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Abstract 

Background  Asthma is a prevalent respiratory disorder with limited treatment strategy. Neuropeptide S (NPS) 
is a highly conserved peptide via binding to its receptor NPSR, a susceptibility gene for asthma from genomics stud-
ies. However, little is known about the role of NPS-NPSR in the pathogenesis of asthma. This study was performed 
to determine the effect and underlying mechanism of NPS-NPSR on asthma.

Methods  NPSR knockdown was verified to affect asthma through autophagy by transcriptome sequencing 
and molecular biology experiments in animal models. Silencing of transcription factor EB in a bronchial epithelial cell 
line and validation of NPS-NPSR activation of autophagy dependent on transcription factor EB.

Results  Our results showed that NPSR expression was markedly increased in asthmatic humans and mice, mainly 
localized in bronchial epithelial cells. Using ovalbumin (OVA) and papain-induced asthma mouse models, NPSR-defi-
cient mice exhibited significantly alleviated asthma, with reduced small airway lesions and inflammatory infiltration 
compared with wild-type mice. OVA and papain promoted TFEB-mediated autophagy with increased ATG5 and LC3 
II expression, and NPS effectively regulated the activation of TFEB and autophagy. In turn, specific TFEB knockdown 
could restore the effect of exogenous NPS and its receptor antagonist on the autophagy and cytokines secretion 
in bronchial epithelial cells. Furthermore, Prkcg may be the key upstream targeting of the TFEB-autophagy pathway 
involved in asthma.

Conclusions  NPS-NPSR exacerbated asthma by regulating the TFEB-autophagy axis in airway epithelial injury, which 
may be a potential target for asthma therapy.
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Introduction
Asthma is a complex respiratory disease characterized by 
bronchial hyperresponsiveness, variable airflow obstruc-
tion, and airway inflammation. The prevalence of asthma 
has been increasing and affects over 300 million people, 
entailing a heavy socioeconomic burden [1]. Multiple 
elements have been proposed to contribute to asthma 
pathogenesis, including genetic factors, immunologic 
response, environmental and pharmacologic mediation 
[2, 3]. Hence, there are heterogeneous phenotypes, with 
the underlying pathogenetic mechanisms poorly under-
stood. It is urgent to identify crucial pathways involved in 
asthma and guide the development of therapeutic targets 
effectively [2].

Respiratory epithelial cells (ECs) are the first defense 
barrier against exposure to stimuli such as pathogens, 
pollutants, allergens, and even the lung microbiome. 
It has been well recognized that ECs play a vital role in 
prompting asthma [4]. Many of the identified suscepti-
bility genes for asthma, such as MUC5AC (Mucin 5AC), 
IL33 (Interleukin 33), IL1R1 (Interleukin 1 Receptor 
Type 1), and TSLP (Thymic Stromal Lymphopoietin), are 
predominantly expressed by epithelial cells [5]. In turn, 
dysfunction of the epithelial barrier has been identified 
to increase allergen inhalation [6], with more release of 
typical TH2 cytokines, resulting in significant respira-
tory inflammation and airway remodeling contributing 
to the pathogenesis of asthma [7]. Therefore, ECs have 
emerged as a major driver of asthma development. The 
respiratory tract is anatomically divided into the upper 
and lower respiratory tracts. The upper respiratory tract 
includes the nasal cavity, pharynx, and larynx, while the 
lower respiratory tract comprises the conducting airways 
(trachea, bronchi, and bronchioles) and the respiratory 
zones (respiratory bronchioles and alveoli) [8, 9]. The epi-
thelial cells lining the respiratory tract differ in type and 
function depending on their anatomical location. Among 
these, bronchial epithelial cells are particularly critical for 
investigation in the context of asthma [10, 11].

Autophagy is a highly conserved metabolic process 
in which abnormal proteins and impaired organelles 
are delivered and degraded in the lysosome [12]. As a 
major cellular quality control mechanism, autophagy 
has been shown to play important roles in inflammatory 
response, cytokine secretion, and airway remodeling, 
thereby promoting or aggravating various inflammatory 
lung diseases [13, 14]. Recently, autophagy-related genes, 
including ULK1 (Unc-51 Like Autophagy Activating 
Kinase 1), MAPLC3B (Microtubule Associated Protein 
1 Light Chain 3 Beta), Beclin-1, and Atg5 (Autophagy 
Related 5), have been identified as being involved in vari-
ous types of asthma [14–16]. For example, Atg5 expres-
sion in patients with asthma is higher in lungs of asthma 

patients and mice models compared with normal lungs 
[17]; the overexpression of autophagy-related genes 
impairs bronchial epithelial function in asthma[14, 15]; 
and IL-13 (Interleukin 13) activates autophagy in differ-
entiated human tracheal airway epithelial cells to direct 
mucin secretion and cell oxidant stress responses [18, 
19]. These findings suggest an important direction for 
asthma treatment via targeting the autophagy process. 
However, the mechanism of promoting autophagy dur-
ing the progression of asthma has not been completely 
understood.

Neuropeptide S (NPS) is a highly conserved peptide 
found in all tetrapods that is secreted by neuroendo-
crine cells. Via its G protein-coupled cell surface receptor 
Neuropeptide S Receptor 1 (NPSR1), NPS plays impor-
tant roles in multiple neuroendocrine, behavioral, and 
inflammatory responses [20, 21]. NPSR1 was uncovered 
as a susceptibility gene for asthma and related traits by 
positional cloning. Moreover, the correlation of NPSR1 
single nucleotide polymorphisms (SNPs) with asthma has 
been replicated in ethnically diverse populations [22–24], 
and supported by a large-scale genome-wide association 
study (GWAS) [25]. Recently, elevated expression of NPS 
and its receptor in airways, lung tissue, and alveolar lav-
age fluid of asthmatics was found, while in blood and spu-
tum cells, large monocytes/macrophages and eosinophils 
were identified as NPSR-positive cells [26, 27]. However, 
the specific function and underlying mechanism of NPS-
NPSR system on asthma remain unclear.

In this study, we investigated the effects of NPS-
NPSR in mice models of asthma, showing that aberrant 
autophagy in epithelial cells controlled by NPS-NPSR 
axis contributed to the progression of OVA and papain-
induced asthma. We also provided the molecular mech-
anism involved in this autophagy process. The present 
study provides novel therapeutic targets for controlling 
asthma.

Material and methods
Animals
C57BL/6 mice were purchased from Spearfish (Beijing) 
Biotechnology Co. NPSR-deficient mice (C57BL/6J-
Npsr1em1Cya) were purchased from Sayer (Suzhou) 
Biotechnology Co. Each cage of 5 mice was housed 
under specific pathogen-free conditions in a climate-
controlled room (25  °C, 55% humidity, 12  h light/dark 
cycle). Procedures involving mice were approved by the 
JNU Animal Care and Use Teaching Committee (JN. 
No20230830m0880315 [350], approval date 8/30/2023).

Regents
OVA (A5253) was obtained from Sigma-Aldrich; Papain 
(T19503) was purchased from Taojitsu; Alum Injection 
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Adjuvant (77161) was purchased from Thermo Fisher 
Scientific; Anti-NPSR Antibody (orb158023) was pur-
chased from biorbyt; Anti-Ep-CAM Antibody (G8.8): 
sc-53532; Anti-ATG5 antibody (#12994), anti-LC3B 
antibody (#3868S), anti-Beclin-1 antibody (#3495  T), 
anti-P62 antibody (#23214S) were purchased from Cell 
Signaling Technology (Danvers, MA, USA), β-actin 
(#21338) was purchased from Signalway Antibody (Col-
lege Park City, MD, USA). Anti-TFEB antibody #41488 
and anti-PRKCG antibody #55375 were from Signal-
way Antibody, and flow cytometry antibodies, including 
FITC anti-mouse CD170 (Siglec-F) Antibody (S17007L) 
and PE anti-mouse CD11c (N418) from Biolegend and 
ThermoFisher, respectively. BCA protein detection kit 
(P0012S) and DAPI (C1002) were provided by Beyotime.

Animal models
In the OVA-induced asthma model, we used 6–8 weeks 
old female mice. As previously reported [28–30], on 
days 0 and days 10, we sensitized with Imject Alum adju-
vant 2 mg demulsified OVA 75 μg intraperitoneally and 
ensured that the total volume injected was 200 μl. Under 
isoflurane anesthesia, mice were given OVA (50  μg in 
40  μl PBS) intraductally on days 21, 22, and 23, respec-
tively. Mice were necropsied on day 25, and peripheral 
blood, BALF (Bronchoalveolar Lavage Fluid), and lung 
tissue were collected for further study. In the papain 
model, we administered papain (30  μg in 40  μl PBS) 
intratracheally to female mice (6–8 weeks) continuously 
on days 0, 1, and 2 for 3 days and executed them on day 7.

Bronchoalveolar lavage fluid collection and analysis
The lungs were lavaged twice with 1  ml of sterile PBS, 
and bronchial lavage fluid was collected from the asthma 
model and control mice. 4  °C and 500 g for 5 min were 
resuspended in PBS and counted, and the supernatant 
was assayed for protein concentration using the BCA 
protein assay kit.

Lung histological assay
Lung tissues (left lower lobe) were fixed with 4% para-
formaldehyde, dehydrated and embedded in paraffin, and 
subsequently cut into 4-μm sections. Lung tissue sections 
were stained with hematoxylin and eosin staining (H&E) 
and Periodic Acid-Schiff stain (PAS) to evaluate the 
inflammation and mucin levels in the bronchi.

Flow cytometry assay and cell sorting
Cells were obtained from BALF, lysed for erythrocytes, 
and centrifuged and resuspended for surface staining by 
incubation with flow antibodies anti-mouse CD11c and 
anti-mouse Siglec-F antibodies for 30 min at 4  °C. Cells 
with low CD11c and high Siglec-F expression were then 

sorted by flow cytometry (BD & FACS Aria III). Each 
cell lineage was identified as follows: Eosinophils (Eos), 
CD11c-Siglec-F+.

Cell culture and transfection
BEAS-2B cells (XY Biotechnology, China) were main-
tained at 37  °C in an atmosphere of 5% CO₂ and 95% 
relative humidity, using DMEM supplemented with 
10% fetal bovine serum (FBS, Gibco, USA). Transfec-
tion of BEAS-2B cells with small interfering RNA target-
ing TFEB (siTFEB) was performed using Lipofectamine 
2000 (Thermo Fisher Scientific). The siTFEB sequence 
was as follows: sense strand: GAC​GAA​GGU​UCA​ACA​
UCA​ATT; antisense strand: UUG​AUG​UUU​GAA​CCU​
UCG​UCTT. After 24 h of routine culture, an asthma cell 
model was induced by treating the cells with ovalbumin 
(OVA, 5 mg/ml) at 37 °C for 24 h to facilitate subsequent 
experiments [31].

RNA isolation and sequencing
Total RNA was isolated from lung tissues and BEAS-
2B cells using TRIzol reagent (Vazyme Biotech Co., 
Ltd, Nanjing, China). cDNA was prepared using Hifair® 
III 1st Strand cDNA Synthesis SuperMix (11137ES60, 
Yeasen Biotechnology) to prepare cDNA. Real-time fluo-
rescent quantitative PCR of target genes was detected by 
qPCR syber GREEN (11201ES08, Yeasen Biotechnology) 
on a LightCycler®480 PCR detection system (AXYP-
CR96LC480 WNF, Roche, Foster City, CA, USA). mRNA 
expression. The primer sequences were as Table 1. Rela-
tive mRNA expression levels were calculated using the 
2−ΔΔCt method, with GAPDH serving as the internal 
reference.

Isolation of nuclear and cytoplasmic proteins
Nuclear and cytoplasmic proteins from cultured cells 
were obtained using the Nuclear and Cytoplasmic Pro-
tein Extraction Kit (P0027).

Western blotting
Total protein was extracted from lung tissue or treated 
BEAS-2B cells with 1 × RIPA lysate and then centrifuged 
at 4  °C for 15  min at 12,000  rpm to collect the super-
natant. We then determined its protein concentration 
using a BCA protein assay kit (Biyuntian Biotechnol-
ogy, Shanghai, China). Equal amounts of protein (30 μg) 
were injected in 10% and 12% SDS-PAGE gels and trans-
ferred to nitrocellulose membranes. After being blocked 
with 5% BSA for 1 h at room temperature, the proteins 
were incubated with the target primary antibody (1:1000) 
overnight at 4  °C and with the HRP-labeled secondary 
antibody (1:10,000) for 1 h at room temperature and then 
visualized with the ECL kit (Millipore, Billerica, MA, 
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USA) using the ChemiDoc MP imaging system (Bio-Rad 
Laboratories, Hercules, CA, USA). Bands were quantified 
using ImageJ software (ImageJ-Java 1.8.0_172 (164 bits), 
Software Inquiry; Quebec, QC, Canada). Protein band 
intensities were quantified using densitometry analysis. 
Integrated density values of target bands were normal-
ized to corresponding loading controls, with background 
subtraction applied. Relative expression levels were cal-
culated and statistically analyzed to assess differences 
between experimental groups.

Immunofluorescence assay
For lung tissue sections, after deparaffinization and anti-
gen repair, the sections were incubated with 5% donkey 
serum for 1 h at room temperature, followed by the addi-
tion of a primary antibody and incubation at 4  °C over-
night. After three washes with PBS, the sections were 
incubated at 37  °C for 1  h with secondary antibodies 
protected from light. After three washes with PBS, the 
sections were sealed with a sealer containing DAPI and 
visualized under the Zeiss confocal microscope. Beas-2b 
cells (2 × 104/well) were spread in 48-well plates contain-
ing coverslips and treated with the indicated treatments. 
Then, cells were fixed in 4% paraformaldehyde for 10 min 
and permeabilized with 0.1% Triton X-100 (Sigma 
Aldrich, Shanghai, China). After blocking with 5% BSA 
for 30 min, the cells were incubated with the target pri-
mary antibody at 4 °C overnight. After removal of the pri-
mary antibody and three washes with PBS, the cells were 
further incubated with Alexa 488-labeled secondary anti-
body (CST, Danvers, MA, USA) and DAPI (4,6-diami-
dino-2-phenylindole) for 2  h (2.5  µg/ml) for 5  min. The 

coverslips were then transferred to glass substrates and 
photographed under a laser-scanning confocal fluores-
cence microscope. Fluorescence intensity was quantified 
by measuring the mean pixel intensity of regions of inter-
est (ROIs) corresponding to target signals. Background 
intensity was subtracted, and normalized values were 
statistically analyzed to compare expression levels across 
experimental groups.

Statistical analysis
GraphPad Prism 9 is used to assess normality, variability, 
and statistical analysis of data sets. Data are expressed 
as mean ± SEM. In  vitro data were from at least three 
independent experiments, and in  vivo data were from 
experiments with 6–8 mice per group. Statistical analyses 
were performed using t-test, one-way ANOVA, two-way 
ANOVA, and Tukey’s multiple comparison test. The level 
of significance p < 0.05 was considered statistically signifi-
cant. Statistical significance was defined as * p < 0.05, ** 
p < 0.01, and *** p < 0.001.

Results
NPS and its receptor NPSR are overexpressed in asthma 
disease
We firstly performed mouse models using OVA and 
papain to evaluate the expression of NPSR in asth-
matic mice compared to normal mice (Fig.  1A). Hema-
toxylin and eosin (H&E) staining revealed increased 
inflammation and bronchial thickening in the trachea 
of mice treated with OVA or papain (Fig. 1B). Addition-
ally, cell counts and protein assays from alveolar lavage 
fluid, along with the relative mRNA expression levels of 

Table 1  Primer sequences

Primer Forward (5ʹ-3ʹ) Reverse (5ʹ-3ʹ)

NPS (mouse) GGC​TCG​TTA​AAA​CTC​AGC​TTCG​ GGA​AGA​GAG​GAC​CGG​ATA​ACA​

NPSR1 (mouse) GTG​CCG​ATG​CTA​GAT​TCT​TCC​ CAG​GAC​CCA​CAG​GGT​TAT​CAG​

IL-4 (mouse) GGT​CTC​AAC​CCC​CAG​CTA​GT GCC​GAT​GAT​CTC​TCT​CAA​GTGAT​

IL-5 (mouse) GCA​ATG​AGA​CGA​TGA​GGC​TTC​ GCC​CCT​GAA​AGA​TTT​CTC​CAATG​

IL-13 (mouse) TGA​GCA​ACA​TCA​CAC​AAG​ACC​ GGC​CTT​GCG​GTT​ACA​GAG​G

TSLP (mouse) GGA​GAT​TTG​AAA​GGG​GCT​AAG​ TGG​GCA​GTG​GTC​ATT​GAG​

MUC5AC (mouse) GGA​ACC​CGT​GTG​TGA​CTC​AT GGT​GCA​CCG​TAC​ATT​TCT​GC

IL-25 (human) ATG​TAC​CAG​GTG​GTT​GCA​TTC​ TGC​TGT​TGA​GGG​GTC​CAT​CT

TFEB (human) GAC​GAA​GGU​UCA​ACA​UCA​ATT​ UUG​AUG​UUG​AAC​CUU​CGU​CTT​

Prkcg (human) AGA​TCC​ATA​TTA​CTG​TTG​GCGA​ TCA​GTT​TCA​CGT​AGG​GAT​CAG​

TSLP (human) GGG​CTG​GTG​TTA​ACT​TAC​GAC​TTC​A ACT​CGG​TAC​TTT​TGG​TCC​CAC​TCA​

IL-33 (human) TGA​ATC​AGG​TGA​CGG​TGT​TGA​TGG​ TGA​AGG​ACA​AAG​AAG​GCC​TGGTC​

NPSR1 (human) ATG​CCA​GCC​AAC​TTC​ACA​GAG​ AAG​GAG​TAG​TAG​AAG​GAA​CCCC​

NPS (human) AAT​CTC​ATC​CTA​GTT​CTG​TCGCT​ CTC​CTG​TCC​AAT​CTG​GTT​GGG​

GAPDH (mouse) CCT​TCC​GTG​TTC​CTACC​ CAA​CCT​GGT​CCT​CAG​TGT​A

GAPDH (human) TGT​GGG​CAT​CAA​TGG​ATT​TGG​ ACA​CCA​TGT​ATT​CCG​GGT​CAAT​
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inflammatory factors in lung tissue, further confirmed 
the successful establishment of the asthma mouse model 
(Fig.  1C–E). The results showed that both mRNA and 
protein levels of NPS-NPSR were increased in the lung 
tissues of asthmatic mice (Fig. 1F–I). Immunohistochem-
ical staining exhibited strong positivity for NPSR in lungs 
of OVA and papain induced mice (Fig. 1J). Interestingly, 
all NPSR-positive expression seemed to localize in the 
bronchi’s epithelial cells. The overexpression of NPSR in 
bronchi’s epithelial cells was further determined by dou-
ble-label immunofluorescence assay against NPSR and 
epithelial cell marker Ep-CAM (Fig.  1K). These results 
suggest that NPS-NPSR in bronchial epithelial cells may 
be involved in the development of asthma. Meanwhile, 
we analyzed the dataset GSE37693 from the GEO data-
base and found higher NPSR mRNA level in IL-13-stim-
ulated human primary airway epithelial cells (Fig. 1L, M). 
All these phenomena reveal that NPS-NPSR activation is 
closely related to asthma.

NPSR knockout relieves asthma and airway inflammation
To determine the role of NPSR on asthma, we generated 
NPSR knockout mice and constructed OVA and papain 
induced asthma models. Although NPSR knockout mice 
were identified through genetic screening, we further 
verified the knockout efficiency in lung tissues to ensure 
experimental consistency. Specifically, we analyzed the 
relative expression levels of NPSR protein and mRNA 
in lung tissues of NPSR knockout and non-knockout 
littermates for each model group, confirming that the 
knockout met the requirements of our study (Fig. 2A, B). 
Results of H&E and PAS staining showed that the patho-
logical injury and inflammatory infiltration, especially in 
the bronchi, especially in the bronchi, was significantly 
alleviated in NPSR knockout mice in either asthma 
model (Fig.  2C, D). In asthma, bronchial inflamma-
tion is typically marked by an elevated number of exfo-
liated cells and secretory proteins in the alveolar lavage 
fluid, accompanied by eosinophil infiltration. Our results 

indicate that NPSR−/− mice subjected to OVA- and 
papain-induced asthma exhibited reduced protein lev-
els, lower cell counts (Fig. 2E, F). Flow cytometry analysis 
revealed that NPSR deficiency resulted in a reduction in 
the percentage of eosinophils (CD11c⁻Siglec-F⁺) in OVA- 
and Papain-induced asthmatic mice (Fig.  2G, H). These 
data provided evidence that NPSR promoted inflamma-
tion and exacerbated asthma.

To characterize the effect of NPSR on asthma, we per-
formed comparative transcriptome analysis using RNA-
seq in lung tissues from NPSR knockout compared to 
WT mice subjected to OVA and papain induced asthma. 
As shown in the volcano plots, we screened 194 up-
regulated and 223 down-regulated genes in the papain-
induced mice, and 166 differential genes, of which 114 
were up-regulated and 52 down-regulated in the OVA-
induced mice (Fig.  3C, D). These differential genes 
include asthma-related genes such as CCL11 (C–C Motif 
Chemokine Ligand 11), H2-Oa (Histocompatibility 2, O 
Region Alpha), MS4A2 (Membrane Spanning 4-Domains 
A2), CD40LG (CD40 Ligand), H2-Eb2 (Histocompat-
ibility 2, Class II Antigen E Beta 2), IL-4 (Interleukin-4), 
IL-13 (Interleukin-13), and others. The heatmap dis-
played the top 150 different genes (Fig. 3A, B). Genomic 
enrichment analysis (GSEA) showed that asthma path-
way enrichment was significantly downregulated in 
NPSR knockout mice model compared to WT mice 
model (Fig. 3E), this further suggested the involvement of 
NPSR in regulating asthma.

We further examined the expression of airway asth-
matic factors, founding that the mRNA level of IL-4, IL-5 
(Interleukin 5), IL-13, MUC5AC, and TSLP in lung tis-
sues were significantly reduced in NPSR deficient mice 
(Fig.  3F). In addition, in NPSR-deficient mice induced 
with OVA and papain, the levels of Th2 cytokines, includ-
ing IL-4, IL-5, and IL-13 (Fig. 3G), as well as serum IgE 
production (Fig.  3H), were significantly reduced in the 
BALF, as determined by ELISA, compared to non-knock-
out mice. These results suggested that NPSR promoted 

(See figure on next page.)
Fig. 1  NPSR is upregulated in the lung tissue of asthmatic mice. A Diagrammatic illustration of the OVA-induced asthma mouse model. Mice 
were sensitized with 75 μg of OVA + alum adjuvant by intraperitoneal injection on days 0 and 10 of the experiment. On days 21,22, and 23, 
intratracheal administration of OVA (50 μg) dissolved in PBS was used to challenge model mice and then sacrificed on day 25. Schematic protocol 
of the Papain-induced asthma model. Mice were sensitized with 40 μg of Papain administered endotracheally on days 0, 1, and 2, and then 
sacrificed on day 7. B H&E staining of lung tissue from wild-type mice treated with different drugs. C, D Protein levels and cell counts in alveolar 
lavage fluid. E Relative mRNA expression levels of inflammatory factors in lung tissue. F, G Immunoblot analysis of NPSR protein expression in lung 
tissues from OVA-induced mice and Papain-induced mice and quantified using Image J software. H, I The mRNA level of NPS and NPSR in lung 
tissues from OVA-induced mice and Papain-induced mice was quantified using qRT-PCR. J Immunohistochemical staining reveals NPSR expression 
in lung tissues of asthmatic mice. K Immunofluorescence analysis of NPSR expression in the lung tissues. NPSR (red), epithelial cells marker Ep-CAM 
(green), cell nucleus (DAPI, blue), merge (NPSR + Ep-CAM + DAPI); scale bars: 100 μm. Analysis of human primary airway epithelial cells stimulated 
with (n = 4) and without IL-13 (n = 4) in the GEO database GSE37693: (L) RNA volcano plots, (M) Violin plots. Data are shown as mean ± SEM. n = 5–7 
mice for each group, * p < 0.05, ** p < 0.01, *** p < 0.001.n.s, non-significant difference
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Fig. 1  (See legend on previous page.)
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the inflammatory response and leaded to exacerbated 
asthma.

Activation of NPSR affects airway inflammation 
by modulating autophagy
To investigate the mechanism of NPS-NPSR system in 
regulating asthma, we performed the GO and KEGG 

analysis for the transcriptome sequencing data, found-
ing that inflammatory cytokine and autophagy pathways 
were enriched (Fig. 4A–D). In addition, protein network 
interactions indicated that NPSR and autophagy were 
closely linked (Fig.  4E). Therefore, we measured the 
expression of autophagy-related genes in lung tissues 
from different groups of mice. The results showed that 

Fig. 2  NPSR knockout relieves asthma and airway inflammation. A, B Relative protein and mRNA expression levels of NPSR. C, D Histological 
analysis of H&E or PAS-stained lung sections from lung tissues of OVA- or papain-induced NPSR knockout and non-knockout mice. E Cell counts 
from BALF cells of papain- or OVA-induced asthmatic mice. F Detection of protein content of BALF from papain or OVA-induced asthmatic mice. 
G BALF cells from papain-induced asthma mice were stained with PE-CD11c and FITC-Siglec-F and evaluated by flow cytometry. Eosinophils (Eos, 
CD11c-Siglec-F+) were identified. H Percentage of eosinophils in BALF. Data are shown as mean ± SEM. n = 5–7 mice for each group, * p < 0.05, ** 
p < 0.01, *** p < 0.001.n.s, non-significant difference
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ATG5, LC3II, and Beclin-1 were significantly increased 
in OVA and papain-induced mice, while NPSR knockout 
inhibited the upregulation of ATG5, LC3II, and Beclin-1. 
Meanwhile, P62 was decreased in OVA and papain-
induced mice, and NPSR knockout restored their expres-
sion (Fig. 4F–I). These results suggested that NPSR may 
promote asthma via regulating the autophagy process.

NPS‑NPSR promotes autophagy in bronchial epithelial 
cells during asthma process
Given that NPSR positive-expression was mainly local-
ized on the bronchial epithelial cells as shown in Fig.  1 
F, we further investigated the autophagy change in bron-
chial epithelial cells by immunofluorescence analysis 
against LC3 and Ep-CAM, the data showed that LC3 

Fig. 3  NPSR knockdown reduces asthma-associated inflammatory factor release. A, B Heatmaps of OVA or papain-induced differential gene 
expression in NPSR knockout and non-knockout mice. C, D Volcano plots of NPSR knockout and non-knockout asthmatic mice induced with papain 
or OVA. E The GSEA of NPSR knockout and non-knockout asthmatic mice induced with OVA. F The mRNA level of IL-4, IL-5, IL-13, TSLP and muc5ac 
in lung tissues of NPSR knockout and non-knockout asthmatic mice induced with OVA or Papain was quantified using qRT-PCR. G Elisa for IL-4, 
IL-5, and IL-13 in BALF. H Elisa for serum IgE. Data are shown as mean ± SEM. n = 5–7 mice for each group, * p < 0.05, ** p < 0.01, *** p < 0.001.n.s, 
non-significant difference



Page 9 of 16Wang et al. Respiratory Research           (2025) 26:50 	

expression in bronchial epithelial cells was markedly 
downregulated in NPSR knockout mice model com-
pared with WT mice model (Fig. 5D, F, G). Therefore, we 
treated the bronchial epithelial cell line (Beas-2b cells) 
with OVA followed by the administration of saline, exog-
enous NPS or NPSR blocker SHA68 respectively in vitro. 
As shown in Fig.  5A and B, OVA treatment promoted 
the level of autophagy related protein including Atg5, 

LC3ll, and Beclin-1, which were further upregulated by 
exogenous NPS treatment, but downregulated by chal-
lenge of NPSR blocker SHA68. Meanwhile, P62 expres-
sion was reduced by OVA administration and further 
downregulated followed by exogenous NPS treatment, 
but upregulated by SHA68 treatment (Fig. 5A, B). Simi-
larly, the immunofluorescence staining also revealed that 
NPS exacerbated the expression level of LC3, while NPSR 

Fig. 4  NSPR knockdown attenuates autophagy in lung tissue. A, B The GO and KEGG enrichment analysis of differentially expressed genes 
in NPSR knockout and non-knockout asthmatic mice induced with OVA. C, D The GO and KEGG enrichment analysis of differentially expressed 
genes in NPSR knockout and non-knockout asthmatic mice induced with papain. E PPI network diagram of NPSR and autophagy-related genes. 
F–I The Protein immunoblot analysis of ATG5, Lc3b, P62, Beclin-1 and beta-actin in lung tissues of OVA and papain-induced NPSR+/+ and NPSR−/− 
mice and quantified using ImageJ software. Data are shown as mean ± SEM. n = 5–7 mice for each group, * p < 0.05, ** p < 0.01, *** p < 0.001.n.s, 
non-significant difference
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Fig. 5  Activation of NSPR exacerbates autophagy in bronchial epithelial cells. A, B The Protein immunoblot analysis of ATG5, LC3 I/II, P62, Beclin-1, 
and beta-actin and quantified using Image J software. C, E Immunofluorescence reveals the labeling of LC3 and is quantified using ImageJ software. 
D–G Immunofluorescence reveals labeling of Ep-CAM and LC3 I/II in lung tissue of asthmatic mice and quantified using Image J software. Data are 
shown as mean ± SEM. n = 5–7 mice for each group, * p < 0.05, ** p < 0.01, *** p < 0.001.n.s, non-significant difference
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blocker SHA68 significantly blocked the upregulation 
of OVA-induced and compared with the control group 
(Fig. 5C, E).

TFEB was activated in NPS‑NPSR controlled Beas‑2b cells
Transcription factor EB (TFEB) is a major regulator of 
autophagy process and was shown to associate in asthma 
disease [32–37]. Here we investigated whether NPS regu-
lates autophagy via activating TFEB in Beas-2b cells. We 
treated Beas-2b cells with NPS and found that the mRNA 
levels of TFEB was significantly increased in Beas-2b 
cells (Fig. 6A). Moreover, OVA treatment could increase 
the protein expression and nuclear transport, which was 

exacerbated by exogenous NPS challenge and blocked 
by SHA68 challenge (Fig.  6B–E). Expectedly, the confo-
cal microscopy also showed more nuclear translocations 
of TFEB in OVA plus NPS treated cells but less nuclear 
translocations in OVA plus SHA68 treated cells (Fig. 6F, 
G).

TFEB silence reduces NPS‑induced autophagy and release 
of asthmatic cytokines in Beas‑2b cells
To further confirm the role of TFEB in NPS-NPSR 
regulated autophagy during asthma process, we firstly 
conducted TFEB siRNA and control siRNA, and trans-
fected them to evaluate the knockdown efficiency. The 

Fig. 6  Activation of NPSR can cause translocation of TFEB into the nucleus. A The mRNA level of TFEB was detected with qRT-PCR. B–E The 
Protein immunoblot analysis of total and intranuclear TFEB in Beas-2b cells and quantified using Image J software. F, G Immunofluorescence 
reveals labeling of TFEB and quantified using Image J software. Data are shown as mean ± SEM. n = 5–7 for each group, * p < 0.05, ** p < 0.01, *** 
p < 0.001.n.s, non-significant difference
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RT-qPCR and immunoblotting detection showed mRNA 
and protein expression of TFEB was significantly silenced 
in Beas-2b cells (Fig.  7A–C). Importantly, we observed 
that silence of TFEB could markedly reduce the over-
expression of autophagy-related genes including Atg5, 
Beclin-1, and LC3b by NPS stimulation in Beas-2b cells 
(Fig.  7E, F). Similarly, confocal microscopy showed that 
transfection of TFEB-siRNA resulted in diminished LC3 
localization signals in NPS-treated Beas-2b cells (Fig. 7D, 
G). Subsequently, we examined the level of asthmatic fac-
tors IL-25, IL-33, and TSLP in Beas-2b cells with differ-
ent treatments. The results showed that silence of TFEB 
significantly downregulated the release of IL-25, IL-33, 
and TSLP by NPS induction (Fig. 7H). We continued to 
examine the autophagy and asthmatic factor release in 
TFEB knockdown cells with control, OVA, OVA + NPS, 
or OVA + SHA68 treatment. The results demonstrated 
that siTFEB effectively reduced OVA-induced autophagy 
in BEAS-2B cells. This was evidenced by the stabiliza-
tion of protein levels for Beclin-1, ATG5, and P62 follow-
ing siTFEB treatment, as well as the inhibition of LC3 I 
to LC3 II conversion (Fig. 7I, J). Interestingly, the levels 
of IL-25, IL-33, and TSLP remained slightly elevated in 
the OVA + siTFEB group compared to the CON + siT-
FEB group, suggesting that the pro-inflammatory effects 
of OVA on BEAS-2B cells may also be mediated through 
alternative mechanisms. Moreover, there were no sig-
nificant differences in the levels of inflammatory factors 
among the OVA + siTFEB, OVA + NPS + siTFEB, and 
OVA + SHA68 + siTFEB groups (Fig. 7K). These findings 
underscore the critical role of TFEB as a downstream 
effector in the OVA-NPS-NPSR signaling axis contribut-
ing to inflammation. Taken together, our results validate 
that NPS contributed to autophagy via activating TFEB 
pathway in Beas-2b cells.

Prkcg mediated TFEB pathway involves in NPS‑NPSR 
regulated asthma
Upon further analysis of the transcriptome sequenc-
ing data, we found that 10 of the 407 differential genes 
overlapped in papain-induced asthma model and OVA-
induced asthma model. Wherein, protein kinaseγ(Prkcg) 
is significantly upregulated in both asthma models 
(Fig.  8A). The in  vitro experimental results showed 

the mRNA and protein level of Prkcg was significantly 
decreased by exogenous NPS treatment but increased by 
SHA68 treatment in Beas-2b cells (Fig.  8B–D). In  vivo, 
the mRNA and protein levels of Prkcg was higher, 
accompanied with lower expression of TFEB in the lung 
tissues of NPSR knockout mice subjected to both OVA 
and papain induced asthma compared with that of WT 
asthma models (Fig. 8E–G).

Discussion
Asthma is a refractory respiratory disease with limited 
treatment options. Current therapeutic agents such as 
inhaled cortisol, long-acting beta-agonists (LABAs), anti-
histamines, and leukotriene modulators focus on symp-
tomatic relief rather than cure [2, 38]. Therefore, in-depth 
exploration of the pathogenesis of asthma is important to 
discover new therapeutic targets for asthma.

Neuropeptide S (NPS) is a bioactive 20 amino acid pep-
tide that activates the orphan G-protein coupled receptor 
NPSR. It has been reported that the NPS-NPSR system 
is not only expressed in the central nervous system but 
also distributed in peripheral tissues to control various 
behavioral responses and diseases [20, 21, 25]. NPSR 
was uncovered to be a human asthma susceptibility gene 
screened by genomics [23, 25], and a higher mRNA level 
of this gene was also observed in asthma patients from 
the GEO profiles. These studies have suggested an asso-
ciation between NPS-NPSR system and asthma, but 
still with unclear understanding. In the present study, 
we demonstrated that the upregulation of NPS-NPSR 
contributed to asthma. Mice with established asthma 
had increased NPS and NPSR expression in lung tissues 
compared with healthy mice. NPSR−/− mice exhibited 
significantly alleviated asthma and reduced inflammation 
in the lungs compared with WT mice subjected to oval-
bumin (OVA) and papain-induced asthma. In vitro stud-
ies have suggested that NPS-NPSR prompted asthmatic 
inflammation through upregulation of TFEB-mediated 
autophagy in bronchial epithelial cells. These data con-
firmed our hypothesis in murine asthma models and 
in vitro.

The characteristics of airway epithelial cells, due to 
their direct contact with allergens, dictate that they 
are both mediators and targets of inflammation [39]. 

(See figure on next page.)
Fig. 7  TFEB silencing reduces NPS-induced autophagy levels in Beas-2b cells to attenuate inflammation. A, B The Protein immunoblot analysis 
of TFEB and quantified using Image J software. C The mRNA level of TFEB was detected with qRT-PCR. D, G Immunofluorescence reveals labeling 
of LC3 and quantified using Image J software. E, F The Protein immunoblot analysis of ATG5, LC3 I/II, and TFEB and quantified using Image J 
software. H The mRNA levels of IL25, IL33, TSLP were detected with qRT-PCR. I, J The Protein immunoblot analysis of TFEB and quantified using 
Image J software. K The mRNA levels of IL25, IL33, TSLP were detected with qRT-PCR. Data are shown as mean ± SEM. n = 5–7 mice for each group, * 
p < 0.05, ** p < 0.01, *** p < 0.001.n.s, non-significant difference
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Fig. 7  (See legend on previous page.)
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Previous studies have shown that the airway epithelium 
initiates an immune response against pathogen attack 
through multimodal recognition receptors [40]. At the 
same time, airway epithelial cells can also secrete pro-
inflammatory and anti-inflammatory factors to regu-
late the inflammatory response. It has been found that 
dysregulation of the epithelial-mesenchymal transition 
in response to chronic allergenic stimuli often leads to 
amplified inflammatory responses, abnormal airway 
remodeling, and incomplete tissue repair, thereby exac-
erbating asthma [39, 40]. In addition, the researchers 

found that airway epithelial cells are the primary tar-
get of inflammatory attack by T cells and eosinophils 
and that bronchial epithelial cells can also phagocy-
tose apoptotic eosinophils in a specific receptor-medi-
ated manner [41, 42]. Additionally, airway epithelial 
cells can secrete various inflammatory mediators that 
drive the development of asthma [43–46]. Thus, dys-
regulation of the epithelial cells often leads to ampli-
fied inflammation and abnormal airway remodeling, 
thereby exacerbating asthma [43–46]. This study clari-
fies for the first time that the increased expression of 

Fig. 8  NPS-NPSR may affect TFEB translocation into the nucleus by inhibiting Prkcg. A Venn diagram of common differential genes in OVA-induced 
NPSR knockout and non-knockout asthma mice and Papain-induced asthma mice. B The mRNA level of Prkcg was detected with qRT-PCR. C, D 
The Protein immunoblot analysis of Prkcg and quantified using Image J software. E–G The Protein immunoblot analysis of Prkcg and TFEB in lung 
tissues from OVA-induced mice and Papain-induced mice was quantified using Image J software. H A schematic diagram showing TFEB-dependent 
regulation of autophagy upon NPSR activation.Data are shown as mean ± SEM. n = 5–7 mice for each group, * p < 0.05, ** p < 0.01, *** p < 0.001.n.s, 
non-significant difference
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NPS-NPSR was mainly distributed in bronchial epithe-
lial cells, KEGG analysis revealed enrichment in inflam-
matory cytokines and asthmatic genes, suggesting the 
function of NPS-NPSR in the bronchial epithelial cells 
on prompting asthma. Interestingly, an important cel-
lular mechanism for homeostasis autophagy was also 
enriched in the KEGG analysis, showing significant 
expression differences between NPSR−/− and WT 
mice subjected to OVA challenge. Aberrant autophagy 
has been shown to play a vital role in asthma [13, 15]. 
Humans and mice with asthma displayed higher levels 
of autophagy compared to normal control [47, 48], and 
suppression of autophagy by chloroquine significantly 
attenuated airway inflammation, mucus, and collagen 
production during asthmatic process [14–16, 19, 34]. 
Here we revealed that OVA and papain induced the 
expression of autophagy-related genes LC3II, ATG5, 
and Beclin-1 with the downregulated level of SQSTM1 
(p62) in  vivo, NPSR knockout restored the upregula-
tion of autophagy in bronchial epithelial cells of asthma 
models. The in vitro experimental data further showed 
that NPS-NPSR contributed to autophagy using exog-
enous NPS and pharmacological blockers of NPSR. 
Thus, the in vivo and in vitro experimental results pro-
vided evidence that NPS-NPSR aggravated asthma via 
promoting autophagy in bronchial epithelial cells.

Transcription factor EB (TFEB) is one of the major 
transcriptional regulators of autophagy that promotes 
autophagosome formation, lysosomal biosynthesis, 
and expression of genes required for lysosomal func-
tion [32–35, 49]. Our data showed that the expression 
and nuclear transport of TFEB was markedly increased 
by OVA or OVA plus NPS treatment, but decreased by 
NPSR blocker SHA68 in bronchial epithelial cells. To 
further determine the effect of NPS-NPSR on the acti-
vation of TFEB, we directly stimulated the cells with 
NPS. As expected, TFEB-involved autophagy was sig-
nificantly upregulated, and TFEB silence blocked the 
function of NPS on autophagy in bronchial epithelial 
cells, resulting in less secretion of asthmatic cytokines 
including IL-25, IL-33, and TSLP. In addition, the RNA-
seq analysis showed elevated Prkcg expression in OVA 
and papain-induced mice models was down in NPSR 
knockout mice. Prkcg (PKC-γ) is an isoform of protein 
kinase C that is involved in various cellular processes. 
Previous studies showed that Prkcg can interact with 
the protein phosphatase 2B [50], a calmodulin neural 
phosphatase that has been identified to regulate TFEB 
dephosphorylation and nuclear translocation [36, 
37]. Therefore, the activation of TFEB by NPS-NPSR 
is likely via inhibition of Prkcg in OVA and papain-
induced mice models and Beas-2b cells.

In conclusion, we showed that NPS-NPSR regulated 
autophagy via TFEB in airway epithelial cells, which 
contributed to OVA and papain-induced asthma, pro-
viding a potential target for the therapeutic strategies 
of asthma.
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