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Abstract 

Background  Pyroptosis is crucial for controlling various immune cells. However, the role of allergen-induced 
CD11c + dendritic cell (DC) pyroptosis in allergic rhinitis (AR) remains unclear.

Methods  Mice were grouped into the control group, AR group and necrosulfonamide-treated AR group (AR + NSA 
group). The allergic symptom scores, OVA-sIgE titres, serum IL-1β/IL-18 levels, histopathological characteristics 
and T-helper cell-related cytokines were evaluated. CD11c/GSDMD-N-positive cells were examined by immunofluo‑
rescence analysis. Murine CD11c + bone marrow-derived DCs (BMDCs) were induced in vitro, stimulated with OVA/
HDM, treated with necrosulfonamide (NSA), and further cocultured with lymphocytes to assess BMDC function. 
An adoptive transfer murine model was used to study the role of BMDC pyroptosis in allergic rhinitis.

Results  Inhibiting GSDMD-N-mediated pyroptosis markedly protected against Th1/Th2/Th17 imbalance and allevi‑
ated inflammatory responses in the AR model. GSDMD-N was mainly coexpressed with CD11c (a DC marker) in AR 
mice. In vitro, OVA/HDM stimulation increased pyroptotic morphological abnormalities and increased the expression 
of pyroptosis-related proteins in a dose-dependent manner; moreover, inhibiting pyroptosis significantly decreased 
pyroptotic morphology and NLRP3, C-Caspase1 and GSDMD-N expression. In addition, OVA-induced BMDC pyropto‑
sis affected CD4 + T-cell differentiation and related cytokine levels, leading to Th1/Th2/Th17 cell imbalance. However, 
the Th1/Th2/Th17 cell immune imbalance was significantly reversed by NSA. Adoptive transfer of OVA-loaded BMDCs 
promoted allergic inflammation, while the administration of NSA to OVA-loaded BMDCs significantly reduced AR 
inflammation.

Conclusion  Allergen-induced dendritic cell pyroptosis promotes the development of allergic rhinitis 
through GSDMD-N-mediated pyroptosis, which provides a clue to allergic disease interventions.
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Introduction
Dendritic cells (DCs) are the most powerful antigen-
presenting cells (APCs) and are involved in a variety 
of immune disorders. The physiological functions of 
DCs, including presenting external antigens and induc-
ing the differentiation of downstream T cells, play an 
important role in allergic diseases [1]. Allergic rhinitis 
(AR) is a chronic non-infectious inflammation of the 
nasal mucosa mediated by IgE that occurs in atopic 
individuals exposed to allergens. The incidence of AR 
is 10 ~ 40% worldwide [2], and while its pathogenesis is 
complex, the core process involves DC-mediated anti-
gen presentation. How DCs, which are the source and 
mediator of allergic inflammation, affect the pathogen-
esis of AR in subjects in contact with allergens remains 
unclear.

Pyroptosis is an inflammatory caspase-mediated form 
of cell death [3, 4]. Briefly, the activation of inflammas-
omes in response to various infectious and immuno-
logical challenges commonly induces the activation of 
caspase-1 (canonical pyroptosis) or caspase 4/5/11 (non-
canonical pyroptosis) [5, 6], leading to cell swelling and 
the leakage of intracellular proinflammatory substrates 
[7]. Notably, recent studies identified the pyroptosis 
executioner gasdermin D (GSDMD) as a substrate of 
both caspase-1 and caspase-11/4/5 [6, 8]. The cleavage of 
GSDMD by inflammatory caspases critically stimulates 
pyroptosis by releasing the cleaved GSDMD-N domain 
(GSDMD-N), which forms pores in the cell mem-
brane, resulting in the secretion of the proinflammatory 
cytokines IL-1β and IL-18 and other severe inflammatory 
responses [9].

Pyroptosis has been shown to be involved in the devel-
opment and progression of allergic diseases. In asthma, 
bronchial epithelial pyroptosis was shown to exacer-
bate airway inflammation and hyperresponsiveness via 
NLRP3 inflammasome activation and GSDMD cleav-
age [10]. Similarly, in AR, nasal epithelial pyroptosis 
was shown to play a role in promoting the development 
and progression of AR by enhancing the inflammatory 
response [11]. However, the pyroptosis of DCs, which 
play a key role in initiating adaptive immunity and are 
believed to be the centre of the immune system [12, 13], 
has not yet been reported.

Based on the report by Rathkey [14, 15], necrosulfona-
mide (NSA) was used as a GSDMD-N inhibitor to moni-
tor pyroptosis-related protein levels and inflammatory 
changes in AR mice. Moreover, bone marrow-derived 
DCs (BMDCs) were cultured in  vitro and stimulated 
with OVA to study the effect and mechanism of aller-
gens on CD11c + BMDC pyroptosis. These cells were fur-
ther cocultured with lymphocytes to study the effect of 
pyroptosis on BMDC function. We focused on whether 

GSDMD-N-mediated CD11c + DC pyroptosis plays a 
role in exacerbating AR and its underlying mechanisms.

Materials and methods
Animals
Female C57BL/6 mice (4–6 weeks old) were purchased 
from Beijing Weitonglihua Experimental Animal Tech-
nology and maintained at the Animal Experiment Cen-
tre of Renmin Hospital of Wuhan University (licence no.: 
SYXK (E) 2015-0027) under specific pathogen-free (SPF) 
conditions. The mice were housed at room temperature 
(approximately 18–22  °C) with a 12  h dark/light cycle 
and moderate humidity (approximately 50–60%). All 
mice had free access to food and water. The experiments 
described herein were approved by the Institutional Ani-
mal Care and Use Committee of Renmin Hospital of 
Wuhan University (licence no.: WDRM-20190509).

Animal model
Murine model treated with a pyroptosis inhibitor 
(necrosulfonamide)
Six-week-old C57BL/6J mice were randomly divided into 
3 groups (n = 8/group): normal group, AR group, and 
necrosulfonamide-treated AR group (AR + NSA group). 
The normal group was left untreated, and the other two 
groups were intraperitoneally injected with 100  µg of 
OVA (Sigma, USA) and 2 mg of Al(OH)3 (Pierce Chemi-
cal, USA) in a saline suspension for basic sensitization 
on Days 1, 3, 5, 7, 9, 11, and 13. On Days 15 to 28, mice 
in the AR group were intranasally challenged with OVA 
(10% in saline) once per day for 14 consecutive days, 
and mice in the AR + NSA group were intraperitoneally 
injected with NSA (20 mg/kg; Absin, China, #abs814352) 
30 min before each OVA administration [14, 16].

Adoptive transfer murine model
Whole bone marrow cells were isolated from twenty-
seven naive C57BL/6J mice and cultured in RPMI 1640 
medium supplemented with GM-CSF (20 ng/mL) and 
IL-4 (20 ng/mL) at 37  °C in the presence of 5% CO2. 
On Days 3 and 5, the medium was refreshed. On Day 5, 
TNF-α (15 ng/mL) was added to further induce BMDC 
differentiation. On Day 6, BMDCs were harvested and 
incubated in 6-well plates in the presence of OVA protein 
(500  µg/mL) and/or NSA for 24  h. On Day 7, the cells 
were adoptively transferred to recipient mice for fur-
ther analysis. Nine naive C57BL/6 mice were randomly 
divided into 3 groups (n = 3/group): the control group 
(BMDCs), OVA group (500  µg OVA-loaded BMDCs), 
and NSA group (5 mM NSA + 500  µg OVA-loaded 
BMDCs). On Days 0, 2 and 4, 1 × 107 BMDCs (control 
group), 1 × 107 OVA-loaded BMDCs (OVA group) or 
1 × 107 OVA (500  µg)-loaded BMDCs pretreated with 5 
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mM NSA (NSA group) in a total volume of 200 µL were 
injected i.v. (via the tail vein) into naive C57/BL6 mice. 
The mice were analysed 24 h after the last transfer.

Immunofluorescence staining
Twenty-four hours after the last nasal administration in 
each group, 3 mice were randomly anaesthetized and 
killed, and the spleen, nasal bone and draining lymph 
nodes of the nose were collected. The nasal draining 
lymph nodes were collected according to the method 
described by Miyaga N et al. [17]. The tissues were fixed in 
paraformaldehyde. After 24 h, the draining lymph nodes 
of the nose were embedded with paraffin wax and pre-
pared into sections. After 24 h, the nasal bone was placed 
into 10% EDTA decalcification solution for 2 weeks, and 
the decalcification solution was changed every 7 days. 
After 2 weeks, the nasal samples and spleen were embed-
ded in paraffin wax and prepared into sections. Murine 
nasal and draining lymph node tissue samples were incu-
bated with goat GSDMD-N (Affinity, China, DF13758) 
and CD11c (Servicebio, China, GB11059) antibodies. 
Murine splenic tissue samples were incubated with goat 
GSDMD-N (Affinity, China, AF4013), CD11c (Service-
bio, China, GB11059), CD117 (Bioss, China, bs-2o717R), 
and ECP (Proteintech, China, 55338-1-AP) antibodies. 
Subsequently, the samples were incubated with donkey 
anti-goat IgG and Hoechst 33342 and then observed and 
imaged by confocal microscopy. The data were derived 
from three independent experiments.

IL‑1β, IL‑18, OVA‑specific serum immunoglobulin E (IgE) 
assays
Blood samples were harvested from the orbital venous 
plexus of anaesthetized mice at the time of death. Sera 
were isolated from blood samples by centrifugation 
for 15  min at 1000 ×g and stored at -80  °C until use. 
The animal sera were analysed using ELISA kits (IL-1β, 
#MU30369; IL-18, #MU30380; OVA-sIgE, #MU30065; 
Bioswamp, China). The data from three independent 
experiments are presented, and there were 8 mice in each 
group.

Allergic symptom scores
The mice were monitored for allergic symptoms 30 min 
after the last OVA challenge. The frequencies of rubbing 
and sneezing were recorded, and scores were calculated 
as previously described [18, 19].

Western blotting
Protein samples were prepared, and equivalent amounts 
of denatured protein were loaded onto 10% SDS‒PAGE 
gels. The proteins were electrotransferred onto PVDF 
membranes (GE Life, USA, #10600023), which were then 

blocked with 5% nonfat milk in TBST (20 mM Tris-HCl, 
0.15  M NaCl, and 0.05% Tween-20, pH 7.5) for 1  h at 
room temperature. Then, the membranes were incubated 
with primary antibodies against GSDMD-N (Affinity, 
China, DF13758), NLRP3 (1:1000; Novus; NBP212446), 
Caspase-1 (1:1000; Servicebio, China, GB13483) and 
GAPDH (1:2000; Servicebio, GB11002) overnight at 4 °C. 
The membranes were then incubated with HRP-con-
jugated secondary antibodies (1:20,000) for 2 h at room 
temperature. Immunoreactive bands were visualized 
using an Immobilon western chemiluminescent HRP 
substrate (Millipore, USA) and quantified using ImageJ 
software. The data were derived from three independent 
experiments.

Morphological observations of the nasal mucosa
Twenty-four hours after the last OVA challenge, the mice 
were euthanized. The noses were removed from mice 
after the facial skin was stripped. The fixed nasal bones 
were embedded in paraffin and sectioned, and haema-
toxylin and eosin (H&E) staining was used to identify 
nasal eosinophil infiltration. Periodic acid-Schiff (PAS) 
staining was used to identify the number of PAS-positive 
goblet cells. To analyse these two cell types, the average 
cell counts in 5 randomly selected fields were determined 
under a high magnification (400×). The counting method 
was described in our previous work [18, 19].

Cell culture in vitro
Generation of murine BMDCs in vitro
Six-week-old SPF C57BL/6 mice were sacrificed by cer-
vical dislocation under anaesthesia and soaked in a 75% 
ethanol solution for 10 min. The femurs and tibias were 
removed and washed with sterile PBS buffer to obtain a 
cell suspension. Red blood cells were lysed with RBC lysis 
buffer for 1 min, and bone marrow cells (BM cells) were 
collected by centrifugation. The BM cells were seeded in 
the centre of 6-well plates at 1 × 106/ml in 3 ml of cell cul-
ture medium containing 20 ng/ml GM-CSF and 20 ng/ml 
IL-4 at 37 °C and incubated in a 5% CO2 incubator [20]. 
On Days 3 and 5, half of the liquid was discarded, and the 
cytokines were added in equal proportions [21]. On Day 
5, TNF-α (15 ng/ml, R&D, 410-MT-010) was added to 
the culture media.

Treatment of BMDCs in vitro
The BMDCs were collected and divided into the control 
group (BMDCs, no treatment), low-concentration group 
(OVA 100  µg/ml or HDM 1  µg/ml), high-concentration 
group (OVA 500 µg/mL or HDM 10 µg/ml), and pyrop-
tosis inhibitor group (500  µg/mL OVA + 5 µΜ NSA or 
10 µg/ml HDM + 5 µΜ NSA). The latter three groups of 
cells (excluding the control group) were treated with the 
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indicated factors on the 6th day, and related tests were 
carried out on the 7th day. In addition, programmed cell 
death detection kits (Annexin V + and 7-AAD +, Hang-
zhou Lianke Biotechnology Co., Ltd.) were used to exam-
ine the level of programmed cell death.

Wild-type C57BL/6 mice aged 8 weeks were sacrificed 
by cervical dislocation under anaesthesia. The spleen was 
dissected, washed and thoroughly ground on an ultra-
clean workbench, followed by the addition of red cell lysis 
buffer to dissolve red blood cells. After being washed 
with PBS, the cells were further filtered through a 300-
mesh filter to finally obtain a single-cell suspension of 
splenic lymphocytes. BMDCs treated with different fac-
tors were cocultured with lymphocytes (1:10), and the 
relevant experiments were conducted after continuous 
culture for 48 h [20, 21].

Flow cytometry
To analyse the maturity of BMDCs, the cells were cul-
tured in  vitro, harvested and adjusted to 1 × 106 cells/
ml. Then, single-cell suspensions (500 µl) were collected, 
blocked with sheep serum at 4  °C for 20 min and incu-
bated with antibody cocktails including APC-CD11c (BD 
Pharmingen, USA, 561119), PE-CD80 (BD Pharmin-
gen, USA, 561955), FITC-CD86 (BD Pharmingen, USA, 
561962) and PerCP-Cy5.5-MHC II (BD Pharmingen, 
USA, 562363) at 4 °C in the dark for 30 min. After being 
washed twice, the single-cell suspensions were filtered 
three times with a 200 mesh filter and placed in new 
Eppendorf (EP) tubes for flow cytometric analysis.

To assess the effects of BMDC pyroptosis on T-cell 
numbers, BMDCs treated with the different factors were 
cocultured with lymphocytes for 48 h, and the cells and 
supernatants were collected by centrifugation. Single-cell 
suspensions were obtained, and CD4-FITC (BD, USA, 
553046), PB450-T-bet (BD, USA, 563318), PB450-GATA3 
(BD, USA, 563349), and Qdot655-RORγt (BD, USA, 
564723) antibodies were added. The cells were incubated 
in the dark for 30  min at 4  °C. The single-cell suspen-
sion was washed twice with PBS and then filtered with 
a 200 mesh filter into a new EP tube for flow cytometric 
analysis. The changes in the supernatant levels of related 
cytokines, including IL-2, IFN-γ, IL-6 and IL-17 A, which 
are related to Th1/Th2/Th17 cells, were measured with a 
cytokine microsphere array kit. A Beckman flow cytom-
eter (Beckman Coulter Inc.), FlowJo (Tree Star Inc.) and 
an FCAP Array (Soft Flow Inc.) were used to analyse 
the data, which were derived from three independent 
experiments.

Real‑time quantitative PCR
Total RNA was extracted from cell lysates using TRIzol 
reagent (Invitrogen), and cDNA was reverse transcribed 

using a RevertAid First Strand cDNA Synthesis Kit 
(Thermo Fisher Scientific, USA). Real-time quantita-
tive PCR was performed using FastStart Universal SYBR 
Green Master Mix (Rox; Roche). First, the extracted 
RNA was reverse transcribed on a PCR instrument. The 
specific reverse transcription conditions were as fol-
lows: 25 °C for 300 s, 42 °C for 300 s, and 25 °C for 300 s. 
After being centrifuged, the cDNA was added to the 
PCR plate for PCR amplification according to the fol-
lowing reaction conditions: predenaturation at 95 °C for 
30 s, denaturation at 95 °C for 15 s, annealing at 60 °C for 
30 s, and extension at 72 °C for 45 s for 40 cycles in total. 
Then, the default setting of the instrument was followed 
(60℃→95℃, 0.5℃ every 5 s) [22]. The primers are shown 
in Table 1.

Electron micrograph
When the BMDCs were cultured, cell climbing slices 
were added to the dishes, and the culture medium was 
discarded after the BMDC slides were prepared. The cell 
climbing slices were washed with PBS, fixed with elec-
tron microscopy fixative at room temperature for 2  h, 
and then transferred to a 4 °C refrigerator for storage. The 
fixed samples were rinsed 3 times with 0.1 M phosphate 
buffer PB (pH 7.4) for 15  min each. The samples were 
then fixed in the dark with 0.1  M phosphate buffer PB 
(pH 7.4) prepared with 1% osmic acid at room tempera-
ture for 1–2  h. Subsequently, the samples were washed 
three times with 0.1 M phosphate buffer PB (pH 7.4) for 
15  min each time, 30-50%-70-80%-90-95%-100%-100% 
alcohol was successively added and incubated for 15 min 
each time, and isoamyl acetate was added and incubated 
for 15  min. Finally, the samples were dried in a critical 
point dryer, attached to the double-sided adhesive on the 
conductive carbon film and placed on the ion sputtering 
instrument sample table for approximately 30  s of gold 
spraying. The images were observed under a scanning 
electron microscope (Hitachi SU8100) [23].

Table 1  The primers of Real-time quantitative PCR

Name Sequence (5′ –3′ )

T-bet
  Forward CCA​CCT​GTT​GTG​GTC​CAA​GTTC​

  Reverse CCA​CAA​ACA​TCT​GTA​ATG​CTTG​

GATA3
  Forward CCT​CTG​GAG​GAG​GAA​CGC​TAAT​

  Reverse GTT​TCG​GGT​CTG​GAT​GCC​TTCT​

RORγt
  Forward GTG​GAG​TTT​GCC​AAG​CGG​CTTT​

  Reverse CCT​GCA​CAT​TCT​GAC​TAG​GACG​
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Statistical analysis
Statistical analysis was performed using SPSS soft-
ware V.20.0 (IBM Corp., Armonk, US) and GraphPad 
Prism 9.0 (GraphPad Software, USA). The Shapiro–Wilk 
method was used to determine whether the data were 
normally distributed. The Levene method was used to 
determine the homogeneity of variance. Continuous 
variables with a normal distribution are described as the 
mean ± standard deviation. Student’s t test was used for 
comparisons between two groups. Comparisons between 

multiple groups were made using one–way analysis of 
variance, and Tukey’s test was used for pairwise compari-
sons. P values < 0.05 indicate significant differences.

Results
GSDMD‑N‑mediated pyroptosis was abnormally activated 
in CD11c + DCs
To study the main cell subsets involved in pyroptosis in 
AR mice, mouse spleen cells were examined. Immuno-
fluorescence assays showed a high degree of GSDMD-N 

Fig. 1  GSDMD-N-mediated pyroptosis was abnormally activated in CD11c + DCs. A ~ C Dual immunofluorescence analysis was performed 
with anti-GSDMD-N and anti-CD11c antibodies to detect CD11c + DCs, anti-GSDMD-N and anti-ECP antibodies were used to detect eosinophils, 
and anti-GSDMD-N and anti-CD117 antibodies were used to detect mast cells in mouse spleens
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Fig. 2  Pyroptosis was significantly increased in CD11c + DCs in the spleens of AR mice, and NSA treatment attenuated CD11c + DC pyroptosis. 
A ~ B Immunofluorescence analysis of CD11c-positive cells, GSDMD-N-positive cells and CD11c and GSDMD-N double-positive cells in the spleens 
of mice in each group. The arrows indicate CD11c and GSDMD-N double-positive cells. ****P < 0.0001
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and CD11c colocalization in the spleen, and no obvi-
ous colocalization of GSDMD-N with ECP (eosinophil 
marker) or CD117 (mast cell marker) was observed 
(Fig.  1A ~ C). These results demonstrate that numer-
ous CD11c + DCs in the AR mouse spleen underwent 
pyroptosis, while no obvious pyroptosis was observed in 
eosinophils or mast cells.

Pyroptosis was significantly increased in CD11c + DCs 
in the spleens of AR mice, and NSA treatment attenuated 
CD11c + DC pyroptosis
To study CD11c+ DC pyroptosis, GSDMD-N expression in 
CD11c+ DCs in mouse spleens was tested. Compared with 
those in the control group, the numbers of CD11c-positive 
cells, GSDMD-N-positive cells and CD11c and GSDMD-N 

Fig. 3  Pyroptosis was significantly increased in CD11c + DCs in the nasal mucosa of AR mice, and NSA treatment attenuated CD11c + DC pyroptosis. 
A Immunofluorescence analysis of CD11c-positive cells, GSDMD-N-positive cells and CD11c and GSDMD-N double-positive cells in the nasal 
mucosa of mice in the control group. B Immunofluorescence analysis of CD11c-positive cells, GSDMD-N-positive cells and CD11c and GSDMD-N 
double-positive cells in the nasal mucosa of mice in the AR group. C Immunofluorescence analysis of CD11c-positive cells, GSDMD-N-positive cells 
and CD11c and GSDMD-N double-positive cells in the nasal mucosa of mice in the AR + NSA group. The arrows indicate CD11c and GSDMD-N 
double-positive cells. D The serum expression levels of IL-1β and IL-18 in each group. *P < 0.05 ***P < 0.001 ****P < 0.0001
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Fig. 4  Pyroptosis was significantly increased in CD11c + DCs in the draining lymph nodes of the nose, and NSA treatment attenuated CD11c + DC 
pyroptosis. A ~ B Immunofluorescence analysis of CD11c-positive cells, GSDMD-N-positive cells and CD11c and GSDMD-N double-positive cells 
in the draining lymph nodes of the nose in each group. The arrows indicate CD11c and GSDMD-N double-positive cells. **P < 0.01, ***P < 0.001
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double-positive cells in the spleens of AR mice were sig-
nificantly increased (Fig.  2A ~ B; P < 0.05); however, these 
cells were decreased in the AR + NSA group compared to 
the AR group (Fig. 2A ~ B; P < 0.05). These results suggest 
that NSA inhibits the abnormal activation of CD11c + DC 
pyroptosis in the spleens of AR mice.

Pyroptosis was significantly increased in CD11c+ DCs 
in the nasal mucosa of AR mice, and NSA treatment 
attenuated CD11c+ DC pyroptosis
Because numerous DCs underwent pyroptosis in the 
spleens of AR mice, pyroptosis in the nasal mucosa was 
examined. Compared with those in the control group, the 
numbers of CD11c-positive cells, GSDMD-N-positive 
cells and CD11c and GSDMD-N double-positive cells in 
the nasal mucosa of AR mice were significantly increased 
(Fig.  3A ~ B; P < 0.05); however, all of these cells were 
decreased in the AR + NSA group compared to the AR 
group (Fig. 3B ~ C; P < 0.05).

In addition, compared to those in the control group, 
serum levels of IL-1β and IL-18 were increased in the 
AR group (Fig.  3D; P < 0.05). Compared with those in 
the AR group, mice treated with NSA exhibited mark-
edly reduced levels of IL-1β and IL-18 (Fig. 3D; P < 0.05). 
These results suggest that NSA inhibits CD11c + DC 
pyroptosis in the nasal mucosa of AR mice and affects the 
subsequent inflammatory response.

Pyroptosis was significantly increased in CD11c + DCs 
in the draining lymph nodes of the nose, and NSA 
treatment attenuated CD11c + DC pyroptosis
To study CD11c+ DC pyroptosis, GSDMD-N expres-
sion in CD11c+ DCs in the draining lymph nodes of the 
nose was tested. Compared with those in the control 
group, the numbers of CD11c-positive cells, GSDMD-
N-positive cells and CD11c and GSDMD-N double-
positive cells in the draining lymph nodes of the nose in 
the AR group were significantly increased (Fig.  4A ~ B; 
P < 0.05); however, all of these cells were decreased in the 
AR + NSA group compared to the AR group (Fig. 4A ~ B; 
P < 0.05). These results suggest that NSA inhibits the 
abnormal activation of CD11c + DC pyroptosis in the 
draining lymph nodes of the nose.

Inhibiting GSDMD‑N‑mediated pyroptosis alleviated 
the inflammatory responses in the AR model
To investigate whether pyroptosis plays a role in the 
pathogenesis of AR, the mice were sensitized and chal-
lenged with ovalbumin (OVA) as previously described 
and then treated with regular injections of necrosulfona-
mide (NSA) (Fig. 5A). Compared with the control group, 
the AR group exhibited increased allergic symptom 
scores (Fig. 5B; P < 0.05), serum OVA-sIgE titres (Fig. 5C; 
P < 0.05), eosinophil infiltration, and goblet cell hyper-
plasia (Fig.  5D-G; P < 0.05), indicating the reliability of 
the AR model. Notably, compared with those in the AR 
group, mice in the AR + NSA group exhibited markedly 
reduced allergic symptom scores, serum OVA-sIgE titres, 
nasal eosinophil infiltration, and mucus hypersecretion 
(Fig. 5B-G; P < 0.05). These results strongly indicate that 
NSA can suppress OVA-induced allergic inflammation.

The effect of inhibiting GSDMD-N-mediated pyrop-
tosis on Th1/Th2/Th17 cytokines in AR mice was 
investigated. The levels of proinflammatory cytokines, 
including Th2 (IL-4, IL-6) and Th17 (IL-17 A) cytokines 
(Fig. 5H, P < 0.05), were significantly increased by OVA 
stimulation, whereas Th1 (IL-2 and IFN-γ) cytokine 
levels were decreased (Fig.  5H, P < 0.05). Compared 
with the effects in the AR group, therapeutic adminis-
tration of NSA markedly protected against a Th1/Th2/
Th17 imbalance, as indicated by increased Th1 (IL-2 
and IFN-γ) cytokine levels and decreased Th2 (IL-
4, IL-6) and Th17 (IL-17  A) cytokine levels (Fig.  5H, 
P < 0.05). These data confirmed that abnormal acti-
vation of pyroptosis occurred in the AR model, and 
inhibiting GSDMD-N-mediated pyroptosis could sig-
nificantly alleviate the inflammatory response.

OVA/HDM stimulation increased pyroptotic morphological 
abnormalities and expression of pyroptosis‑related 
proteins in BMDCs in a dose‑dependent manner
To investigate the direct effect of OVA/HDM on pyropto-
sis in BMDCs, BMDCs were induced in vitro. Compared 
with control treatment, OVA/HDM stimulation led to 
abnormal pyroptotic morphology in BMDCs, includ-
ing numerous pores or pits of different sizes on the cell 
membrane, cell structural collapse, and cell membrane 

(See figure on next page.)
Fig. 5  Inhibiting pyroptosis alleviated the inflammatory response in the AR model. A Experimental procedure. B Allergic symptom scores in each 
group. C OVA-specific serum IgE titres in each group. D Quantification of eosinophil infiltration. E Quantification of goblet cell hyperplasia. F Nasal 
mucosal sections were stained with haematoxylin and eosin (H&E), and the arrows indicate eosinophils (400X). G Nasal mucosal sections were 
stained with periodic acid–Schiff reagent (PAS), and the arrows indicate goblet cells (400X). H Statistical analysis of the concentrations of IL-2, 
IFN-γ, IL-4, IL-6 and IL-17 A in each group. The values represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The data from three 
independent experiments are presented. AR, allergic rhinitis; NSA, necrosulfonamide
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disruption, which increased with increasing OVA/HDM 
concentration (Fig.  6A). However, the abnormal pyrop-
totic morphology in BMDCs stimulated with 500 µg/mL 
OVA or 10 µg/ml HDM was significantly reduced by the 
addition of NSA (Fig. 6A).

The western blot results showed that compared with 
those in the control group, increasing OVA/HDM con-
centrations gradually increased the pyroptosis proteins 
NLRP3, C-Caspase1 and GSDMD-N. The highest expres-
sion was observed in the high-concentration group 
(Fig. 6B-C, P < 0.05). Moreover, after NSA-mediated inhi-
bition of pyroptosis, the expression of NLRP3, C-Cas-
pase1 and GSDMD-N decreased significantly compared 
with that in the OVA/HDM group (Fig.  6B-C, P < 0.05). 
These results confirmed that OVA/HDM induced pyrop-
tosis in BMDCs in a dose-dependent manner and that 
NSA effectively blocked allergen-induced pyroptosis in 
BMDCs.

Compared with those in the control group, Annexin 
V + 7-AAD + double-positive cells gradually increased 
with increasing OVA/HDM concentrations (Fig.  6D, 
P < 0.05). Compared with those in the high-concentration 
OVA/HDM group, Annexin V + 7-AAD + double-pos-
itive cells were significantly reduced in the high-con-
centration OVA/HDM + NSA group (Fig.  6D, P < 0.05). 
Moreover, after NSA-mediated inhibition of pyroptosis, 
the number of Annexin V + 7-AAD + double-positive 
cells decreased significantly compared with that in the 
OVA/HDM group. These results confirmed that the 
number of dead DCs gradually increased with increasing 
OVA/HDM concentrations. The use of NSA can effec-
tively block DC death.

OVA induced BMDC pyroptosis by increasing the surface 
expression of MHC II molecules
To study the effect of BMDC pyroptosis on the AR 
inflammatory response, we stimulated cultured 
CD11c + BMDCs with OVA and studied antigen pres-
entation. In the blank group without the addition of the 
cytokines GM-CSF, IL-4, and TNF-α, the bone marrow 
cells almost failed to differentiate into CD11c + BMDCs 
(Fig.  7A). However, in the control group, which was 
treated with several cytokines, including GM-CSF, IL-4, 
and TNF-α, 90% of the bone marrow cells were converted 
into CD11c + BMDCs (Fig. 7A, P < 0.05). Similarly, 90% of 

the bone marrow cells in the low- and high-concentra-
tion groups and the OVA + NSA group were converted 
into CD11c + BMDCs (Fig.  7A, P < 0.05) with normal 
morphology (Fig.  7E). These results confirmed that we 
successfully induced CD11c + BMDCs in vitro.

To further verify the influence of OVA and NSA on 
the maturity and function of BMDCs, we examined 
BMDC surface expression of CD80, CD86, and several 
types of MHC II molecules. CD80 and CD86 reflect the 
maturity of DCs [24], and MHC II reflects the antigen-
presenting function of DCs [25]. We found no signifi-
cant difference in the expression of CD80 or CD86 on 
the CD11c + BMDC surface in the control group, low-
concentration group, high-concentration OVA group, 
and OVA + NSA group (Fig. 7B, C, F, P < 0.05), suggesting 
that OVA-induced pyroptosis did not affect the matura-
tion of CD11c + BMDCs. However, MHC II expression 
on the surface of CD11c + BMDCs was dose-dependently 
increased after the addition of OVA (Fig. 7D, F, P < 0.05). 
Compared with that in the high-concentration OVA 
group, MHC II expression was significantly decreased in 
the OVA + NSA group (Fig. 7D, F, P < 0.05). These results 
confirmed that a high concentration of OVA could induce 
pyroptosis in CD11c + BMDCs and promote BMDC anti-
gen presentation, which could be blocked by pyroptosis 
inhibitors.

Effects of BMDC pyroptosis on Th1/Th2/Th17 cell 
differentiation and the allergic inflammatory response
Next, the effects of OVA-induced BMDC pyroptosis 
on the differentiation of CD4 + T cells and the aller-
gic inflammatory response were studied. The numbers 
of Th1 cells (CD4 + T-bet+) in the low- and high-con-
centration OVA groups were decreased compared with 
those in the control group (Fig. 8A, D, P < 0.05), while the 
numbers of Th2 cells (CD4 + GATA3+) and Th17 cells 
(CD4 + RORγt+) were increased (Fig.  8B-C, P < 0.05). 
Compared with those in the OVA group, the numbers 
of Th1 cells were increased and the numbers of Th2 
and Th17 cells were decreased in the OVA + NSA group 
(Fig. 8A-C, P < 0.05).

The RT‒PCR results showed the same changes in key 
transcription factors of Th1/Th2/Th17 cells in the groups. 
Briefly, compared with that in the control group, the 
expression of T-bet was decreased, and the expression 

Fig. 6  OVA/HDM stimulation increased pyroptotic morphological abnormalities and expression of pyroptosis-related proteins in BMDCs 
in a dose-dependent manner. A Representative scanning electron micrograph images of BMDCs. The arrow points to pyroptotic morphological 
abnormalities (8000 X) in BMDCs. B ~ C The expression of NLRP3, C-Caspase1 and GSDMD-N in each group. D Cell death was detected by flow 
cytometry. The data were collected from three independent experiments, with values representing the mean; *P < 0.05,**P < 0.01, ***P < 0.001, 
****P < 0.0001

(See figure on next page.)
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Fig. 7  OVA induced BMDC pyroptosis by increasing the surface level of MHC II molecules. A Expression of CD11c on the cell surface in each group. 
B Expression of CD80 on the cell surface in each group. C Expression of CD86 on the cell surface in each group. D Expression of MHC II on the cell 
surface in each group. E Mature CD11c + BMDCs (200×) were observed under a microscope. F Statistical analysis of CD11c, CD80, CD86, and MHC II. 
The data were collected from three independent experiments, and the value represents the mean; independent t test, *P < 0.05
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Fig. 8  Effects of BMDC pyroptosis on Th1/Th2/Th17 cell differentiation during the allergic inflammatory response. A-C The numbers of Th1 cells 
(CD4 + T-bet+), Th2 cells (CD4 + GATA3+) and Th17 cells (CD4 + RORγt+) in the lymphocyte populations in each group. D ~ F Gene expression 
of T-bet, GATA3, and RORγt in the cocultures was determined by quantitative real-time PCR. G ~ H Levels of the cytokines IL-2, IFN-γ, IL-6 and IL-17 A 
in the supernatant of cells cocultured with lymphocytes in each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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of GATA3 and RORγt was increased in the low- and 
high-concentration OVA groups. Moreover, markedly 
increased T-bet levels, as well as significantly decreased 
GATA3 and RORγt expression, were observed in the 
OVA + NSA group (Fig.  8D ~ F, P < 0.05). These results 
suggest that pyroptosis inhibitors can effectively block 
pyroptosis in BMDCs and the induction of allergic 
inflammation by reversing the immune imbalance of 
CD4 + T-cell subtypes.

Concomitantly, the levels of Th1 (IL-2, TNF-α, and 
IFN-γ) cytokines in lymphocyte coculture superna-
tants were dose-dependently decreased in the OVA 
group, while the levels of Th2 (IL-4, IL-6) and Th17 (IL-
17  A) cytokines were significantly increased in a dose-
dependent manner (Fig.  8G ~ H, P < 0.05). Compared 
with those in the OVA group, the levels of Th1 (IL-2, 
TNF-α, and IFN-γ) cytokines in the coculture super-
natant were increased, and Th2 (IL-4, IL-6) and Th17 
(IL-17  A) cytokines were decreased in the OVA + NSA 
group (Fig.  8G ~ H, P < 0.05). These results suggest that 
BMDC pyroptosis can directly induce an allergic inflam-
matory response by promoting Th1/Th2/Th17 cytokine 
imbalance.

Adoptive transfer of OVA‑loaded BMDCs could significantly 
promote allergic inflammation, while the administration 
of NSA to OVA‑loaded BMDCs could significantly reduce AR 
inflammation
Since OVA induced BMDC pyroptosis in a dose-
dependent manner, an adoptive transfer murine 
model was further used to study the role of BMDC 
pyroptosis in allergic inflammation (Fig.  9A). Com-
pared with those in the control group, mice in the 
OVA group exhibited increased allergic symptom 
scores (Fig.  9B; P < 0.05), OVA-specific serum IgE 
titres (Fig.  9C; P < 0.05), eosinophil infiltration, and 
goblet cell hyperplasia (Fig. 9D-F; P < 0.05). However, 
compared with those in the OVA group, mice in the 
OVA + NSA group exhibited markedly reduced aller-
gic symptom scores, serum OVA-specific IgE titres, 
nasal eosinophil infiltration, and mucus hypersecre-
tion (Fig. 9B-F; P < 0.05). Furthermore, compared with 
those in the control group, the levels of the cytokines 

IL-4, IL-5 and IL-13 were significantly increased in 
the OVA group. The administration of NSA to OVA-
loaded BMDCs significantly reversed the cytokine 
imbalance (Fig.  9G; P < 0.05). These results further 
indicated the important role of DC pyroptosis in the 
development of AR.

Discussion
AR results from a failure to develop tolerance towards a 
specific allergen, resulting in the emergence of an aller-
gen-specific Th2 response [22, 26]. Pyroptosis is also 
involved in the development and progression of aller-
gic diseases. In addition, an OVA-induced AR model 
was established. Notably, the expression levels of IL-1β 
and IL-18 were upregulated in AR mice. Further analy-
sis showed that the abundance of pyroptotic cells was 
increased in the AR group and that pyroptosis mainly 
occurred in CD11c + DCs rather than basophils or mast 
cells. Additionally, CD11c + BMDCs were cultured 
in  vitro, and the expression levels of pyroptosis-related 
proteins were significantly elevated in BMDCs stimu-
lated with OVA, suggesting that BMDC pyroptosis was 
induced by OVA stimulation in vitro. Therefore, we dem-
onstrated that GSDMD-N-mediated CD11c + DC pyrop-
tosis was abnormally activated in AR.

NSA, a GSDMD inhibitor [14, 15], was used to moni-
tor pyroptosis-related protein levels and inflammatory 
changes in AR mice. The expression levels of GSDMD-
N, IL-1β, and IL-18 were significantly decreased after 
NSA administration, followed by decreased pyroptosis 
in CD11c + DCs in the nasal mucosa and spleens of mice. 
Additionally, mice treated with NSA exhibited mark-
edly reduced allergic symptom scores, serum OVA-spe-
cific IgE titres, nasal eosinophil infiltration, and mucus 
hypersecretion. We confirmed that allergen-induced 
CD11c + DC pyroptosis plays an important role in the 
pathogenesis of AR.

Th1-type cytokines (IFN-γ, IL-2), Th2-type cytokines 
(IL-4, IL-6), and Th17-type cytokines (IL-17  A) have 
been previously verified [27, 28], and we found that 
NSA ameliorated the Th1/Th2/Th17 imbalance, which 
was typically altered in subjects with allergen-induced 
inflammation. Briefly, the levels of the proinflammatory 

(See figure on next page.)
Fig. 9  Adoptive transfer of OVA-loaded BMDCs significantly promoted allergic inflammation, while the administration of NSA to OVA-loaded 
BMDCs significantly reduced AR inflammation. A Experimental protocol for the construction of an adoptive transfer animal model. B Symptomatic 
scores in each group. C Serum levels of OVA-sIgE in each group. D Histopathological changes in the nasal mucosa; the arrow indicates eosinophils 
(400X). E Proliferation of goblet cells in the nasal mucosa; the arrow indicates proliferating goblet cells (200X). F Eosinophils or proliferating 
goblet cells were counted at a high magnification. G Levels of the cytokines IL-4, IL-5, and IL-13 in each group. *P < 0.05 and **P < 0.01 ***P < 0.001 
****P < 0.0001
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cytokines IL-4, IL-6 and IL-17  A were significantly 
decreased in response to NSA administration, whereas 
the levels of the Th1 cytokines IFN-γ and IL-2 were 
increased. These results provided definitive evidence that 
inhibiting GSDMD-N-mediated pyroptosis markedly 
protected against a Th1/Th2/Th17 imbalance and allevi-
ated allergic inflammation in the AR model.

IL-1β and IL-18 can stimulate the differentiation and 
proliferation of Th2 cells and exacerbate related allergic 
reactions [29, 30]. IL-18 synergizes with IL-23 to induce 
IL-17 secretion by Th17 cells [31]. Additionally, in com-
bination with IL-6 and IL-23, IL-1β plays a role in the 
development of Th17 cell responses. In this study, the 
pyroptosis inhibitor NSA blocked GSDMD-N-mediated 
pyroptosis, and we speculated that NSA inhibited the 
release of IL-1β and IL-18 and reversed the Th1/Th2/
Th17 immune imbalance.

Moreover, the effects of allergen-induced BMDC 
pyroptosis on downstream effector T cells were exam-
ined. After OVA-stimulated BMDCs were cocultured 
with lymphocytes [32], the numbers of Th1 cells were 
decreased, and the numbers of Th2 and Th17 cells were 
increased, followed by the downregulation of IL-2 levels 
and upregulation of the proinflammatory cytokines IL-4 
and IL-17 A. The Th1/Th2/Th17 cell imbalances were sig-
nificantly reversed by the addition of NSA. This is simi-
lar to the result reported by Yoshimoto et al. [33, 34] that 
IL-1β and IL-18 could promote the differentiation of pro-
inflammatory CD4 + T cells, such as Th2/Th17 cells [35]. 
On the other hand, we speculated that BMDC pyroptosis 
could enhance antigen presentation capacity [36]. OVA 
induced BMDC pyroptosis in a dose-dependent manner, 
and the expression of MHC II molecules on the surface of 
BMDCs increased with increasing OVA concentrations, 
suggesting that BMDC pyroptosis could enhance antigen 
presentation, resulting in an imbalance in Th1/Th2/Th17 
cells. These results confirmed that OVA-induced BMDC 
pyroptosis resulted in the abnormal differentiation of 
downstream effector T cells, thereby inducing a subse-
quent allergic inflammatory response. The mechanism is 
related to the release of IL-1β and IL-18 or the enhance-
ment of antigen presentation during pyroptosis.

In addition, an adoptive transfer murine model was 
further used to study the role of BMDC pyroptosis in 
allergic inflammation [37, 38]. Interestingly, i.v. injec-
tion of OVA-loaded BMDCs alone 3 times in the absence 
of i.p. OVA sensitization elicited an allergic phenotype 
after 5 days. The administration of NSA to OVA-loaded 
BMDCs could significantly reduce allergic symptom 
scores, serum OVA-specific IgE titres, nasal eosinophil 
infiltration, and mucus hypersecretion. These results fur-
ther indicated the important role of DC pyroptosis in AR 
inflammation.

In conclusion, the number of DCs increased signifi-
cantly after OVA stimulation. Pyroptosis occurred in 
some DCs and induced subsequent allergic inflamma-
tion. This part of the inflammatory response was inde-
pendent of DC antigen presentation and the induction of 
the allergic inflammatory response. This result provides 
potential clues for allergic disease interventions.
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