positive cells was significantly reduced with the
treatment of hDPSCs (P<0.05, Fig. 5A). In addition,
PM, ; exposure markedly elevated IL-1p and IL-18 con-
centrations compared to OVA treatment alone (P<0.01,
P<0.001). Consistent with previous studies, MCC950
administration significantly downregulated NLRP3,
IL-1B, and IL-18 expression versus the OVA+PM,;
group (P<0.05, P<0.01, P<0.001). With the infusion
of hDPSCs, the expression of IL-1p and IL-18 were
decreased compared to the OVA + PM, 5 group (P<0.05,

P<0.001, Fig. 5C-D). These findings collectively demon-
strate that hDPSCs ameliorate pulmonary inflammation
by inhibiting NLRP3 inflammatory activation.

The NLRP3/caspase-1/GSDMD pathway reactivity

To investigate pyroptosis pathway activation in pulmo-
nary tissues, we performed IHC and western blot analy-
ses. IHC revealed that PM, ; exposure following OVA
sensitization significantly upregulated pyroptosis-related
proteins. Both MCC950 treatment and hDPSC admin-
istration effectively reduced expression levels of NLRP3
inflammasome downstream effectors, including cas-
pase-1, GSDMD, cleaved caspase-1, and IL-1p (all the
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Fig. 5 The expression of NLRP3. (A) Representative images of NLRP3 immunohistochemical staining (scale bar: up: 50 pm; down:20 um). (B) Quantifica-
tion of NLRP3 staining in the lungs. (C-D) The expression of IL-13 and IL-18 in the lungs was analyzed using an ELISA assay. (n=3/group)

P<0.05, Fig. 6A), as quantified by immunohistochemical
scoring (Fig. 6B-E).

Western blot analysis demonstrated significant upreg-
ulation of NLRP3, caspase-1, GSDMD, and cleaved cas-
pase-1 protein expression in the OVA+PM,; group
compared to OVA group (all the P<0.05, Fig. 7A). Nota-
bly, hDPSC infusion markedly downregulated these pro-
teins relative to the OVA +PM, ; group (all the P<0.05,
Fig. 7C-F). Although PM, ; exposure increased caspase-1
activity, this change did not reach statistical significance.
In contrast, both MCC950 and hDPSC interventions sig-
nificantly suppressed caspase-1 activity (Fig. 7B).

These findings showed that hDPSCs had a mechanism
of effect similar to the NLRP3 inhibitor MCC950, imply-
ing that hDPSCs decrease airway inflammation by inhib-
iting pyroptosis.

Discussion
In this study, we reported that PM, ; promoted experi-
mental asthma development and was associated with
pyroptosis, while hDPSCs prevented pyroptosis, attenu-
ated airway inflammation and injury in PM, ;-induced
asthma exacerbation. The expression of NLRP3, cas-
pase-1, GSDMD and cleaved caspase-1 were elevated
after PM, ; administration, while hDPSCs inhibited the
expression of proteins related to pyroptosis. MCC950 is
an NLRP3-specific inhibitor and was used as a positive
control group in this study [35]. The therapeutic impact
of hDPSC infusion on asthma was comparable to that
of MCC950. These data demonstrate that hDPSCs sig-
nificantly attenuated PM, ;-induced airway inflammation
and reduced NLRP3 inflammasome activation suggest-
ing their potential as a therapeutic candidate for PM, .-
aggravated asthma.

Asthma is characterized by an infiltration of inflam-
matory cells, including eosinophils, and the release of
inflammatory chemicals. OVA with aluminum hydroxide
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adjuvant mainly induces mice to generate a Th2-high
response [42]. It is commonly known that the Th2
response and Th2 cytokines, including IL-4, IL-5, and
IL-13, contribute to the development, maintenance and
exacerbation of allergic asthma [44]. The primary func-
tion of IL-5 is to promote eosinophil proliferation, acti-
vation, and maturation [45]. IL-4 and IL-13 promote
the production of allergen-specific IgE by B cells dur-
ing allergic reactions [46]. Once allergen-specific IgE is
released into the bloodstream and connects with allergic
effector cells, a rapid hypersensitivity reaction occurs.
Furthermore, the release of IL-4 and IL-13 can activate
basophils and mast cells, resulting in pulmonary mucus
hypersecretion and airway remodeling, which improves
AHR and affects lung function. IL-13 secretion can lead
to impaired epithelial barrier function, causing increased
mucus production [47]. PM, ; is a prominent component
of air pollution and can contribute to the development
of several diseases [48]. PM, ; exposure has been dem-
onstrated to worsened asthma [40, 49, 50]. Consistent
with previous studies, the present study found that PM, 5
intervention increased the levels of IL-4, IL-5 and IL-13,
as well as serum IgE in the BALF of experimental asth-
matic mice, increased mucus secretion, and increased
the number of eosinophils in the BALE, confirming that
PM, 5 promotes the progression of experimental asthma.

Pyroptosis is a form of inflammatory cell death accom-
panied by cell swelling, membrane rupture and release
of immunostimulatory molecules [10]. As a critical
mediator of inflammatory responses, pyroptosis is pre-
dominantly executed through NLRP3 inflammasome
activation, which exhibits significantly upregulated
expression in PM, ;-induced asthma exacerbation [43].
Upon activation, the NLRP3 inflammasome facilitates
the maturation and extracellular secretion of pro-inflam-
matory cytokines IL-1( and IL-18 [51]. NLRP3-caspase-
1-GSDMD is the typical pathway of pyroptosis, which is
associated with a variety of inflammatory conditions [12].
NLRP3 inflammasome is triggered by PM,; exposure.
This cascade involves NLRP3-mediated caspase-1 acti-
vation, which subsequently cleaves GSDMD into N-ter-
minal (GSDMD-N) and C-terminal (GSDMD-C), which
then activated the downstream protein caspase-1 frag-
ments. The GSDMD-N domain binds to membrane lip-
ids, destroying their integrity and rupturing the cytosolic
membrane, releasing inflammatory factors IL-1f and
IL-18, resulting in pyroptosis [52]. This process not only
eliminates intracellular pathogen niches but also propa-
gates inflammation through release of cellular contents.
In contrast, the expression of pyroptosis-related factors
NLRP3, caspase-1, GSDMD, and cleaved caspase-1 were
reduced after hDPSCs infusion, suggesting that hDP-
SCs may exert its anti-inflammatory effects by inhibiting
NLRP3 inflammatory vesicle activation and pyroptosis.
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To further validate the role of NLRP3 inflammatory
vesicles and pyroptosis in PM,-induced asthma-exac-
erbated lung injury, we used the NLRP3 inflammatory
inhibitor, MCC950 [53]. MCC950 was demonstrated to
inhibit the ATP hydrolysis capacity of NLRP3, thereby
preventing NLRP3-induced ASC oligomerization, which
leads to caspase-1 activation and subsequent reduction
in IL-1p release [35]. Previous results demonstrated that
treatment with MCC950 in a mouse model of acute lung
injury significantly reduced the maturation of NLRP3,
caspase-1 and GSDMD and corresponding IL-1p release
[54]. Consistent with previous findings, administration
of the NLRP3 inhibitor MCC950 on top of OVA +PM, ¢
attenuated lung injury, mucus secretion as well as
reduced expression of pyroptosis-related proteins.

Recent years have witnessed growing interest in mes-
enchymal stem cells (MSCs) as regenerative therapeu-
tics for respiratory diseases [55]. Following intravenous
administration, a proportion of mesenchymal stem cells
exhibit pulmonary tropism, where they exert multifac-
eted therapeutic effects including restoration the lung
microenvironment, protection alveolar epithelial cells
and attenuation of fibrotic progression, demonstrating
efficacy against COVID-19-associated pneumonia and
pulmonary dysfunction [56]. Administration of MSCs in
asthma model mice protects mice from chronic allergic
airway inflammation, particularly by improving airway
remodeling and preventing fibrosis [57]. In addition, it
has been confirmed that MSCs exert their immunomod-
ulatory role by modulating the TGF-f1/Smad signaling
pathway in chronic allergic airway inflammation [58].
These cumulative findings robustly demonstrate the dual
immunomodulatory and anti-inflammatory capacities of
MSC:s in respiratory pathophysiology.

Dental pulp stem cells, a type of mesenchymal stem
cells, are the first human dental stem cells isolated from
permanent teeth and have been shown to have therapeu-
tic effects for many diseases [59-61]. Human dental pulp
stem cells have been found to have anti-inflammatory
properties [62]. Dental pulp stem cells were reported to
attenuate CCL-induced cirrhosis by inhibiting GSDMD-
mediated pyroptosis and inflammation [63]. In a previous
study by our group, we found that the infusion of stem
cells from human exfoliated deciduous teeth promoted
the healing of tracheal fistula in rats and that intravenous
infusion of pulp stem cells attenuated lung inflammation
in rats with tracheal fistula [64]. Adult-derived dental
pulp stem cells have a similar periodicity to that of stem
cells from human exfoliated deciduous teeth [28]. Fur-
thermore, it was found that dental pulp stem cells have
beneficial effects in LPS-induced acute lung injury mouse
model [65]. Our findings demonstrate that hDPSC
administration effectively ameliorates PM, ;-aggravated
asthma by simultaneously reducing lung inflammation,
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improving airway responsiveness, and suppressing Th2
cytokine production (IL-4, IL-5, and IL-13). Notably,
hDPSCs exhibited comparable therapeutic efficacy to
NLRP3 inhibitors by substantially reducing pulmonary
expression of NLRP3, caspase-1, GSDMD, and cleaved
caspase-1 along with subsequent decreases in IL-1f
and IL-18 release. These findings strongly suggest that
the anti-inflammatory effects of hDPSCs are mediated
through inhibition of NLRP3 inflammasome-mediated
pyroptosis.

There are some limitations to this study. The first limi-
tation is that we did not establish a group with single
hDPSCs treatment. Second, we did not perform in vitro
cell culture experiments to confirm the effect of PM,;
and hDPSCs on cells. In addition, while our data demon-
strate hDPSC-mediated pyroptosis suppression, the pre-
cise cellular communication mechanisms require further
investigation.

Conclusion

In conclusion, our study demonstrates that hDPSCs
could attenuate airway inflammation, mucus secretion,
and protein leakage, in a PM, ;-induced asthma exacer-
bation by suppressing the NLRP3-caspase-1-GSDMD
signaling pathways, suggesting that hDPSCs could be a
potential therapeutic strategy for PM, ; inhalation-medi-
ated asthma.
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