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Abstract
Background Neutrophilic airway inflammation is a challenge in asthma management and is associated with 
poor patient prognosis. Mucin 1 (MUC1), which contains a cytoplasmic tail (MUC1-CT), has been found to mediate 
glucocorticoid sensitivity in asthma; however, its role in modulating neutrophilic airway inflammation in asthma 
remains unknown.

Methods Human-induced sputum cells were collected from healthy participants (n = 12), patients with mild-to-
moderate asthma (n = 34), and those with severe asthma (n = 18). In vitro human lung bronchial 1 epithelial cell 
line (BEAS-2B) was transfected with small interfering RNA against MUC1 (MUC1-siRNA) and then stimulated by 
lipopolysaccharide (LPS), where some cells were pretreated with a TLR4 inhibitor (TAK-242). In vivo mouse model of 
asthmatic neutrophil airway inflammation was induced by ovalbumin (OVA)/LPS. Some groups were intraperitoneally 
injected with MUC1-CT inhibitor (GO-203) and/or TAK-242 .

Results The mRNA expression of MUC1 was downregulated in the induced sputum of patients with asthma and 
correlated with asthmatic neutrophilic airway inflammation. The mRNA expressions of TLR4, MyD88, nucleotide-
binding oligomerization domain-like pyrin domain-containing protein 3 (NLRP3), caspase-1, interleukin (IL)-18, 
and IL-1β in induced sputum cells of patients with asthma were upregulated and related to the mRNA expression 
of MUC1. LPS activated the TLR4 pathway and NLRP3-mediated pyroptosis in BEAS-2B cells in vitro, which were 
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Background
Asthma is a heterogeneous chronic respiratory inflam-
matory disease characterized by reversible airflow 
limitation, mucus hypersecretion, and airway hyperre-
sponsiveness. The incidence rate of asthma in different 
countries ranges from 1 to 18%. Asthma can be classi-
fied into different inflammatory endotypes based on the 
proportion of inflammatory cells in the induced sputum 
[1, 2]. Neutrophilic asthma accounts for approximately 
20–30% of all adult asthma cases [3]. Moreover, patients 
with asthma having neutrophilic airway inflamma-
tion frequently present with more late-onset, severe, or 
steroid-resistant asthma and are difficult to treat [4, 5]. 
Thus, the possible mechanism and effective therapeutic 
targets for neutrophilic airway inflammation should be 
explored in patients with asthma.

Pyroptosis is a proinflammatory programmed cell 
death characterized by cell lysis and proinflammatory 
cytokine release [6]. Notably, nucleotide-binding oligo-
merization domain-like pyrin domain-containing protein 
3 (NLRP3) inflammasome-mediated caspase-1 activation 
is the canonical pathway of pyroptosis [7, 8]. Increasing 
evidence has demonstrated the important role of NLRP3 
inflammasome-mediated pyroptosis in asthmatic neutro-
philic airway inflammation. Simpson et al. [9] revealed 
significantly elevated gene expression of NLRP3, cas-
pase-1, and interleukin (IL)-1β in induced sputum of 
patients with neutrophilic asthma. Richard Y Kim et al. 
[10] proposed that neutrophilic airway inflammation, 
disease severity, and steroid resistance in asthma were 
correlated with NLRP3 and IL-1β expression. Further-
more, inhibition of NLRP3-mediated pyroptosis has been 
reported to ameliorate airway neutrophilic inflammation 
in a murine asthma model [11, 12].

Mucin 1 (MUC1), a transmembrane glycoprotein in 
the mucin family, primarily consists of two noncovalently 
bound subunits, i.e., an N-terminal extracellular sub-
unit and a C‐terminal subunit containing a cytoplasmic 
tail (MUC1‐CT). Unlike most other membrane-bound 
mucins, MUC1 is not only expressed in various epithelial 

cells but also in immune cells, such as neutrophils and 
macrophages [10]. Moreover, MUC1-CT can be shed 
from the cell membrane, interact with cell membrane 
receptors, or undergo nuclear translocation to regulate 
cell signal transduction [10, 13]. In recent years, sev-
eral studies have revealed that MUC1 has a potent anti-
inflammatory function in the respiratory system [13, 14], 
and its role in asthma has also received some attention. 
Javier Milara et al. [15] revealed downregulated MUC1 
expression in bronchial epithelial cells and peripheral 
blood neutrophils of patients with severe asthma, which 
was inversely correlated with daily doses of inhaled corti-
costeroids. Based on the theory that correct MUC1-CT/
GRα complex formation and nuclear translocation are 
important to enhance corticosteroid anti-inflammatory 
inducible genes, they proposed that MUC1 deficiency 
impairs corticosteroid insensitivity in patients with 
asthma [16]. Some studies have revealed that MUC1 can 
regulate some programmed cell death pathways, such as 
apoptosis [17], necroptosis [18, 19], and ferroptosis [20]. 
However, the influence of MUC1 on NLRP3-mediated 
pyroptosis remains unknown.

Toll-like receptor 4 (TLR4), which is the earliest dis-
covered pattern recognition receptor in the TLR family, 
plays an important role in immune system function and 
inflammatory diseases [21]. Studies have revealed that 
TLR4/MyD88/NF-κB pathway suppression can attenu-
ate pathological mechanisms of asthma [22, 23]. Previous 
studies have reported that TLR4 is the upstream signal of 
NLRP3 inflammasome activation, and TLR4 can inter-
act with its downstream partner myeloid differentiation 
primary response 88 (MyD88) on the cell membrane 
and activate nuclear factor kappa-light-chain enhancer 
of activated B cells (NF-κB) to stimulate pyroptosis in 
various cell types [14, 24, 25]. Furthermore, studies have 
revealed that MUC1 is an upstream regulator of the 
TLR4/MyD88/NF-κB signaling pathway [26, 27].

This study aimed to explore the influence of MUC1 on 
neutrophil airway inflammation in patients with asthma 
and verify the underlying mechanism associated with the 

significantly aggravated after MUC1-siRNA transfection. Furthermore, MUCl-CT interacted with TLR4, and the 
interaction between TLR4 and MyD88 was significantly increased after MUCl-siRNA transfection. Moreover, TAK-
242 ameliorated TLR4/MyD88/nuclear factor kappa B (NF-κB) pathway activation, NLRP3 inflammasome-mediated 
pyroptosis, and neutrophilic inflammation exacerbated by MUC1 downregulation. GO-203 exacerbated TLR4/MyD88/
NF-κB pathway activation in vivo, and NLRP3 inflammasome-mediated pyroptosis reduced in a mouse model of 
asthmatic neutrophil airway inflammation induced by OVA/LPS; these pathological changes were partially alleviated 
after TAK-242 application.

Conclusion This study revealed that MUC1 downregulation plays an important role in asthmatic neutrophilic airway 
inflammation. MUC1-CT reduces NLRP3 inflammasome-mediated pyroptosis by inhibiting the activation of the TLR4/
MyD88/NF-κB pathway, thereby attenuating neutrophil airway inflammation in patients with asthma.
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TLR4/MyD88/NF-κB pathway and NLRP3 inflamma-
some-mediated pyroptosis.

Methods
Study subjects
Adult patients with physician-diagnosed asthma were 
recruited if they met the following inclusion criteria: 
recurrent episodes of wheezing, dyspnea, cough, and spu-
tum production; either methacholine PD20 of < 2.505 mg 
or bronchodilation FEV1 change of > 200 mL; and 12% 
successfully induced sputum. The exclusion criteria were 
as follows: smokers, including those who quit smoking 
for < 6 months; those with an acute exacerbation in the 
last 1 month; those with respiratory infection in the last 
2 weeks; those comorbid with chronic obstructive pul-
monary disease, bronchiectasis, or interstitial pneumo-
nia; those who were pregnant or breastfeeding; and those 
recently diagnosed with lung cancer or other solid organ 
malignancy. Asthma severity was retrospectively assessed 
based on the treatment level required to control symp-
toms at least 2–3 months according to the Global Initia-
tive for Asthma 2021 [28]. Severe asthma (SA) is asthma 
which requires optimized treatment with high-dose 
ICS/LABA to prevent it from becoming uncontrolled 
or which remains uncontrolled despite such treatment. 
Healthy controls (HC) had no history of smoking for the 
last 6 months; no family history of asthma; no history 
of chronic respiratory disease and respiratory infection 
in the last 2 weeks; and no severe systemic disease. The 
induced sputum cells and supernatant of the participants 
were stored at − 80 °C for subsequent experiments.

All participants provided informed consent. The Eth-
ics Committee of Tongji Hospital, Tongji Medical Col-
lege, Huazhong University of Science and Technology 
approved the study.

Cell culture
Human bronchial epithelial cells (BEAS-2B, ATCC; 
Manassas, VA, USA) were cultured in Dulbecco’s Modi-
fied Eagle Medium (Gibco, USA) supplemented with 10% 
fetal bovine serum (Gibco, USA) in a 5% CO2 atmosphere 
at 37 °C. Cells were stimulated with 5 µg/mL of lipopoly-
saccharide (LPS) (Cat #: L2880, Sigma-Aldrich, USA) 
and 100 nM of TAK-242 (Cat #: HY-11,109, MedChe-
mExpress, NJ, USA), and TAK-242 was preadded to the 
medium 2 h before LPS.

Lactate dehydrogenase (LDH) release assay
Cells were inoculated in 96-well plates at a density of 
5 × 103 cells/well, and the culture supernatants were col-
lected after drug treatment according to experimental 
requirements. Then, the LDH Cytotoxicity Assay Kit 
(Beyotime, Shanghai, China) was used to quantify LDH 
release in the cell culture supernatant following the 

manufacturer’s instructions. Absorbance at 490  nm was 
measured using a microplate reader.

Small interfering RNA (siRNA) transfection
The transfection reagent lipofectamine 3000 (Invitro-
gen, Carlsbad, CA, USA) was used to transfect BEAS-2B 
cells with human MUC1-siRNAs or NC-siRNA (Guang-
zhou, China) for 24 h. The MUC1-siRNA sequence was 
5′-GTTCAGTGCCCAGCTCTAC-3′.

Animal model and treatments
Female C57BL/6J mice (6–8 weeks old) were obtained 
from Gempharmatech (Jiangsu, China). All animals were 
maintained in a specific pathogen-free facility with free 
access to standard fodder and water and kept in a con-
trolled environment (22  °C ± 2  °C, 55% ± 5% humidity) 
under a 12-h light/dark cycle. The animal protocols were 
approved by the Animal Care and Use Committee at the 
Tongji Hospital (Certificate number: TJH-202,209,007, 
Approval date: September 2022 to November 2022).

Mice were divided into four groups (n = 6/group): 
control, OVA/LPS, OVA/LPS + GO-203, and OVA/
LPS + GO-203 + TAK-242. Mice in the OVA/LPS, OVA/
LPS + GO-203, and OVA/LPS + GO-203 + TAK-242 
groups were sensitized by intraperitoneally inject-
ing 100  µg of sensitized grade V OVA (Sigma-Aldrich, 
USA) and 1 mg of aluminum hydroxide (Thermo Fisher 
Scientific, USA) on days 0, 7, and 14. Subsequently, the 
sensitized animals were intranasally administered with 
75 µg of OVA and 3.5 µg of LPS on days 21, 22, and 23. 
Mice in the control group were intraperitoneally injected 
and intranasally administered with an equal volume of 
phosphate-buffered saline (PBS) on the correspond-
ing days. Mice in the OVA/LPS + GO-203 and OVA/
LPS + GO-203 + TAK-242 groups were intraperitoneally 
injected with the MUC1 inhibitor GO-203 (MedChe-
mExpress, NJ, USA) (20  mg/kg) 2  h before each chal-
lenge. Mice in the OVA/LPS and OVA/LPS + GO-203 
groups were intraperitoneally injected with PBS. Mice 
in the OVA/LPS + GO-203 + TAK-242 group were intra-
peritoneally injected with the TLR4 inhibitor TAK-242 
(MedChemExpress, NJ, USA) (3  mg/kg) 2  h before the 
challenge. The mice in the other groups were intraperito-
neally injected with the same volume and concentration 
of DMSO solvent. All mice were anesthetized, and bron-
choalveolar lavage fluid (BALF) and lung tissue were col-
lected for subsequent experiments on day 24.

Hematoxylin and eosin (H&E) staining and periodic acid–
Schiff (PAS) staining
The lung tissues were fixed in 4% paraformaldehyde for 
24 h. Then, the sections were embedded in paraffin, cut 
into 4-µm-thick sections, and subjected to H&E stain-
ing. The scoring criteria for peribronchial inflammation 
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were as follows: 0, no inflammatory cells; 1, a small num-
ber of cells; 2, one layer of cells; 3, 2–4 layers of cells; and 
4, > 4 layers of cells around the bronchi. The lung tissue 
sections were subjected to PAS staining to determine the 
abundance of PAS-positive cells in the airway and scored 
as follows: 0, the proportion of the positive cells of < 5%; 
1, 5–25%; 2, 25–50%; 3, 50–75%; and 4, > 75%.

Reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR)
Trizol reagent (Takara Co., Dalian, China) was used to 
extract the total RNA from induced sputum cells, BEAS-
2B cells, or lung tissues, and PrimeScript RT reagent Kit 
(Takara) was used for reverse transcription in the first-
strand cDNA synthesis reaction. An SYBR Premix Ex Taq 
(Takara) was used for PCR reaction on Bio-Rad C1000 
Thermal Cycler. The relative mRNA expression was ana-
lyzed using the 2−ΔΔCt method, and the expression level 
was presented as fold change relative to the control. 
Primer sequences were synthesized by Sangon Biotech 
(Shanghai, China) (Table S1).

Immunoblot and coimmunoprecipitation (CO-IP) analyses
Total protein was extracted from cultured cells and lung 
tissues using RIPA lysis buffer (Aspen Biological, Wuhan, 
China). The Nuclear and Cytoplasmic Protein Extraction 
Kit (Boster Biotech, Wuhan, China) was used to extract 
cytoplasmic and nuclear protein. BCA (Aspen) was used 
to measure protein concentration. The protein samples 
were separated via 12.5 SDS-PAGE (Yeasen Biotechnol-
ogy, Shanghai, China) and then transferred onto polyvi-
nylidene fluoride membranes (Roche, UK). Subsequently, 
the membranes were blocked with 5% nonfat dried milk 
in Tris-buffered saline with Tween 20 (TBST) for 90 min 
at 25  °C. Then, the membranes were incubated in the 
corresponding primary antibody overnight at 4  °C on a 
shaker. Subsequently, the membranes were washed using 
TBST and incubated with an appropriate HRP-labeled 
secondary antibody for 90 min at room temperature on 
a shaker. Thereafter, a ChemiDoc XRS gel imaging sys-
tem (Bio-Rad, Hercules, CA, USA) was used to assay the 
membranes that were washed again with TBST. Image J 
(NIH Image, Bethesda, MD) was used to quantitatively 
analyze the protein bands. GAPDH was included as a ref-
erence. Table S2 shows the primary antibodies used for 
western blotting.

CO-IP proteins were extracted from cultured cells 
using NP40 lysis buffer (#B1027,Wuhan Promoter Bio-
logical CO., LTD). Equal amounts of protein aliquots 
of cell lysates were incubated overnight at 4  °C with 
immunoprecipitating antibody against MUC1-CT, 
MyD88, TLR4, or rabbit IgG (Abmart, B30011). Subse-
quently, protein A/G agarose beads (Abmart, Shanghai, 
China; A10001) were added and incubated together for 

2  h. Then, the beads were washed with lysis buffer and 
eluted by boiling in loading buffer. Immunoprecipitated 
proteins were subjected to immunoblot analysis for the 
protein of interest. HRP-conjugated goat anti-rabbit IgG 
heavy chain (Abclone, AS063) was used as the secondary 
antibody for CO-IP.

Immunofluorescence staining
BEAS-2B cell climbing films and lung tissue paraffin sec-
tions were immunostained according to the instructions 
of the Universal IF Toolkit (Abkine, Wuhan, China). In 
brief, BEAS-2B cell climbing films were washed twice 
with PBS, fixed in 4% paraformaldehyde at room tem-
perature for 30  min, and rinsed with PBS. Afterward, 
the cell slides were incubated with immunostaining per-
meabilization buffer at room temperature for 40  min. 
The paraffin section was dewaxed in xylene and ethanol 
with gradient concentration, and then the antigen was 
repaired with EDTA antigen retrieval solution at a pH 
of 8.0 in microwave oven and washed with PBS. Subse-
quently, the cell slides or lung tissue sections were incu-
bated with goat serum blocking buffer for 40 min at room 
temperature and with corresponding primary antibod-
ies overnight at 4 °C. The next day, the cell slides or tis-
sue sections were washed with antibody wash buffer and 
incubated with the corresponding fluorescent secondary 
antibody (Dylight 488 or A594, Goat Anti-Rabbit-IgG) 
for 1 h in dark. Then, they were re-stained with DAPI for 
15  min and sealed with superKine™ snhanced antifade 
mounting medium. The slides or sections were visualized 
at ×400 under a microscope.

Statistical analysis
Data analysis was performed using the GraphPad Prism 
9 software (GraphPad, San Diego, California). Normally 
distributed data are presented as mean ± standard devia-
tion (SD), and student’s t-test or one-way analysis of vari-
ance was used to compare these data among the groups. 
Non-normally distributed data are presented as median 
(Q1, Q3); Kruskal–Wallis analysis was used to compare 
these data among the groups, and Spearman’s rank order 
correlation was used for correlation analysis. Two-sided 
p-values of < 0.05 were considered statistically significant 
and expressed as * p < 0.05; ** p < 0.01; *** p < 0.001; and 
**** p < 0.0001.

Results
Subject characteristics
First, we collected induced sputum samples from 64 
patients to detect whether MUC1 expression is altered in 
the airways of patients with asthma. Table 1 summarizes 
the patient characteristics. No significant differences 
were found in age, sex, and body mass index among 
the healthy (n = 12), mild-to-moderate asthma (MMA) 
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(n = 34), and SA (n = 18) groups. The forced vital capac-
ity in the first second (FEV1) of the SA group was signifi-
cantly lower than that of the MMA group. The predicted 
FEV1% of the SA group was significantly lower than that 
of the healthy and MMA groups. The forced vital capac-
ity in the first second/forced vital capacity (FEV1/FVC) 
of the SA group was significantly lower than that of the 
healthy group. The proportion of neutrophils in the 
induced sputum of the MMA and SA groups was higher 
than that in the induced sputum of the healthy group, 
and the proportion of SA was significantly higher than 
that of MMA.

MUC1 mRNA expression was downregulated in the 
induced sputum cells of patients with asthma and 
correlated with asthma severity
RT-qPCR was performed to detect MUC1 expression in 
induced sputum cells. The mRNA expression of MUC1 
was notably downregulated in induced sputum cells 
of patients with SA compared with those of patients 
with HC and MMA (Fig. 1A). The mRNA expression of 
MUC1 in induced sputum cells was negatively correlated 

with FEV1 (% predicted) and FEV1/FVC for patients with 
asthma (n = 52) (Fig. 1B and C) and positively correlated 
with the proportion of neutrophils in induced sputum 
(Fig. 1D). These results indicated that the mRNA expres-
sion of MUC1 was downregulated in the induced sputum 
cells of patients with asthma and negatively correlated 
with NA severity.

mRNA expression of TLR4, MyD88, NLRP3, caspase-1, and 
IL-1β in induced sputum cells of patients with asthma was 
upregulated and related to the mRNA expression of MUC1
RT-qPCR was performed to detect the mRNA expres-
sion of TLR4, MyD88 and NLRP3, caspase-1, and IL-1β 
in induced sputum cells. The mRNA expression of TLR4, 
MyD88, NLRP3, caspase-1, IL-18, and IL-1β in induced 
sputum cells was significantly increased compared with 
that in patients with HC and MMA (Fig. 2A-I). Moreover, 
the mRNA expression of MUC1 was positively correlated 
with the mRNA expression of TLR4, MyD88, NLRP3, 
caspase-1 IL-18, and IL-1β (Fig. 2G-L).

Table 1 Subjects characteristics
HC(n = 12) MMA(n = 34) SA(n = 18) Overall P

Age (y) 44.92 ± 11.38 38.94 ± 12.30 45.83 ± 12.89 0.8385

Male n. (%) 7(58.33) 14(41.17) 6(33.33) 0.3915

BMI (kg/m2) 24.40(21.83, 27.93) 22.85(21.58, 25.83) 23.70(20.48, 26.85) 0.7185

FEV1 (L) 2.96 ± 0.66 2.98 ± 0.72 2.50 ± 0.62 0.0528

FEV1(%predicted) 100.35 ± 17.15 97.62 ± 12.90 85.71 ± 9.48 §K 0.0097

FEV1/FVC (%) 78.33 ± 4.40 74.59 ± 7.31 70.15 ± 6.60 § 0.0056

Induced sputum characteristics

Neutrophils (%) 35.90(28.00, 40.45) 56.40(50.90, 63.68) § 67.90(58.65,70.00) §K < 0.0001

Eosinophils (%) 0.30(0.03, 0.65) 5.75(1.80, 7.55) § 9.15(5.22, 13.65) §K < 0.0001

Macrophages (%) 58.70(52.90, 67.78) 31.90(26.85, 36.00) § 19.65(15.88, 22.68) §K < 0.0001

Lymphocytes (%) 5.75(5.03, 6.18) 5.65(5.08, 6.63) 6.05(5.28, 6.80) 0.3569
HC = Healthy controls (n = 12), MMA = mild-to-moderate asthma (n = 34), SA = severe asthma (n = 18)

§: p < 0.05 versus healthy subjects

K: p < 0.05 versus patients with MMA

Fig. 1 MUC1 mRNA expression was downregulated in the induced sputum of patients with asthma and correlated with asthma severity. Induced 
sputum cells from the HC (n = 12), MMA (n = 34), and SA (n = 18) groups were subjected to RT-qPCR to detect MUC1 expression in induced sputum cells. 
(A) The mRNA expression of MUC1 was detected via RT-qPCR. (B–C) The correlations of MUC1 mRNA expression in induced sputum cells with FEV1 (% 
predicted) and FEV1/FVC in asthma (n = 52). (D) The correlations of MUC1 mRNA expression with the proportion of neutrophils in induced sputum of 
patients with asthma (n = 52). HC = healthy controls (n = 12), MMA = mild-to-moderate asthma (n = 34), SA = severe asthma (n = 18). * p < 0.05; ** p < 0.01; 
*** p < 0.001; and **** p < 0.0001
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LPS upregulates MUC1 expression, activates the TLR4/
MyD88/NF-κB pathway, and causes NLRP3 inflammasome-
mediated pyroptosis and inflammation in vitro
We stimulated BEAS-2B cells with LPS for 24 h in vitro to 
determine whether LPS affects the expression of MUC1 
in BEAS-2B cells and found increased mRNA and protein 
expressions of MUC1 (Fig. 3A and B). Meanwhile, TLR4, 

MyD88 protein expression, and p65 phosphorylation 
level were upregulated in the LPS group compared with 
the control group (Fig. 3C). Furthermore, LPS increased 
the protein expression of NLRP3, caspase-1, cleaved cas-
pase-1, GSDMD, GSDMD-N, IL-18, and IL-1β in cells 
(Fig. 3D) as well as increased the release of LDH (Fig. 3E), 
indicating that LPS induced pyroptosis in BEAS-2B cells. 

Fig. 2 mRNA expression of TLR4, MyD88, and pyroptosis pathway molecules in the induced sputum of patients with asthma is upregulated and nega-
tively related to the mRNA expression of MUC1. Induced sputum cells from the HC (n = 12), MMA (n = 34), and SA (n = 18) groups were subjected to 
RT-qPCR to detect the mRNA expression of TLR4, MyD88, NLRP3, caspase-1, IL-18, and IL-1β. (A-F) mRNA expression of TLR4, MyD88, NLRP3, caspase-1, 
IL-18, and IL-1β in induced sputum cells. (G-L) Correlation of the mRNA expression of MUC1 with the mRNA expression of TLR4, MyD88, NLRP3, caspase-1, 
and IL-1β in induced sputum cells of patients with asthma (n = 52). HC = healthy controls (n = 12), MMA = mild-to-moderate asthma (n = 34), SA = severe 
asthma (n = 18). * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001
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In addition, LPS increased the mRNA expression levels 
of the inflammatory factors IL-6, IL-8, IL-18, IL-1β, and 
TNF-α (Fig. 3F), triggering the inflammatory response of 
BEAS-2B cells.

MUC1 downregulation aggravates LPS-induced 
TLR4/MyD88/NF-κB pathway activation and NLRP3 
inflammasome-mediated pyroptosis and inflammation in 
vitro
To demonstrate the effect of MUC1 on the TLR4/
MyD88/NF-κB pathway and pyroptosis, BEAS-2B cells 
were transfected with MUC1-siRNA for 24  h before 
LPS intervention. Compared with the control and NC-
siRNA groups, the mRNA and protein expression levels 
of MUC1 in the MUC1-siRNA group were significantly 
decreased (Fig.  4A and B). Compared with the NC-
siRNA + LPS group, the protein expression levels of 
TLR4, MyD88, and p-p65 in the MUC1-siRNA + LPS 
group increased, and the p65 protein level in the nucleus 
also increased (Fig.  4C and D). Moreover, immuno-
fluorescence staining of the cell slides revealed that the 
relative fluorescence intensity of p-p65 in the MUC1-
siRNA + LPS group was increased (Fig.  4E). For pyrop-
tosis, we found that LPS-induced NLRP3, caspase-1, 
cleaved caspase-1, GSDMD, GSDMD-N, IL-18, and IL-1β 
protein expression levels were further increased after 
MUC1 knockdown (Fig.  4H), and the LDH level in the 
cell supernatant was also further increased (Fig.  4I). At 
the same time, the mRNA expression levels of the inflam-
matory factors IL-6, IL-8, IL-18, IL-1β, and tumor necro-
sis factor (TNF)-α in BEAS-2B cells further increased 
after MUC1 knockdown (Fig. 4J). These results revealed 
that MUC1 knockdown facilitates TLR4/MyD88/NF-κB 

pathway activation, increases NLRP3-mediated pyropto-
sis, and aggravates inflammatory response, thereby indi-
cating the protective role of MUC1 in asthma. Previous 
studies have revealed that MUC1 can competitively bind 
TLR5 and TLR3 with MyD88 through its cytoplasmic tail 
domain (MUC1-CT), thereby inhibiting NF-κB activa-
tion [29, 30]. Here, we used the CO-IP method to detect 
a protein interaction between MUC1-CT and TLR4 in 
BEAS-2B cells, and LPS enhanced their binding (Fig. 4F). 
Moreover, the binding of TLR4 and MyD88 significantly 
increased after MUC1-siRNA transfection, indicating 
that MUC1-CT can hinder the TLR4 and MyD88 binding 
(Fig. 4G).

TAK-242 ameliorates TLR4/MyD88/NF-κB pathway 
activation and NLRP3 inflammasome-mediated pyroptosis 
and inflammation exacerbated by MUC1 downregulation 
in vitro
Finally, we aimed to confirm the association between 
the inhibitory effect of MUC1 on pyroptosis and TLR4/
MyD88/NF-κB pathway activation downregulation in 
vitro. We pretreated the cells with TAK-242, a specific 
TLR4 inhibitor, for 2 h before LPS stimulation. We found 
that TAK-242 pretreatment did not affect the expression 
level of MUCl (Fig. 5A and B). The expression of TLR4, 
MyD88, and p-p65 in the MUC1-siRNA + LPS + TAK-
242 group was significantly reduced (Fig.  5C); more-
over, nuclear p65 level (Fig.  5D) and the intensity of 
immunofluorescence for p-p65 (Fig.  5E) were reduced 
compared with the those in MUC1-siRNA + LPS group. 
Concurrently, the protein expression levels of NLRP3, 
caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, 
IL-18, IL-1β, and LDH in the culture medium of the 

Fig. 3 LPS upregulates MUC1 expression, activates the TLR4/MyD88/NF-κB pathway, and causes NLRP3 inflammasome-mediated pyroptosis and inflam-
mation in vitro. BEAS-2B cells were stimulated with LPS (5 µg/mL) for 24 h. (A) The mRNA expression levels of MUC1 were detected via RT-qPCR. (B–D) 
The protein expression levels of MUC1, TLR4, MyD88, p-p65, p65, NLRP3, caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, IL-18, and IL-1β were deter-
mined via immunoblotting. (E) LDH release into the culture medium was detected using LDH release assay. (F) The mRNA expression levels of IL-6, IL-8, 
IL-18, IL-1β, and TNF-α were detected using RT-qPCR. Data are expressed as mean ± SD (n = 3) and were analyzed using student t-test; *P < 0.05; **P < 0.01; 
***P < 0.001; and ****p < 0.0001. LPS = lipopolysaccharide. LDH = lactate dehydrogenase
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Fig. 4 MUC1 downregulation aggravates LPS-induced TLR4/MyD88/NF-κB pathway activation and NLRP3 inflammasome-mediated pyroptosis and in-
flammation in vitro. BEAS-2B cells were treated with LPS (5 µg/mL) for 24 h after transfecting with MUC1-siRNA or negative control-siRNA for 24 h. (A) 
Protein interaction between MUC1 and TLR4 was detected using coimmunoprecipitation analyses. (B) The mRNA expression level of MUC1 was detected 
using RT-qPCR. (C) The protein expression levels of MUC1, TLR4, MyD88, p-p65, and p65 were determined via immunoblotting. (D) The levels of p65 
proteins in the nuclear and cytoplasmic fractions were analyzed via immunoblotting. (E) The expression and localization of p-p65 were observed via 
immunofluorescence staining. Images were taken using a fluorescent microscope at 400x magnification. Red: p-p65; blue: DAPI; scale bar: 50 μm. (F) 
The protein interaction between MUC-CT and TLR4 was detected using COP-IP. (G) The protein interaction betweenTLR4 and MyD88 was detected using 
COP-IP. (H) The protein expression levels of NLRP3, caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, IL-18, and IL-1β were determined via immunoblot-
ting. (I) LDH release into the culture medium was detected via LDH release assay. (J) The mRNA expression levels of IL-6, IL-8, IL-18, IL-1β, and TNF-α were 
detected using RT-qPCR. Data are expressed as mean ± SD (n = 3) and were analyzed using one-way analysis of variance, *P < 0.05; **P < 0.01; ***P < 0.001; 
and ****p < 0.0001. LPS = lipopolysaccharide. LDH = lactate dehydrogenase
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Fig. 5 TAK-242 ameliorates TLR4/MyD88/NF-κB pathway activation and NLRP3 inflammasome-mediated pyroptosis and inflammation exacerbated by 
MUC1 downregulation in vitro. BEAS-2B cells were treated with TAK-242 (100 nM) for 2 h, followed by LPS (5 µg/mL) stimulating for 24 h, at 24 h after 
MUC1-siRNA or negative control-siRNA transfection. (A) The mRNA expression level of MUC1 was detected using RT-qPCR. (B, C) The protein expression 
levels of MUC1, TLR4, MyD88, p-p65, and p65 were determined via immunoblotting. (D) The p65 protein levels in the nuclear and cytoplasmic fractions 
were analyzed via immunoblotting. (E) The expression and localization of p-p65 were observed via immunofluorescence staining. Images were taken 
using a fluorescent microscope at 400x magnification. Red: p-p65; blue: DAPI; scale bar: 50 μm. (F) The protein expression levels of NLRP3, caspase-1, 
cleaved caspase-1, GSDMD, GSDMD-N, IL-18, and IL-1β were determined via immunoblotting. (G) LDH release into the culture medium was detected 
via LDH release assay. (H) The mRNA expression levels of IL-6, IL-8, IL-18, IL-1β, and TNF-α were detected using RT-qPCR. Data are expressed as mean ± SD 
(n = 3) and were analyzed using one-way analysis of variance, *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. LPS = lipopolysaccharide; LDH = lactate 
dehydrogenase
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MUC1-siRNA + LPS + TAK-242 group were significantly 
lower than those of the MUC1-siRNA + LPS group 
(Fig.  5Fand G). The increased mRNA expression lev-
els of the inflammatory factors IL-6, IL-8, IL-18, IL-1β, 
and TNF-α caused by MUC1 knockdown were partially 
reversed (Fig.  5H) after TAK-242 pretreatment. These 
results suggest that the protective effect of MUC1 against 
NLRP3-mediated pyroptosis and inflammation is related 
to its ability to block TLR4/MyD88/NF-κB pathway 
activation.

TAK-242 partially ameliorates GO-203-exacerbated 
neutrophilic airway inflammation in OVA/LPS-induced 
asthmatic mouse
Previous studies have revealed that the anti-inflam-
matory activity of MUC1 in TLR pathway activation 
mainly depends on its intracellular cytoplasmic tail 
(MUC1-CT) inhibition [27, 31]. GO-203, an analog of 
MUC1-CT, can penetrate the cell membrane and bind 
to the CQC motif of MUC-CT, thereby blocking its 
intracellular signal transduction function [32] and the 
TLR pathway regulation function [26, 33]. We induced 
C57BL/6J mice with OVA/LPS to establish asthmatic 
models and used GO-203 and TAK-242 to block the 
MUC1 and TLR4 functions, respectively, to verify the 
results obtained in cell experiments in vivo. The results 
were consistent with what we expected. The inflamma-
tion around the airway, goblet cell hyperplasia, inflam-
mation score, and PAS score in the OVA/LPS + GO-203 

group (Fig. 6A and B) were significantly increased com-
pared with the OVA/LPS group (Fig. 6C and D). The total 
number and differential counts of inflammatory cells in 
the BALF significantly increased, with the most signifi-
cant increase observed in neutrophils, in the BALF of 
mice in the OVA/LPS + GO-203 group (Fig.  6E). Con-
currently, the mRNA expressions of the inflammatory 
factors IL-6, IL-8, IL-18, IL-1β, and TNF-α in the lung 
tissue of mice in the OVA/LPS + GO-203 group were sig-
nificantly increased (Fig. 6F). These results indicated that 
GO-203 blocked the function of MUC1-CT to aggra-
vate neutrophil inflammation in the airways of OVA/
LPS-induced asthmatic mouse, suggesting the protec-
tive effect of MUC1 on neutrophilic airway inflamma-
tion in patients with asthma. Comparison of the OVA/
LPS + GO-203 and OVA/LPS + GO-203 + TAK-242 
groups revealed that the abovementioned airway inflam-
mation indicators were significantly suppressed in the 
OVA/LPS + GO-203 + TAK-242 group. Furthermore, we 
observed that TAK-242 partially reversed the increased 
neutrophilic airway inflammation caused by MUC1 func-
tion inhibition in OVA/LPS-induced asthmatic mouse.

TAK-242 partially downregulates GO-203-caused 
TLR4/MyD88/NF-κB pathway activation and NLRP3 
inflammasome-mediated pyroptosis in OVA/LPS-induced 
asthmatic mouse
We found that the expression level of MUC1 was 
decreased in the OVA/LPS group compared with the 

Fig. 6 TAK-242 partially ameliorates GO-203-exacerbated neutrophilic airway inflammation in OVA/LPS-induced asthmatic mouse. (A, B) HE staining and 
PAS staining were performed on lung sections in the indicated groups. Images were taken under a microscope at 200× magnification. Scale bar: 50 μm. 
(C, D) Inflammatory infiltration and hyperplasia of goblet cells were quantified using inflammation and PAS scores. (E) Statistical analysis of the total in-
flammatory cells, macrophages, neutrophils, eosinophils, and lymphocytes in BALF. (F) The mRNA expression levels of IL-6, IL-8, IL-18, IL-1β, and TNF-α in 
lung tissues were detected using RT-qPCR. LDH = lactate dehydrogenase. Data are expressed as mean ± SD (n = 6 animals per group) and were analyzed 
using one-way analysis of variance,*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001
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control group (Fig.  7A and B), whereas the expres-
sion levels of TLR4, MyD88, p-p65, and nuclear p65 
(Fig.  7A-C) were significantly increased, as detected 
via western blotting and immunofluorescence stain-
ing. In addition, the protein expression levels of NLRP3, 

caspase-1, cleaved caspase-1, GSDMD, GSDMD-N, 
IL-18, and IL-1β (Fig.  7D and E) were increased, indi-
cating that MUC1, TLR4/MyD88/NF-κB pathway, and 
NLRP3-induced pyroptosis are involved in the patho-
genesis of asthma. The protein expression levels of TLR4, 

Fig. 7 TAK-242 downregulates GO-203-caused TLR4/MyD88/NF-κB pathway activation and NLRP3 inflammasome-mediated pyroptosis in OVA/LPS-
induced asthmatic mouse. (A) The protein expression levels of MUC1, TLR4, MyD88, p-p65, and p65 in lung tissue were determined via immunoblotting. 
(B) The expression of MUC1, TLR4, and p-p65 in the bronchi were determined via immunofluorescence staining. Images were taken using a fluorescent 
microscope at 400× magnification. Red: MUC1; green: TLR4 and p-p65; blue: DAPI; scale bar: 50 μm. (C) The p65 protein levels in the nuclear and cyto-
plasmic fractions in lung tissue were analyzed via immunoblotting. (D) The protein expression levels of NLRP3, caspase-1, cleaved caspase-1, GSDMD, 
GSDMD-N, IL-18, and IL-1β in lung tissue were determined via immunoblotting. (E) LDH release into BALF was detected via LDH release assay. (F) The 
expression of NLRP3 and caspase-1 in the bronchi were determined via immunofluorescence staining. Images were taken using a fluorescent microscope 
at 400× magnification. Red: NLRP3; green: caspase-1; blue: DAPI; scale bar: 50 μm. LDH = lactate dehydrogenase. Data are expressed as mean ± SD (n = 6 
animals per group) and were analyzed using one-way analysis of variance, *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001
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MyD88, and p-p65 in the lung tissue as well as nuclear 
p65 level of mice in the OVA/LPS + GO-203 group were 
significantly increased compared with the OVA/LPS 
group (Fig. 7A-C). Moreover, the LDH level in the OVA/
LPS + GO-203 group was significantly higher than that 
in the OVA/LPS group (Fig. 7E), and the protein expres-
sion levels of NLRP3, caspase-1, cleaved caspase-1, 
GSDMD, GSDMD-N, IL-18, and IL-1β were significantly 
increased (Fig.  7D and E). These results indicated that 
significant inhibition of the signal transduction function 
of MUC1 facilitates TLR4/MyD88/p-p65 pathway acti-
vation and NLRP3-mediated pyroptosis. Furthermore, 
TLR4/MyD88/NF-κB pathway activation and NLRP3-
mediated pyroptosis were simultaneously inhibited in 
the OVA/LPS + GO-203 group compared with the OVA/
LPS + GO-203 group. Overall, TAK-242 downregulates 
GO-203-caused TLR4/MyD88/NF-κB pathway activa-
tion and NLRP3 inflammasome-mediated pyroptosis in 
OVA/LPS-induced asthmatic mouse.

Discussion
Neutrophilic airway inflammation is considered an 
important issue in asthma management and is often 
accompanied by corticosteroid resistance, progressive 
lung function decline, and frequent asthma exacerba-
tions [34]. At present, treatment methods for asthma 
mainly target eosinophilic inflammation, and the symp-
tom control of patients with asthma having neutrophilic 

airway inflammation is often not satisfactory. Therefore, 
the underlying mechanism and alternative therapeutic 
targets for neutrophilic airway inflammation in asthma 
should be explored.

MUC1 has been considered to have a potential value in 
the treatment of SA because of its role in regulating the 
sensitivity of glucocorticoids [15]. However, neutrophilic 
airway inflammation regulation by MUC1 is unclear in 
asthma. The present study revealed that MUC1 expres-
sion in induced sputum of patients with asthma was 
downregulated and was related to asthma severity. This is 
consistent with the results of a previous study on human 
bronchial epithelial cells and blood neutrophils [15]. 
Moreover, we discovered that MUC1 expression was sig-
nificantly negatively correlated with the proportion of 
neutrophils in induced sputum of patients with asthma, 
indicating that MUC1 may have an inhibitory effect on 
neutrophil airway inflammation in asthma. We did not 
perform bronchial biopsy and collect airway epithelial 
cells from the participants, which may represent a limita-
tion of this study, considering ethics and patient accep-
tance. However, a previous study [15] reported changes 
in the expression levels of MUC1 in bronchial epithelial 
cells and blood neutrophils of patients with asthma, and 
our study supplemented the changes in induced sputum 
cells. Interestingly, Anil KM et al. [35] found that MUC1 
expression was upregulated in most patients with asthma 
who were sensitive and exposed to a pigeon allergen. 

Fig. 8 Mechanisms underlying MUC1 regulation of neutrophilic airway inflammation in asthma. MUC1-CT can interact with TLR4 and hinder the interac-
tion between TLR4 and MyD88, thereby reducing the phosphorylation and nuclear translocation of NF-κB and reducing NLRP3 inflammasome-mediated 
pyroptosis and neutrophilic airway inflammation. Therefore, MUC1 downregulation in the airways of patients with asthma may be a mechanism of 
neutrophilic airway inflammation
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Their results are inconsistent with our results, possibly 
due to the following reasons: First, the samples they col-
lected and the MUC1 structural fragments they detected 
were different from those in our study. They detected 
the protein expression of the circulating form of MUC1, 
a sialylated sugar chain of the MUC1 ectodomain, in 
the serum, whereas we detected MUC1 gene expres-
sion in induced sputum cells. Second, their study did 
not include a healthy control group for comparison with 
patients with asthma. Moreover, they did they group and 
compare patients according to the severity of asthma, 
as performed in our study. In addition, they compared 
patients with asthma with positive and negative pigeon 
allergens and found that MUC1 expression in the serum 
of patients with positive pigeon allergens was higher 
than that in the serum of patients with negative pigeon 
allergens, suggesting that the circulating form of MUC1 
is a biomarker in pigeon-sensitive asthma patients [35]. 
However, the mechanism by which the circulating form 
of MUC1 is upregulated in patients with positive pigeon 
allergens remains unknown and is worth exploring in the 
future.

NLRP3 inflammasome-mediated pyroptosis has been 
thought to be an important trigger of neutrophil airway 
inflammation in asthma [36–38]. Previous studies have 
reported that TLR4 can promote NF-κB activation by 
interacting with the adapter molecule MyD88, induce 
NLRP3 inflammasome and caspase-1 activation, and 
trigger pyroptosis [39–41]. Concurrently, the negative 
regulatory effect of MUC1 on the TLR4/MyD88/NF-κB 
pathway has been described in other diseases, such as 
acute lung injury and acute kidney injury [26, 42]. How-
ever, whether MUC1 regulates NLRP3 inflammasome-
mediated pyroptosis through the TLR4/MyD88/NF-κB 
pathway in asthma remains unknown. We examined the 
expression levels of TLR4/MyD88/NF-κB pathway- and 
NLRP3 inflammasome-mediated pyroptosis-related mol-
ecules in induced sputum cells. The results revealed that 
the expression of these molecules in induced sputum 
cells of patients with asthma was significantly increased 
compared with that in healthy subjects. Furthermore, 
consistent with our hypothesis, the expression of these 
molecules was significantly negatively correlated with the 
expression of MUC1.

We discovered that NLRP3-mediated pyroptosis was 
significantly increased after the reduction of MUC1 
expression in in vitro experiments through stimulation 
of BEAS-2B with LPS and successive transfecton with 
MUC1-siRNA; this revealed the potential of MUC1 in 
reducing neutrophilic inflammation in asthma that was 
closely related to NLRP3 inflammasome-mediated-
pyroptosis. Previous studies have revealed that MUC1 
can inhibit NLRP3 inflammasome activation in Helico-
bacter pylori gastritis and bacterial infection, but they 

mainly studied NLRP3 inflammasome as an inflamma-
tory mediator [43, 44]. In contrast, this study regarded 
NLRP3 inflammasome activation as an initiation of 
pyroptosis and revealed the downregulation effect of 
MUC1 on pyroptosis in asthma. We further revealed that 
TLR4 inhibition attenuated the upregulation of pyropto-
sis induced by MUC1 knockdown using TAK-242. These 
results demonstrated that the TLR4/MyD88/NF-κB path-
way was a bridge between MUC1 and NLRP3 inflamma-
some-mediated pyroptosis. Furthermore, this study adds 
to the evidence that MUC1 regulates the TLR4/MyD88/
NF-κB pathway and NLRP3 inflammasome-mediated 
pyroptosis in patients with asthma.

However, the exact mechanism of how MUC1 regu-
lates the TLR4/MyD88/NF-κB pathway is unclear. Pro-
tein interactions were reported between MUC1 and 
some TLRs, including TLR5, TLR3, and TLR9 [29, 31, 
45]. Gibier, Jean-Baptiste et al. [26] demonstrated the 
interaction between MUC1 and TLR4 in HEK-293 cells 
using proximity ligation assay and revealed that MUC1 
can interact with TLR4 through its intracellular CT 
domain, act as a competitive inhibitor of MyD88, and 
reduce NF-κB activation. Therefore, we also detected the 
interaction between MUC1-CT and TLR4 using CO-IP 
in BEAS-2B cells and found that MyD88 recruited by 
TLR4 was significantly increased in BEAS-2B cells stimu-
lated with LPS after MUC1 knockdown. These results 
indicate that the interaction between MUC1-CT and 
TLR4 is one of the mechanisms for MUC1 to regulate the 
TLR4/MyD88/NF-κB pathway. Moreover, the expression 
of TLR4 was significantly upregulated after transfection 
with MUC1-siRNA, consistent with other studies [26, 
33]. Yu-Ming Wang recently reported that MUC1 inhib-
ited the expression of TLR4 by stabilizing the transcrip-
tion factor HIF-α [33]. We did not verify this nor did 
we deeply explore other possible mechanisms by which 
MUC1 affects the expression level of TLR4; this can be a 
topic for future research.

GO-203, an analog of MUC1-CT, can bind to the CQC 
motif of MUC-CT, thereby blocking its intracellular sig-
nal transduction function [32] and the regulation func-
tion of the TLR pathway [26, 33]. Finally, intraperitoneal 
injection with GO-203 in OVA/LPS-induced asthmatic 
mice aggravated neutrophil inflammation in their air-
ways and increased TLR4/MyD88/NF-κB pathway acti-
vation and NLPP3 inflammasome-mediated pyroptosis. 
Moreover, TAK-242, a specific TLR4 inhibitor, partially 
reversed this change. Consistent with the in vitro results, 
these in vivo results more intuitively clarified the role of 
MUC1 in reducing neutrophilic airway inflammation in 
asthma. However, economic conditions to construct a 
MUC1 knockout mouse model were insufficient, being 
a limitation of this study. Fortunately, many studies have 
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recognized the inhibitory effect of GO-203 on MUC1-
CT in the lung [26, 46].

This study explored the inhibitory effect of MUC1 on 
NLRP3 inflammasome-mediated pyroptosis in patients 
with asthma and revealed that one of the underlying 
mechanisms is the downregulation of TLR4/MyD88/
NF-κB pathway activation. Several previous stud-
ies have suggested that neutrophilic airway inflamma-
tion in asthma may be effectively reduced by blocking 
NLRP3 inflammasome-mediated pyroptosis [10, 47, 
48]; however, the results of clinical trials have been dis-
appointing. For example, clinical trials of the NLRP3 
inhibitor MCC950 were halted due to its toxicity [49]. 
Canakinumab, an IL-1β monoclonal antibody, is no 
longer being studied as a therapeutic drug for asthma 
because of its complicated mechanism and unsatisfactory 
effect [50]. The role of some other pyroptosis inhibitors 
in asthma remains unclear. Therefore, the results of this 
study are clinically significant. We explored a long signal-
ing pathway involved in neutrophil airway inflammation 
in asthma, which offers many alternative therapeutic tar-
gets for neutrophilic asthma. Targeting the upstream of 
NLRP3 inflammasome-mediated pyroptosis and simul-
taneously inhibiting multiple targets may have a better 
therapeutic effect on neutrophil airway inflammation in 
asthma.

The greatest significance of this study is to reveal the 
potential protective role of MUC1 in neutrophil airway 
inflammation in patients with asthma. In general, neutro-
philic airway inflammation and glucocorticoid resistance 
are important factors for poor asthma control, and an 
inherent correlation exists between the two [51]. Previous 
studies have demonstrated that MUC1 deficiency medi-
ates corticosteroid insensitivity in patients with asthma 
[15, 18]. This study shows the role of MUC1 in attenu-
ating neutrophil-induced airway inflammation, further 
emphasizing the importance of MUC1 in the pathogene-
sis of asthma, which may have a potential value for devel-
oping new treatment strategies for refractory asthma. 
However, the reason for MUC1 expression downregula-
tion in the course of asthma remains unknown, and more 
research may be needed in the future to prevent MUC1 
deficiency or increase MUC1 expression in asthma.

Conclusion
In summary, this study revealed that MUC1 was down-
regulated in induced sputum of patients with asthma 
and played an important role in neutrophilic airway 
inflammation. Mechanistic studies revealed that MUC1 
reduced NLRP3 inflammasome-mediated pyroptosis 
by inhibiting TLR4/MyD88/NF-κB pathway activation, 
thereby suppressing neutrophilic airway inflammation 
in patients with asthma. This study suggested a pos-
sible mechanism of neutrophilic airway inflammation in 

patients with asthma and emphasized the anti-inflamma-
tory function of MUC1 in neutrophilic asthma, thereby 
indicating that MUC1 is of a potential value to develop 
new asthma treatment strategies.

Abbreviations
GRα  Glucocorticoid receptor alpha
H&E  Hematoxylin and eosin
HC  Healthy controls
LPS  Lipopolysaccharide
MMA  Mild-to-moderate asthma
MUC1-CT  Mucin 1 cytoplasmic tail
NLRP3  Nucleotide-binding oligomerization domain-like protein3
PAS  Periodic acid–Schiff stain
PBS  Phosphate-buffered saline
SA  Severe asthma
SD  Standard deviation
TLR  Toll-like receptor

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12931-023-02550-y.

Supplementary tables

Authors’ contributions
LL wrote the main manuscript text, LL and LZ prepared Figs. 1, 2, 3, 4, 5, 6 
and 7,LW prepared Fig. 8, LL and ZM involved in recruiting subjects and 
collecting samples of asthma patients; LW and FZ reviewed the experimental 
data and edited the manuscript for important intellectual inputs; LL, LZ and 
PZ designed the experiments, reviewed the experimental data and edited 
the manuscript for important intellectual contents; HL and HZ designed and 
supervised this study, interpreted the experimental findings, and drafted 
the manuscript. All authors were involved in experimental de-sign, data 
interpretation, and manuscript preparation. LL and LZ participated in the 
revision of the reviewer’s comments. All authors read and approved the final 
manuscript.

Funding
This work was supported by grants from National Natural Sciences Foundation 
of China (Nos.82270104) to Huiguo Liu. This study was supported by “the 
Fundamental Research Funds for the Central Universities”(2042023kf0044) to 
Huojun Zhang.

Data Availability
The datasets supporting the conclusions of this article are included within the 
article and its additional files. Any other data and materials generated in this 
study are available from the corresponding author upon request.

Declarations

Ethics approval and consent to participate
All animal care and experimental procedures were approved by the Animal 
Care and Use Committee of the Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology. All experiments involving 
animals were approved by the Ethics Committee of Tongji Hospital (IRB: 
TJ-IRB20220663). All recruited subjects signed written informed consent forms 
before their inclusion in the study, which conformed to the Declaration of 
Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

https://doi.org/10.1186/s12931-023-02550-y
https://doi.org/10.1186/s12931-023-02550-y


Page 15 of 16Liu et al. Respiratory Research          (2023) 24:255 

Author details
1Department of Respiratory and Critical Care Medicine, Key Laboratory 
of Pulmonary Diseases of Health Ministry, Tongji Hospital, Tongji Medical 
College, Huazhong University of Science and Technology, Wuhan, China
2Department of Respiratory Medicine, The First People’s Hospital of 
Yunnan Province, Kunming, Yunnan, China
3The Affiliated Hospital of Kunming University of Science and Technology, 
Kunming, Yunnan, China
4Department of Respiratory and Critical Care Medicine, Renmin Hospital 
of Wuhan University, Wuhan, China

Received: 20 May 2023 / Accepted: 2 October 2023

References
1. Simpson JL, et al. Inflammatory subtypes in asthma: assessment and identifi-

cation using induced sputum. Respirology. 2006;11(1):54–61.
2. Zhang X, et al. The onset, development and pathogenesis of severe neutro-

philic asthma. Immunol Cell Biol. 2022;100(3):144–59.
3. Kang N, Song WJ. Discovering biomarkers of Neutrophilic Asthma: a clinician’s 

perspective. Allergy Asthma Immunol Res. 2022;14(1):1–4.
4. Moore WC, et al. Sputum neutrophil counts are associated with more 

severe asthma phenotypes using cluster analysis. J Allergy Clin Immunol. 
2014;133(6):1557–63e5.

5. Xie Y, et al. T(H)17 cells and corticosteroid insensitivity in severe asthma. J 
Allergy Clin Immunol. 2022;149(2):467–79.

6. Yu P, et al. Pyroptosis: mechanisms and diseases. Signal Transduct Target Ther. 
2021;6(1):128.

7. Coll RC, Schroder K, Pelegrín P. NLRP3 and pyroptosis blockers for treating 
inflammatory diseases. Trends Pharmacol Sci. 2022;43(8):653–68.

8. Zhu X, et al. αKlotho protein has therapeutic activity in contrast-induced 
acute kidney injury by limiting NLRP3 inflammasome-mediated pyroptosis 
and promoting autophagy. Pharmacol Res. 2021;167:105531.

9. Simpson JL, et al. Elevated expression of the NLRP3 inflammasome in neutro-
philic asthma. Eur Respir J. 2014;43(4):1067–76.

10. Kato K et al. MUC1: the first respiratory mucin with an anti-inflammatory func-
tion. J Clin Med, 2017. 6(12).

11. Chen S, et al. Blockade of the NLRP3/Caspase-1 Axis ameliorates Airway Neu-
trophilic inflammation in a Toluene Diisocyanate-Induced Murine Asthma 
Model. Toxicol Sci. 2019;170(2):462–75.

12. Chen L et al. Blockade of NLRP3/Caspase-1/IL-1β Regulated Th17/Treg Immune 
Imbalance and Attenuated the Neutrophilic Airway Inflammation in an Ovalbu-
min-Induced Murine Model of Asthma J Immunol Res, 2022. 2022: p. 9444227.

13. Kim KC, Lillehoj EP. MUC1 mucin: a peacemaker in the lung. Am J Respir Cell 
Mol Biol. 2008;39(6):644–7.

14. Ou G, et al. HSP60 regulates the cigarette smoke-induced activation of TLR4-
NF-κB-MyD88 signalling pathway and NLRP3 inflammasome. Int Immuno-
pharmacol. 2022;103:108445.

15. Milara J, et al. Mucin 1 deficiency mediates corticosteroid insensitivity in 
asthma. Allergy. 2019;74(1):111–21.

16. Stevens WW, Schleimer RP, Kern RC. Chronic rhinosinusitis with nasal polyps. J 
Allergy Clin Immunol Pract. 2016;4(4):565–72.

17. Agata N, et al. MUC1 oncoprotein blocks death receptor-mediated apoptosis 
by inhibiting recruitment of caspase-8. Cancer Res. 2008;68(15):6136–44.

18. Zhang H, et al. Mucin 1 downregulation impairs the anti-necroptotic 
effects of glucocorticoids in human bronchial epithelial cells. Life Sci. 
2019;221:168–77.

19. Zhang H, et al. MUC1 downregulation promotes TNF-α-induced necroptosis 
in human bronchial epithelial cells via regulation of the RIPK1/RIPK3 pathway. 
J Cell Physiol. 2019;234(9):15080–8.

20. Wang YM et al. Mucin 1 Inhibits Ferroptosis and Sensitizes Vitamin E to Alleviate 
Sepsis-Induced Acute Lung Injury through GSK3β/Keap1-Nrf2-GPX4 Pathway 
Oxid Med Cell Longev, 2022. 2022: p. 2405943.

21. Zhang Y, et al. Toll-like receptor 4 (TLR4) inhibitors: current research and 
prospective. Eur J Med Chem. 2022;235:114291.

22. Wu Z, et al. Study effect of probiotics and prebiotics on treatment of OVA-
LPS-induced of allergic asthma inflammation and pneumonia by regulating 
the TLR4/NF-kB signaling pathway. J Transl Med. 2022;20(1):130.

23. Ma B, et al. PI3K/AKT/mTOR and TLR4/MyD88/NF-κB signaling inhibitors 
attenuate pathological mechanisms of allergic asthma. Inflammation. 
2021;44(5):1895–907.

24. Huang L, et al. PCSK9 promotes endothelial dysfunction during Sepsis Via the 
TLR4/MyD88/NF-κB and NLRP3 pathways. Inflammation. 2023;46(1):115–28.

25. Zhang SS, et al. TLR4-IN-C34 inhibits lipopolysaccharide-stimulated 
inflammatory responses via Downregulating TLR4/MyD88/NF-κB/NLRP3 
signaling pathway and reducing ROS Generation in BV2 cells. Inflammation. 
2022;45(2):838–50.

26. Wang YM, et al. Paclitaxel alleviated sepsis-induced acute lung injury by acti-
vating MUC1 and suppressing TLR-4/NF-κB pathway. Drug Des Devel Ther. 
2019;13:3391–404.

27. Gibier JB, et al. MUC1 mitigates renal Injury and inflammation in Endotoxin-
Induced Acute kidney Injury by inhibiting the TLR4-MD2 Axis and reducing 
pro-inflammatory macrophages infiltration. Shock. 2021;56(4):629–38.

28. Reddel HK et al. Global Initiative for Asthma Strategy 2021: executive summary 
and rationale for key changes. Eur Respir J, 2022. 59(1).

29. Kato K, et al. Membrane-tethered MUC1 mucin is phosphorylated by epider-
mal growth factor receptor in airway epithelial cells and associates with TLR5 
to inhibit recruitment of MyD88. J Immunol. 2012;188(4):2014–22.

30. Kato K, Lillehoj EP, Kim KC. MUC1 regulates epithelial inflammation and apop-
tosis by PolyI:C through inhibition of Toll/IL-1 receptor-domain-containing 
adapter-inducing IFN-β (TRIF) recruitment to toll-like receptor 3. Am J Respir 
Cell Mol Biol. 2014;51(3):446–54.

31. Ueno K, et al. MUC1 mucin is a negative regulator of toll-like receptor signal-
ing. Am J Respir Cell Mol Biol. 2008;38(3):263–8.

32. Hasegawa M, et al. Intracellular targeting of the oncogenic MUC1-C 
protein with a Novel GO-203 nanoparticle formulation. Clin Cancer Res. 
2015;21(10):2338–47.

33. Wang YM, et al. Protective and predictive role of Mucin1 in sepsis-induced 
ALI/ARDS. Int Immunopharmacol. 2020;83:106438.

34. Sze E, Bhalla A, Nair P. Mechanisms and therapeutic strategies for non-T2 
asthma. Allergy. 2020;75(2):311–25.

35. Mavi AK, et al. Expression profile of MUC1 protein in Pigeon allergens positive 
asthmatic. Immunobiology. 2021;226(3):152086.

36. Williams EJ, Negewo NA, Baines KJ. Role of the NLRP3 inflammasome in 
asthma: relationship with neutrophilic inflammation, obesity, and therapeutic 
options. J Allergy Clin Immunol. 2021;147(6):2060–2.

37. Killian KN, et al. RAGE contributes to allergen driven severe neutrophilic 
airway inflammation via NLRP3 inflammasome activation in mice. Front 
Immunol. 2023;14:1039997.

38. Lachowicz-Scroggins ME, et al. Extracellular DNA, Neutrophil Extracellular 
Traps, and Inflammasome activation in severe asthma. Am J Respir Crit Care 
Med. 2019;199(9):1076–85.

39. Chen D, et al. Atorvastatin suppresses NLRP3 inflammasome activation in 
intracerebral hemorrhage via TLR4- and MyD88-dependent pathways. Aging. 
2022;14(1):462–76.

40. Ouyang X, et al. Active flavonoids from Lagotis brachystachya Attenuate 
Monosodium Urate-Induced Gouty Arthritis via inhibiting TLR4/MyD88/
NF-κB pathway and NLRP3 expression. Front Pharmacol. 2021;12:760331.

41. Wu Y, et al. Suppression of NLRP3 inflammasome by Platycodin D via 
the TLR4/MyD88/NF-κB pathway contributes to attenuation of lipopoly-
saccharide induced acute lung injury in rats. Int Immunopharmacol. 
2021;96:107621.

42. Williams MA, et al. Deletion of the mucin-like molecule muc1 enhances den-
dritic cell activation in response to toll-like receptor ligands. J Innate Immun. 
2010;2(2):123–43.

43. Ng GZ, et al. The MUC1 mucin protects against Helicobacter pylori 
pathogenesis in mice by regulation of the NLRP3 inflammasome. Gut. 
2016;65(7):1087–99.

44. Ng GZ, Sutton P. The MUC1 mucin specifically inhibits activation of the NLRP3 
inflammasome. Genes Immun. 2016;17(3):203–6.

45. Kyo Y, et al. Antiinflammatory role of MUC1 mucin during infection 
with nontypeable Haemophilus influenzae. Am J Respir Cell Mol Biol. 
2012;46(2):149–56.

46. Bouillez A, et al. Inhibition of MUC1-C suppresses MYC expression and atten-
uates malignant growth in KRAS Mutant Lung Adenocarcinomas. Cancer Res. 
2016;76(6):1538–48.

47. Besnard AG, et al. NLRP3 inflammasome is required in murine asthma in the 
absence of aluminum adjuvant. Allergy. 2011;66(8):1047–57.



Page 16 of 16Liu et al. Respiratory Research          (2023) 24:255 

48. Rossios C, et al. Sputum transcriptomics reveal upregulation of IL-1 receptor 
family members in patients with severe asthma. J Allergy Clin Immunol. 
2018;141(2):560–70.

49. Corcoran SE, Halai R, Cooper MA. Pharmacological inhibition of the nod-like 
receptor family pyrin domain containing 3 inflammasome with MCC950. 
Pharmacol Rev. 2021;73(3):968–1000.

50. Theofani E et al. Targeting NLRP3 inflammasome activation in severe asthma. J 
Clin Med, 2019. 8(10).

51. Nabe T. Steroid-resistant asthma and neutrophils. Biol Pharm Bull. 
2020;43(1):31–5.

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


	MUC1 attenuates neutrophilic airway inflammation in asthma by reducing NLRP3 inflammasome-mediated pyroptosis through the inhibition of the TLR4/MyD88/NF-κB pathway
	Abstract
	Background
	Methods
	Study subjects
	Cell culture
	Lactate dehydrogenase (LDH) release assay
	Small interfering RNA (siRNA) transfection
	Animal model and treatments
	Hematoxylin and eosin (H&E) staining and periodic acid–Schiff (PAS) staining
	Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
	Immunoblot and coimmunoprecipitation (CO-IP) analyses
	Immunofluorescence staining
	Statistical analysis

	Results
	Subject characteristics
	MUC1 mRNA expression was downregulated in the induced sputum cells of patients with asthma and correlated with asthma severity
	mRNA expression of TLR4, MyD88, NLRP3, caspase-1, and IL-1β in induced sputum cells of patients with asthma was upregulated and related to the mRNA expression of MUC1
	LPS upregulates MUC1 expression, activates the TLR4/MyD88/NF-κB pathway, and causes NLRP3 inflammasome-mediated pyroptosis and inflammation in vitro
	MUC1 downregulation aggravates LPS-induced TLR4/MyD88/NF-κB pathway activation and NLRP3 inflammasome-mediated pyroptosis and inflammation in vitro
	TAK-242 ameliorates TLR4/MyD88/NF-κB pathway activation and NLRP3 inflammasome-mediated pyroptosis and inflammation exacerbated by MUC1 downregulation in vitro
	TAK-242 partially ameliorates GO-203-exacerbated neutrophilic airway inflammation in OVA/LPS-induced asthmatic mouse
	TAK-242 partially downregulates GO-203-caused TLR4/MyD88/NF-κB pathway activation and NLRP3 inflammasome-mediated pyroptosis in OVA/LPS-induced asthmatic mouse

	Discussion
	Conclusion
	References


