Epithelium-derived cystatin SN inhibits house dust mite protease activity in allergic asthma
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Abstract
Background: Allergen source-derived proteases are a critical factor in the formation and development of asthma. The cysteine protease activity of house dust mite (HDM) disrupts the epithelial barrier function. The expression of cystatin SN (CST1) is elevated in asthma epithelium. CST1 inhibits the cysteine protease activity. We aimed to elucidate the role of epithelium-derived CST1 in the development of asthma caused by HDM.
Methods: CST1 protein levels in sputum supernatants and serum of patients with asthma and healthy volunteers were measured by ELISA. The ability of CST1 protein to suppress HDM-induced bronchial epithelial barrier function was examined in vitro. The effects of exogenous CST1 protein on abrogating HDM-induced epithelial barrier function and inflammation were examined in mice in vivo.
Results: CST1 protein levels were higher in sputum supernatants (142.4 ± 8.95 vs 38.87 ± 6.85 ng/mL, P < 0.0001) and serum (1129 ± 73.82 vs 703.1 ± 57.02 pg/ mL, P = 0.0035) in patients with asthma than in healthy subjects. The levels were significantly higher in patients with not well-and very poorly controlled asthma than those with well-controlled asthma. Sputum and serum CST1 protein levels were negatively correlated with lung function in asthma. CST1 protein levels were significantly lower in the serum of HDM-specific IgE (sIgE)-positive asthmatics than in sIgE-negative asthmatics. The HDM-induced epithelial barrier function disruption was suppressed by recombinant human CST1 protein (rhCST1) in vitro and in vivo.
Conclusion: Our data indicated that human CST1 protein suppresses asthma symptoms by protecting the asthmatic bronchial epithelial barrier through inhibiting allergenic protease activity. CST1 protein may serve as a potential biomarker for asthma control.
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Abbreviations: 
ACT, asthma control test; 
AECs, airway epithelial cells; 
AJ, adherens junction; 
ALI, air–liquid interface; 
ATF3, activating transcription factor 3; 
BALF, bronchoalveolar lavage fluid; 
CST1, cystatin SN; 
CSTA, cystatin A; 
DEGs, differentially expressed genes; 
Der f, Dermatophagoides farina; 
Der p, Dermatophagoides pteronyssinus; 
Des, desmosome;
FEV1, forced expiratory volume in one second; 
FITC, fluorescein isothiocyanate; 
FVC, forced vital capacity; 
GEO, Gene Expression Omnibus; 
HDM, house dust mite; 
i.n, intranasal administration; 
JC, Japanese cedar; 
Mch, methacholine; 
NSCLC, non-small-cell lung cancer; 
PEF, peak expiratory flow; 
rhCST1, recombinant human CST1; 
TACs, transcriptome-associated clusters; 
TEER, transepithelial electrical resistance; 
Th2, T-helper cell type 2; 
TJ, tight junction; 
T2, type 2; 
U-BIOPRED, Unbiased Biomarkers for the Prediction of Respiratory Disease Outcomes; 
WB, Western blotting; 
ZO, Zonula Occludens; 
16HBE, human bronchial epithelial cell line.






[image: ]GRAPHICAL ABSTRACT
Sputum and serum CST1 protein levels are elevated in asthma and negatively correlated with lung function. IL-13 induces upregulation of CST1 in 16HBE, whereas rhCST1 protein inhibits protease activity of HDM. HDM-induced epithelial barrier function disruption is suppressed by rhCST1 protein in vitro. Intranasal administration of rhCST1 reduces AHR, inflammation, and epithelial barrier function in mice.
Abbreviations: ACT, asthma control test; AHR, airway hyperresponsiveness; CST1, cystatin SN; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; HDM, house dust mite; IL, interleukin; rhCST1, recombinant human CST1; SCGB1A1, secretoglobin family 1A member 1; sIgE, specific immunoglobulin E; 16HBE, human bronchial epithelial cell line.


1 INTRODUCTION
Bronchial asthma, a disease involving chronic airway inflammation, is prevalent worldwide and has been increasing in incidence in recent years. Nearly 330 million people have asthma worldwide, thus posing a heavy healthcare burden.1 Among the structural cells involved in asthmatic airway inflammation, airway epithelial cells (AECs) are located at the interface between the external environment and the interior of the body. They closely pack and form the bronchial epithelial barrier, the body's first line of defense against external risk factors.2–4
People with asthma have epithelial barrier dysfunction. This impaired bronchial mucosa barrier function is associated with epithelial cell destruction and even shedding,5,6 and leads to increased epithelial barrier permeability.7 Allergens triggering asthma, such as pollen, house dust mite (HDM), cockroach extracts, and fungi contain a variety of protease components that directly disrupt intercellular junctions, impair epithelial barrier function, and facilitate the entry of allergens into the subepithelium.8–11 
The allergic immune response of the respiratory epithelium to allergens is driven primarily by means of an adaptive T-cell response. In allergic patients, the balance between the T helper cell response of type 1 (T1) and type 2 (T2) is shifted in favor of the T-helper cell type 2 (Th2) cells.12 IL-13 is a pleiotropic T2 cytokine that is implicated in the pathogenesis of asthma.13 Epithelial cells also play active roles in the immune response to allergens, orchestrated by the T1 and T2 key cytokines IFN-γ and IL-4.14
Cystatin SN (CST1 protein) belongs to the type 2 cystatin family of secreted proteins and is encoded by the CST1 gene.15 CST1 protein is expressed in normal salivary glands and is secreted into the saliva, and is involved in maintaining oral homeostasis.16,17 C ST1 has been well studied in allergic diseases of the upper airways, and there is a positive correlation between CST1 mRNA expression levels in nasal polyps and the severity of eosinophilic chronic rhinosinusitis.18–20
Recombinant CST1 protein (rhCST1) inhibits Japanese cedar (JC) protease activity and attenuates protease-induced disruption of tight junctions in the nasal epithelium. Signs of JC induced rhinitis sneezing and tight junction disruption were also suppressed in hCST1-Tg mice.21 CST1 mRNA levels are higher in bronchial epithelial cells in patients with asthma than in healthy controls.22 However, the role and mechanism of action of CST1 in the airway epithelium of asthma are unclear.
Cysteine proteases are widely expressed proteolytic enzymes with roles in inflammatory tissue destruction.23 CST1 protein inhibits the protease activity of cysteine protease family proteins such as papain, and cathepsin B, C, H, and L, by forming tightly reversible complexes.24 As an important component in asthmatic allergens,25 HDM has been shown to contain a cysteine protease active component that directly disrupts tight junctions and impairs epithelial barrier function.26 Inhibition of HDM cysteine protease activity can decrease damage to bronchial epithelial barrier function.27 Whether CST1 protein inhibits the cysteine protease component of HDM has not yet been reported, and its role and mechanism in regulating bronchial epithelium function in asthma have not yet been investigated. In this study, we aimed to explore the expression of CST1 in bronchial epithelial cells, induced sputum supernatants, and serum of patients with asthma, and elucidate the role of epithelium-derived CST1 in the development of asthma caused by HDM.



2 METHODS
2.1 Screening of differentially expressed genes (DEGs)
GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/) was applied to compare and screen DEGs between patients with asthma and healthy individuals. A Venn diagram was used to analyze the overlap of DEGs in bronchial epithelial cells between groups.28 The common differential genes were defined as candidate DEGs, and the website platform Sangerbox 3.0 (http://vip.sange rbox.com/) was used to produce a heatmap.

2.2 Patients' sputum supernatant, serum, and lung tissue collection
Human sputum supernatant and serum samples were collected from outpatients with asthma at the First Affiliated Hospital of Nanjing Medical University and from community-based healthy volunteers. Lung tissues were obtained from participants after surgical resection for lung cancer. The clinical and demographic characteristics of the patients are shown in Tables S1–S4.

2.3 Animal experiments 
Mice were divided into three groups: control, HDM (Stallergenes Greer, Lenoir, USA), and HDM+ rhCST1 (R&D Systems, Minneapolis, MN, USA). BALB/c mice (6–8 weeks old, female) were sensitized on Day 0, challenged on Days 7, 8, 9, 10, and 11 intranasally, and then sacrificed on Day 14, as previously described.21,29 Bronchoalveolar lavage fluid (BALF) was collected, and BALF cells were counted and analyzed. Hematoxylin and eosin–stained, fixed lung tissue sections were used to assess inflammation.

2.4 Enzyme-linked immunosorbent assay (ELISA)
The levels of CST1, IL-4, IL-13, IL-17, IFN-γ, SCGB1A1, and IL-37 protein in human sputum supernatants, the levels of human CST1, IL-13, periostin, IgE, and HDM-sIgE in serum, and the levels of mouse IL-4, IL-13, and IFN-γ in BALF were measured with ELISA kits, according to the manufacturer's instructions. Further details are in the online data supplement.

2.5 Cell culture 
The human bronchial epithelial cell line (16HBE) was obtained from the Beijing Tumor Center. Cells were cultured in RPMI 1640 medium (Gibco, NY, USA) with 10% FBS (Gibco, NY, USA) and 1% penicillin/streptomycin (Gibco, NY, USA) in a humidified atmosphere containing 5% CO2 at 37°C. The 16HBE cells were serially passaged and used for experiments until passage six and seeded in cell culture plates at a density of 2 × 105 cells/cm2.

2.6 Quantitative real-time PCR and Western blotting (WB)
The mRNA and proteins were analyzed as described in the online data supplement.

2.7 Immunofluorescence and immunohistochemistry
Paraffin sections of human and mouse lung tissues and 16HBE cells were fixed with 4% paraformaldehyde. Additional details are provided in the online data supplement.

2.8 Measurement of HDM protease activity
Protease activity of HDM and inhibition by rhCST1 were measured21 according to the manufacturer's instructions (R&D, Minneapolis, MN, USA).

2.9 Transmission electron microscopy
Ultra-thin sections of mouse lung tissue were prepared as described previously30 and p hotographed under a transmission e lectron microscope (HT7700, Hitachi, Tokyo, Japan). The images were examined for the width of the intercellular contacts at the level of the tight junction (TJ), the adherens junction (AJ), and the desmosomes (Des). Measurements were conducted with Image J Version 1.54 at the widest spot each for at least six cell–cell contacts per animal, as previously described.31

2.10 Measurement of transepithelial electrical resistance (TEER) and epithelial permeability
The TEER of the 16HBE cells was measured daily with a Millicell-ERS system (Millipore Co., Bedford, MA, USA). Paracellular flux across the epithelium was measured with fluorescein isothiocyanate (FITC)-labeled 4-kD dextran.

2.11 Eosinophil extraction
Human eosinophils were isolated from heparinized venous blood and then were isolated by negative selection with magnetic beads (eosinophil isolation kit, Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's protocol.32 The purity of the isolated eosinophils was determined using flow cytometry (Figure S1).

2.12 | Statistical analysis
All data were presented as mean ± standard error mean (SEM), and P less than 0.05 was considered significant. The statistical analyses were performed in GraphPad Prism software v9.0 (Graphpad software, San Diego, USA). Comparisons between two groups were performed with an unpaired Student's test for normally distributed parameters or Mann–Whitney test for nonnormally distributed parameters. Experiments with multiple comparisons were evaluated with one-way ANOVA followed by Tukey's post hoc test or Brown-Forsythe and Welch ANOVA tests followed by Dunnett's T3 multiple comparisons test (for normally distributed parameters) and the Kruskal–Wallis test (for non-normally distributed parameters) for multiple data sets. Correlations were determined using Spearman analysis.



3 RESULTS
3.1 Screening and confirmation of DEGs
Bronchial epithelial cells are well known to play key roles in the occurrence and development of asthma. Therefore, we explored DEGs in the bronchial epithelium in healthy controls and patients with asthma. GSE63142, GSE64913, GSE67472, GSE85567, GSE89809, and GSE104472 datasets were selected from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) with search terms including ‘asthma’, ‘airway epithelia’, or ‘bronchial epithelia’. Bioinformatics analysis of these six asthma bronchial epithelial cell GEO datasets identified CST1 as the only consistent DEG between asthma and healthy controls (Figure S2). We analyzed the relative expression of airway epithelial CST1 in healthy controls and patients with asthma by using data available in the GEO datasets. In all six GEO datasets, airway epithelial CST1 mRNA levels were significantly higher in patients with asthma than in healthy controls (Figure S2).

3.2 Expression and mechanism of regulation of CST1 in bronchial epithelial cells
We collected lung tissues from nine healthy controls and eight patients with asthma for immunohistochemical staining. Both healthy controls and patients with asthma underwent lung resection due to the presence of lung cancer. CST1 protein expression was significantly higher in the bronchial epithelium in patients with asthma than in healthy control participants (Figure 1A,B). We used Limma to examine the expression of CST1 mRNA in severe asthma using the Unbiased Biomarkers for the Prediction of Respiratory Disease Outcomes (U-BIOPRED) bronchial brushings array data.33
It showed that bronchial epithelial CST1 mRNA expression levels were widely expressed in asthma and significantly increased in patients with severe nonsmoking asthma compared with healthy volunteers (Figure 1C). A T2 bronchial epithelial gene signature, the 3-gene mean, has been described based on the expression of three IL-13–inducible genes (periostin [POSTN]; serpin family B member 2 [SERPINB2]; and chloride channel, calcium-activated, family member 1 [CLCA1]).34 GSE67472 classified patients with asthma into T2 high and T2 low asthma according to the expression of these three genes. The airway CST1 expression levels of patients with T2 high asthma were significantly greater than those of T2 low asthma (Figure 1D). All asthma airway CST1 gene expression levels in this database were positively correlated with CLCA1 (Figure 1E), SERPINB2 (Figure 1F), and POSTN (Figure 1G) levels. 
In support of this, the expression of CST1 mRNA in U-BIOPRED bronchial brushings was significantly greater in patients with T2 high compared to T2 low asthma (P = 7.34 × 10−10, Figure 1H). We therefore hypothesized that CST1 is a gene closely associated with T2 asthma. Next, we explored the regulatory mechanism of CST1 expression in bronchial epithelial cells. DEGs with P-values <0.05 and |log2FC ≥1| were screened in GSE37693, including 342 genes in primary culture AECs grown at the air–liquid interface (ALI), treated with or without IL-13 for 21 days. Figure 1I shows a heat map of the top 20 DEGs obtained by screening the dataset. In this dataset, the only up-regulated cysteine family gene was CST1. IL-13 stimulation of 16HBE cells resulted in a significant increase in CST1 mRNA (Figure 1J) and CST1 protein (Figure 1K,L) levels. Analysis of the GSE78914, GSE10240, and GSE185200 datasets indicated no significant changes in CST1 mRNA level after stimulation of bronchial epithelial cells with IL-4 (Figure S3), IL-17 (Figure S3), or IFN-γ (Figure S3). These results were confirmed by RT-PCR for CST1 mRNA (Figure S3) and by WB (Figure S3) for CST1 protein. These data suggested that IL-13 induces upregulation of CST1 in human bronchial epithelial cells.

3.3 Elevated CST1 protein expression in sputum supernatants of patients with asthma is negatively correlated with lung function
CST1 protein concentrations in sputum supernatants were significantly induced in patients with asthma (142.4 ± 8.95 ng/mL) in contrast to normal participants (38.87 ± 6.85 ng/mL) (Figure 2A). CST1 protein concentrations were elevated regardless of the degree of asthma control: well-controlled group, 129.9 ± 12.3 ng/mL; poorly controlled group, 132.9 �} 16.55 ng/mL; and very poorly controlled group, 176.5 ± 20.19 ng/mL (Figure 2B). CST1 protein levels in sputum supernatants were negatively correlated with asthma control test (ACT) scores (Figure 2C) and lung function (FEV1, FEV1% predicted, and FEV1/FVC) as a measure of airway obstruction (Figure 2D–F) in patients with asthma. The CST1 protein levels in supernatants of induced sputum in patients with asthma were positively correlated with the protein levels of the Th2 inflammatory factor IL-13 (Figure 2H), but were not significantly correlated with the protein levels of IL-4 (Figure 2G), IL-17 (Figure 2I), and IFN-γ (Figure 2J). In addition, the levels of CST1 protein in induced sputum supernatants of patients with asthma were positively correlated with anti-inflammatory factors35,36 IL-37 (Figure 2K) and SCGB1A1 (Figure 2L). 
In recent years, three transcriptome-associated clusters (TACs) have been defined,37 and TAC1 showed the highest enrichment of gene signatures for IL-13/Th2 and innate lymphoid cell type 2. U-BIOPRED induced sputum related data showed that the levels of CST1 mRNA in induced sputum of patients with asthma in TAC1 group were significantly higher than that in healthy control group, TAC2 group, and TAC3 group (Figure 2M). CST1 mRNA levels in induced sputum of non-smoking patients with severe asthma were positively correlated with IL-13 (Figure 2O) and SCGB1A1 (Figure 2P) mRNA levels, but not with IL-4 (Figure 2N). In summary, CST1 appears to be particularly associated with Th2 asthma.

3.4 Elevated CST1 protein expression in the serum of patients with asthma positively correlates with peripheral blood eosinophils, FeNO, serum IL-13, and periostin, and negatively correlates with HDM-sIgE levels
The serum levels of CST1 protein in patients with asthma (1129 ± 73.8 pg/mL) were significantly higher than that in healthy control participants (703.1 ± 57.02 pg/mL) (Figure 3A), and successively increased in well-controlled (827.2 ± 47.68 pg/mL), poorly controlled (1242 ± 96.02 pg/mL), and very poorly controlled asthma (1865 ± 241.4 pg/mL) (Figure 3B). CST1 protein levels in the serum were negatively associated with ACT scores (Figure 3C) and lung function (FEV1, FEV1% predicted, and FEV1/FVC) (Figure 3D–F) in patients with asthma. Patients with asthma were divided into high/low peripheral blood eosinophil groups according to whether the peripheral blood eosinophils exceeded 200 cells/μL.38 Serum CST1 protein levels were higher in the high peripheral blood eosinophil group (1264 ± 100 pg/mL) than in the low peripheral blood eosinophil group (929 ± 118 pg/mL) (Figure 3G). A composite biomarker composed of FeNO, blood eosinophil count, and serum periostin has been used as an indicator of T2-high asthma.39 Serum CST1 protein levels positively correlated with peripheral blood eosinophil count (Figure 3H), percentage (Figure 3I) and FeNO (Figure 3J) in patients with asthma. Moreover, serum CST1 protein levels positively correlated with the elevated serum IL-13 (Figure 3K,L) and serum periostin (Figure 3M,N) expression in asthma but were not associated with IgE irrespective of IgE status (Figure 3O,P) in patients with asthma. 
However, serum CST1 protein levels were significantly higher in participants with HDM-sIgE-negative asthma than in HDM-sIgE-positive asthma (Figure 3Q). Serum HDM-sIgE levels were negatively correlated with serum CST1 protein levels in asthmatics (Figure 3R). These results indicated that patients with high HDM-sIgE have low peripheral blood CST1 protein levels, suggesting that systemic CST1 protein may play a protective role in HDM-induced asthma.

3.5 rhCST1 protein inhibits protease activity in HDM
CST1 protein inhibits cysteine proteases such as papain and cathepsins B, C, H, and L.24 To investigate the inhibitory activity of rhCST1 protein against the proteases in HDM, we performed an in vitro protease activity assay using the synthetic substrates Boc-QAR-AMC and Z-LR-AMC as the protease targets in HDM.21 HDM was pretreated with or without rhCST1 protein, then incubated with the synthetic substrates. The fluorescence intensity of the released 7-amino-4-methyl coumarin from the synthetic substrates gradually increased over time. Moreover, rhCST1 protein significantly inhibited HDM-induced increases in fluorescence levels (Figure 4A,B).

3.6 HDM-induced epithelial barrier function disruption is suppressed by rhCST1 protein in vitro
Epithelial cell dysfunction is the major driver of asthma development. Loss of epithelial junctions not only results in increased susceptibility towards pathogens and allergens, but also propagates pro-inflammatory responses.40 To examine the effect of rhCST1 protein on HDM-induced epithelial barrier disruption, we treated 16HBE cells, a human bronchial epithelial cell line, with 50 μg/mL HDM,41,42 incubated with or without 0.1 μg/mL rhCST1 protein18,43 for 24 h. Tight junction protein Zonula Occludens (ZO)-1 and adherens junction protein E-cadherin expression was significantly lower in 16HBE cells treated with HDM than in control cells, and rhCST1 protein inhibited the HDM-induced decreases in E-cadherin and ZO-1 expression determined by both immunofluorescence (Figure 4C–E) and Western blotting (Figure 4F–H).
Greater paracellular transport of FITC-dextran (Figure 4I) and lower TEER (Figure 4J) was observed in HDM-treated 16HBE cells than in control cells indicating that epithelial barrier function was compromised by HDM. rhCST1 protein abrogated HDM-induced increases in epithelial permeability. Moreover, rhCST1 protein abrogated HDM-induced migration of eosinophils across the epithelium (Figure 4K,L). Activating transcription factor 3 (ATF3) is a crucial protective stress transcription factor  that plays a critical role in maintaining the integrity of the epithelial barrier.44,45 Moreover, in asthma, ATF3 is upregulated and functions as a negative regulator of allergic lung inflammation.46,47
In vitro studies have revealed that bronchial epithelial cells exhibit elevated ATF3 expression in response to allergens (such as HDM) and viral stimuli.27,48 Thus, we investigated the effects of CST1 on ATF3. Our results (Figure S4) indicated that CST1 inhibited ATF3 mRNA and protein expression in epithelial cells exposed to HDM. Overall, rhCST1 protein prevented HDM-induced epithelial barrier disruption by suppressing HDM protease activity.

3.7 rhCST1 protein abrogates HDM-induced airway hyperresponsiveness and airway inflammation in vivo
Experiments in vitro showed that HDM-induced epithelial barrier function disruption was suppressed by rhCST1. However, protein rhCST1 alone had no significant effect on epithelial barrier function compared with the control group. Next, we explored whether rhCST1 protein abrogated HDM-induced airway inflammation in vivo (Figure 5A). HDM sensitization and challenge increased airway resistance following methacholine (Mch) challenge compared with control, and this was reversed by intranasal rhCST1 (Figure 5B). BALF cell counts indicated that rhCST1 protein, compared with HDM alone, significantly suppressed the total number of cells in BALF (Figure 5C) as well as the number (Figure 5D) and percentage (Figure 5E) of eosinophils. Evidence of inflammatory cell infiltration was demonstrated by H&E staining of lung tissue sections. HDM significantly enhanced peribronchial inflammatory cell infiltration, but this effect was significantly attenuated by rhCST1 treatment (Figure 5F,G). In addition, rhCST1 reduced the protein levels of I IL-4 (Figure 5H) and IL-13 (Figure 5I), not IFN-γ (Figure 5J) in BALF.

3.8 rhCST1 protein abrogates HDM-induced epithelial barrier function disruption in vivo
The airway epithelium represents the initial line of defense against inhaled insults, making it a critical barrier. In asthma, airway epithelial barrier dysfunction is a common occurrence. This defect can increase the susceptibility of the epithelium in asthmatic individuals to environmental stimuli, further exacerbating the condition. HDM disrupts tight junctions and adherens junction both in vivo49 and in vitro,27 and leads to epithelial barrier dysfunction in asthma.50 
Our immunofluorescence results from the whole lung tissues (Figure 6A,C) revealed that HDM significantly decreased the expression of the ZO-1 and the E-cadherin in AECs (Figure 6B,D), whereas rhCST1 partially attenuated the reduction in these junction proteins induced by HDM (Figure 6F,G). Junctions between neighboring cells were first discovered using electron microscopy and appeared as apposing strands that eliminate the intercellular space.51 Our electron microscopy results revealed that rhCST1 protein decreased the disruption of the junctional structure (Figure 6E) and the width of intercellular distances at tight junction and adherens junction caused by HDM (Figure 6H–I); however, the desmosomes did not change significantly (Figure 6J). The above in vivo results suggested that rhCST1 protein, at least in part, attenuates the disruption of epithelial barrier function by HDM.



4 DISCUSSION
In our study, bioinformatics analysis of six asthma bronchial epithelial cell GEO datasets identified CST1 as the only consistent DEG between asthma and healthy controls. This is the first report on the epithelial expression and role of human CST1 on asthma epithelial barrier function. CST1 protein expression was elevated in the bronchial epithelium, sputum supernatants and the serum of patients with asthma compared with healthy controls. Sputum and serum CST1 protein levels were negatively correlated with lung function and ACT scores in asthma. These indicated that patients with higher CST1 levels had poorer asthma control. 
The state of bronchial epithelial functional impairment in asthma reflects the clinical condition of asthma,30 and AECs are potentially important cellular sources of biomarkers of asthma52: 50% cases of mild to moderate asthma are T2-high.53 Allergic asthma is caused and/or triggered by allergens and is primarily driven by T2 immune responses,33,54 characterized by eosinophil infiltration and elevated levels of cytokines such as IL-4, IL-5, and IL-13. CST1 is closely related to other allergic diseases, particularly T2 inflammation. Previous research on CST1 focused on upper airway inflammatory diseases,18,20,55 with no studies on its role in lower airway inflammatory diseases. CST1 overexpression is associated with more severe allergic airway disease in children sensitized to dog dander, leading to lower FEV1, increased bronchial hyperreactivity, pronounced eosinophilia, and higher basophil allergen threshold sensitivity.20
Epithelial CST1 expression is positively correlated with tissue eosinophil percentages and FeNO levels in patients with eosinophilic chronic rhinosinusitis with nasal polyps.43 We demonstrated that the Th2 inflammatory factor IL-13, but not Th1 or Th17 inflammatory factors, upregulated the expression of CST1 in bronchial epithelial cells. AECs express several IL-4- or IFN-γ-induced genes that are antagonized by IFN-γ and IL-4, respectively. Our data are consistent with the previous study56 in that IL-4 and IFN-γ have no regulatory effect on the release of CST1 from bronchial epithelial cells. This may be related to the distinct regulatory mechanism of IL-13.
In addition, peripheral blood eosinophil counts and percentages, FeNO, serum IL-13, and periostin levels were positively correlated with serum CST1 expression levels in patients with asthma. Consistent with our findings, Diver and co-workers also found that CST1 mRNA expression was closely associated with T2 inflammation in an observational study.57
The allergic asthmatic response to allergen exposure is associated with IgE-mediated mast cell activation, resulting in the accumulation of leukocytes such as eosinophils and Th2 lymphocytes in the airway.58 We found that serum CST1 protein levels were not correlated with serum total IgE, but were negatively correlated with HDM-sIgE. Serum IgE levels reflect the allergic state of the body and may be associated with multiple allergens. Moreover, an increase in the level of HDM-sIgE is an indicator of the presence of sensitization to HDM. This occurrence indicates that the body has developed an immune response to the HDM allergen, resulting in an increase in specific IgE antibodies against it. The increased expression of CST1 may antagonize the allergic reaction by HDM, resulting in a decrease in HDM-sIgE levels. Matrix proteins in the serum have been demonstrated to correlate with IgE.59,60 During HDM-induced inflammation in T2 asthma, extracellular matrix protein production is increased.61 Serum CST1 levels in asthma were positively correlated with levels of the matrix protein periostin, which is associated with T2 inflammation. It would be worthwhile to investigate whether CST1 can affect the HDM induced changes in other matrix proteins, such as COL4A3.
SCGB1A1 has a protective effect in chronic airway inflammation and can partially inhibit the regulatory effect of HDM on some genes in epithelium.62 Other studies have shown that IL-37 controls allergic airway inflammation underlying the development of asthma.63 We indicated that the CST1 protein levels in induced sputum supernatants were positively correlated with pro-inflammatory cytokine IL-13, anti-inflammatory cytokines SCGB1A1 and IL-37. Moreover, CST1 expression in epithelial cells increased in the inflammatory state of patients with T2 asthma, thus potentially representing a host defense mechanism of the body. 
Asthma allergens such as pollen, HDM, cockroach extracts, and fungi contain a variety of protease components that directly disrupt intercellular junctions, thus impairing epithelial barrier function and facilitating the entry of allergens into the subepithelium.64 Dermatophagoides pteronyssinus (Der p) 1 and Dermatophagoides farina (Der f) 1 are the main components of HDM, which contain cysteine protease structures and belong to the cysteine protease family, similarly to papain.65 Inhibition of HDM cysteine protease activity alleviates the damage to bronchial epithelial barrier function.27,49,66 
CST1 has been shown to bind tightly to the cysteine protease, papain, which is a potent allergen, and to inhibit the cysteine protease activity of papain. Takai et al. discovered that cystatin A (CSTA), a protein belonging to the cystatin family, can bind to and block the cysteine protease activity of Der p 1 and Der f 1. Furthermore, CSTA partially inhibits the binding of IgE to Der f 1 and Der p 1.67 CSTA shares conserved amino acid residues with other family-2 proteins, such as CST1.68 Therefore, we hypothesized that the increased expression of CST1 in the bronchial epithelium of asthma could resist the epithelial damage caused by exogenous cysteine proteins. To the best of our knowledge, this is the first report to demonstrate that recombinant CST1 protein attenuates the protease activity of HDM. In our study, we found that the HDM-induced epithelial barrier function disruption as measured by TEER, paracellular transport of FITC-dextran, eosinophil migration and by ZO-1 and E-cadherin expression in 16HBE cells. These HDM-induced changes were abrogated by rhCST1 in vitro, and similar effects on ZO-1 and E-cadherin expression were seen in vivo. Thus, CST1 upregulation may protect against allergen-induced epithelial barrier disruption and serve as a T2 asthma biomarker.
[bookmark: _GoBack]This study has several limitations. One of the major limitations is that experiments in vitro were carried out with 16HBE cells in submerged culture rather than primary HBECs grown at ALI. Another limitation is the need to confirm CST1 protein expression in sputum supernatants and/or serum in another larger cohort of asthmatic subjects and measure the relationship of CST1 levels with other T2 biomarkers. Unlike the most widely used approach, which involves increasing the concentration from 3% to 4% to 5%.36 We utilized a method for inducing sputum with 4% hypertonic saline. This approach has been shown to be convenient, equally safe and reliable in our previous studies.69,70 Moreover, studies have demonstrated that CST1 can be used as a predictive marker of lung cancer and its expression in tissue is upregulated by the disease.71,72 We report similar percentages of non-small-cell lung cancer (NSCLC) patients in subjects who provided lung tissue in the asthma (6/8) and non-asthma control (8/9) groups. In addition, lung tissues in our study were isolated from more than 5 cm away from the tumor border. However, the effect of lung cancer on CST1 expression cannot be completely ruled out.

5 CONCLUSIONS
Our study suggests that CST1 may serve as a potential biomarker for asthma control and may be closely associated with T2 asthma. Human CST1 protein suppresses asthma symptoms by protecting the asthmatic bronchial epithelial barrier through inhibition of allergenic protease activity. Prophylactic use of CST1 protein may provide a novel therapeutic strategy against protease allergens, such as HDM-induced asthma.
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Figure and Figure legends
[image: ]FIGURE 1 Expression and regulation mechanism of CST1 in bronchial epithelial cells. (A) Representative images showing induced CST1 protein immunostaining (brown color) in patients with asthma (n = 8) compared with that seen in healthy subjects (n = 9). (B) CST1 protein relative expression was analyzed by Image-proplus 6.0 and presented graphically. Data were presented as mean ± SEM using Welch's test. ***P < 0.001. (C) The expression of CST1 mRNA in U-BIOPRED bronchial brushings array data was shown after log2 transformation and normalization. The data were analyzed using Kruskal–Wallis test. HV, healthy volunteers; MMA, mild/moderate nonsmoking asthma; SA.ns, severe asthma nonsmokers. (D) Relative expression of CST1 mRNA in T2 low asthma, and T2 high asthma patients in the GSE67472 dataset. The data were shown through the violin plots and were analyzed using Kruskal–Wallis test. ***P < 0.001. (E–G) Correlation analysis of CLCA1, SERPINB2 and POSTN gene levels with CST1 gene levels in airway mucosal biopsy tissue. The data were analyzed using Nonparametric Spearman correlation. (H) The expression of CST1 mRNA in U-BIOPRED bronchial brushings array data was shown after log2 transformation and normalization. The data were analyzed using Kruskal–Wallis test. (I) Heatmap of candidate DEGs in GSE37693 dataset. Red represents upregulated DEGs, and blue represents downregulated DEGs. (J) 16HBE cells were treated with IL-13 for 24 h, and CST1 mRNA expression was measured by quantitative RT-PCR. (K, L) The effects of IL-13 on CST1 protein expression after 24 h in 16HBE cells were measured by Western blotting. The data were analyzed using one-way ANOVA followed by Tukey's post hoc test. *P < 0.05 and ***P < 0.001.
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FIGURE 2 CST1 protein expression was increased in sputum supernatants of patients with asthma and negatively correlated with lung function. (A) CST1 protein expression in sputum supernatant samples from asthma patients (n = 83) and healthy control (n = 21) volunteers was detected by ELISA. (B, C) Increased levels of sputum CST1 protein were associated with the degree of asthma symptom control according to Global Initiative for Asthma (GINA) guidelines and asthma control test (ACT) scores. (D–F) Sputum CST1 protein levels were negatively correlated with lung function as determined by FEV1, FEV1% predicted, and FEV1/FVC. (G–L) Correlation analysis of CST1 protein levels in sputum supernatants with IL-4, IL-13, IL-17, IFN-γ, IL-37, and SCGB1A1 protein levels in sputum supernatants. (M) CST1 mRNA expression was increased in the sputum of patients with TAC1 asthma in U-BIOPRED data. (N–P) Correlation analysis of CST1 mRNA level in sputum with IL-4, IL-13, and SCGB1A1 mRNA levels in U-BIOPRED data. The data were quantified and expressed as mean ±} SEM. The data were analyzed using Mann–Whitney test (A), Kruskal–Wallis test (B), and Nonparametric Spearman correlation (C–L). ***P < 0.001. HV, healthy volunteers; MMA, mild/moderate nonsmoking asthma; SA.ns, severe asthma nonsmokers; TAC, transcriptome-associated cluster.
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FIGURE 3 CST1 protein expression was increased in the serum of asthma patients and negatively correlated with lung function. Serum CST1 protein expression was positively correlated with peripheral blood eosinophils, FeNO, serum IL-13, serum periostin, and negatively correlated with HDM-sIgE levels. (A) CST1 protein expression in serum samples from 59 asthma patients and 17 healthy control volunteers was detected by ELISA. (B-C) Increased levels of serum CST1 protein were associated with the degree of asthma symptom control according to ACT scores. (D–F) Serum CST1 levels were negatively correlated with lung function as determined by FEV1, FEV1% predicted, and FEV1/FVC. (G) CST1 expression levels in the high peripheral blood eosinophil group (blood eosinophil >200 cells/μL) were higher than in the low peripheral blood eosinophil group (blood eosinophil ≤200 cells/μL). (H–J) Serum CST1 protein levels were positively correlated with peripheral blood eosinophil count, peripheral blood eosinophil percentage and FeNO. (K–R) Serum CST1 protein levels were positively correlated with serum IL-13 and periostin, and negatively correlated with HDM-sIgE levels, although not related to IgE. The data were quantified and expressed as mean ± SEM. The data were analyzed using Mann–Whitney test (A, G, K, M, O, Q), Kruskal–Wallis test (B), and Nonparametric Spearman correlation (C–F, H-J, L, N, P, R). *P < 0.05, **P < 0.01 and ***P < 0.001. EOS, Eosinophil; ns, not significant.
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FIGURE 4 HDM-induced epithelial barrier function disruption was suppressed by rhCST1 protein. (A, B) HDM was incubated with rhCST1 protein and then incubated with the substrates Boc-QAR-AMC or Z-LR-AMC. The fluorescence intensity of released 7-amino-4-methylcoumarin was measured. The data were quantified and expressed as mean ± SEM using one-way ANOVA followed by Tukey's post hoc test. **P < 0.01 and ***P < 0.001 (HDM vs. HDM + rhCST1). (C–E) Monolayer 16HBE cells were treated with 50 μg/mL HDM for 24 h with or without rhCST1 protein. ZO-1 and E-cadherin protein production were determined after treatment by immunofluorescence. Quantified fluorescence intensity of ZO-1 and E-cadherin (relative to control). (F–H) Monolayer 16HBE cells were treated with HDM with or without rhCST1 protein. ZO-1 and E-cadherin protein production were determined after treatment by Western blotting. The data were presented as mean ± SEM of three independent experiments using one-way ANOVA followed by Tukey's post hoc test. *P < 0.05, **P < 0.01 and ***P < 0.001 (D-E, G-H). (I, J) Assessment of the permeability of the bronchial epithelium based on fluorescein isothiocyanate (FITC)–dextran and transepithelial electrical resistance (TEER) in control media (Ctrl), HDM, HDM + rhCST1 and rhCST1 groups. The data were presented as mean ± SEM and analyzed using one-way ANOVA followed by Tukey's post hoc test. **P < 0.01 and ***P < 0.001(I); *P < 0.05 and ***P < 0.001 (HDM vs. control), ##P < 0.01 and ###P < 0.001 (HDM vs. HDM + rhCST1) (J). (K-L) rhCST1 protein abrogated HDM-induced migration of eosinophils across the epithelium and relative number of migrating eosinophils. The data were quantified and expressed as mean ± SEM using one-way ANOVA followed by Tukey's post hoc test. ***P < 0.001. 
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FIGURE 5 rhCST1 protein abrogated HDM-induced airway hyperresponsiveness and airway inflammation. (A) Development of the mouse model for acute asthma and rhCST1 protein treatment. (B) Controls (Ctrl), HDM-sensitized and challenged mice and HDM + rhCST1 protein groups were exposed to increasing doses (3.125–50 mg/mL) of nebulized methacholine (Mch). Airway resistance in response to Mch was measured by the resistance of the central airways (Rn) (n = 7–8 per group). The data were presented as mean ± SEM and analyzed using one-way ANOVA followed by Tukey's post hoc test or Kruskal-Wallis test. **P < 0.01 (HDM vs. control), #P < 0.05 and ##P < 0.01 (HDM vs. HDM + rhCST1). (C–E) The total and differential cell counts in bronchoalveolar lavage fluid (BALF) are shown (n = 5–6 per group). (F) Representative H&E staining showing the effect of rhCST1 protein on HDM-induced inflammatory cell infiltration (original magnification x 200, scale bar 100 μm). (G) An overall inflammatory score was calculated to indicate the degree of inflammatory cell infiltration (n = 8 per group). (H–J) The concentrations of IL-4 (H), IL-13 (I), and IFN-γ (J) in BALF of Ctrl, HDM, and HDM + rhCST1 protein groups were measured by ELISA. The data were presented as mean ± SEM and analyzed using one-way ANOVA followed by Tukey's post hoc test (G–J) or Brown-Forsythe test (C–E). *P < 0.05, **P < 0.01 and ***P < 0.001. AHR, airway hyperresponsiveness; BASO, basophil; EOS, Eosinophil; i.n, intranasal administration; LYM, lymphocyte; MONO, monocyte; NEU, neutrophil.
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FIGURE 6 
rhCST1 protein abrogated HDM-induced epithelial barrier function disruption in vivo. (A, B) Representative images of immunofluorescence of ZO-1 in the whole lung tissues and bronchial epithelial cells in control media (Ctrl), HDM, and HDM + rhCST1 protein groups. Blue: DAPI; Green: ZO-1; Red: CC10 (n = 6 per group). (C, D) Representative images of immunofluorescence of E-cadherin in the whole lung tissues and bronchial epithelial cells in control media (Ctrl), HDM, and HDM + rhCST1 protein groups. Blue: DAPI; Green: E-cadherin; Red: CC10 (n = 6 per group). (E) rhCST1 protein abrogated HDM-induced enlargement of the epithelial intercellular cell junction destruction. Epithelial intercellular epithelial cell junctions were determined by electron microscopy. (F) Quantified fluorescence intensity ZO-1 (relative to control). (G) Quantified fluorescence intensity E-cadherin (relative to control). (H–J) Intercellular distances at AJ (H), TJ (I) and Desmosome (J) levels were determined by electron microscopy. The data were presented as mean ± SEM and analyzed using one-way ANOVA followed by Tukey's post hoc test (F–J). *P < 0.05, **P < 0.01 and ***P < 0.001. AJ, adherens junction; CC10, club cell protein 10; Des, desmosome; TJ, tight junction.
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