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Background: It has been reported that a disintegrin and metalloproteinase 9 (ADAM9) is involved in the pathogenesis of cigarette 
smoke (CS)-associated chronic obstructive pulmonary disease (COPD). But how CS exposure leads to upregulation of ADAM9 
remains unknown.
Methods: Patients who underwent lobectomy for a solitary pulmonary nodule were enrolled and divided into three groups: non- 
smokers with normal lung function, smokers without COPD and smoker patients with COPD. Immunoreactivity of interleukin (IL)- 
17A and ADAM9 in small airways and alveolar walls was measured by immunohistochemistry. Wild-type and Il17a−/− C57BL/6 mice 
were exposed to CS for six months, and ADAM9 expression in the airway epithelia was measured by immunoreactivity. In addition, 
the protein and mRNA expression levels of IL-17A and ADAM9 were assessed in CS extract (CSE) and/or IL-17A-treated human 
bronchial epithelial (HBE) cells.
Results: The immunoreactivity of ADAM9 was increased in the airway epithelia and alveolar walls of patients with COPD compared 
to that of the controls. The expression of IL-17A was also upregulated in airway epithelial cells of patients with COPD and correlated 
positively with the level of ADAM9. The results from the animal model showed that Il17a−/− mice were protected from emphysema 
induced by CS exposure, together with a reduced level of ADAM9 expression in the airway epithelia, suggesting a possible link 
between ADAM9 and IL-17A. Consistently, our in vitro cell model showed that CSE stimulated the expression of ADAM9 and IL- 
17A in HBE cells in a dose- and time-dependent manner. Recombinant IL-17A induced ADAM9 upregulation in HBE cells and had a 
synergistic effect with CSE, whereas blocking IL-17A inhibited CSE-induced ADAM9 expression. Further analysis revealed that IL- 
17A induced c-Jun N-terminal kinase (JNK) phosphorylation, thereby increasing ADAM9 expression.
Conclusion: Our results revealed a novel role of IL-17A in CS-related COPD, where IL-17A contributes to ADAM9 expression by 
activating JNK signaling.
Keywords: chronic obstructive pulmonary disease, a disintegrin and metalloproteinase 9, interleukin-17A, airway epithelium

Introduction
Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disease characterized by a progressive decline 
of lung function resulting from alveolar destruction and airway remodeling. It has become a leading cause of morbidity 
and mortality worldwide and results in a substantial economic and social burden.1 Cigarette smoking is a major risk 
factor for COPD.1 Inhalation of cigarette smoke (CS) activates the innate and adaptive immune systems, leading to the 
release of a range of inflammatory mediators, including cytokines, chemokines, and proteases.2 Uncontrolled protease 
secretion contributes to the degradation of the extracellular matrix (ECM) components, and hence airspace enlargement 
(emphysema), a hallmark of COPD.3

A variety of proteases, such as serine proteinases, cysteine proteinases, and matrix metalloproteases (MMPs), have 
been reported to participate in the development of emphysema,3 whereas a disintegrin and metalloproteinases (ADAMs), 
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such as ADAM8,4 ADAM9,5,6 ADAM15,7 and ADAM33,8 as a less studied subgroup of metalloproteinases, were found 
to be involved in COPD pathogenesis in recent years. ADAMs are type I transmembrane proteins containing six 
important domains, among which the metalloproteinase and disintegrin domains endow them with proteolytic and 
adhesive functions, respectively.9 ADAM9, one of the ADAM proteins, is widely expressed in a variety of cells, such 
as neutrophils, monocytes, macrophages, T cells, epithelial cells, endothelial cells, fibroblasts, and many types of tumor 
cells, and is demonstrated to play crucial roles in many inflammatory and neoplastic diseases.10 Elevated ADAM9 
expression could promote cancer progression by increasing cell proliferation, invasion and migration.10 For example, 
ADAM9 is involved in lung cancer metastasis to the brain through facilitating CUB-domain–containing protein 1 
cleavage.11 Moreover, polymorphonuclear neutrophils-derived ADAM9 contributes to acute lung injury development 
by degrading ECM proteins and promoting alveolar-capillary barrier injury.12 ADAM9 was also shown to be associated 
with COPD pathogenesis. Patients with COPD had a higher ADAM9 expression in lung epithelial cells and alveolar 
macrophages than non-smokers and smokers without COPD.5,6 In addition, ADAM9 deficiency could reduce lung 
inflammation and emphysema in a CS-exposed mouse model.5 But how CS exposure leads to enhanced expression of 
ADAM9 in COPD remains unknown.

Interleukin (IL)-17A is a multifunctional pro-inflammatory cytokine involved in COPD pathogenesis. Increased IL- 
17A+ T cells in the peripheral blood and lung tissues have been observed and associated with the severity of lung 
function in COPD.13 In addition, IL-17A signaling is implicated in the formation of tertiary lymphatic tissues in patients 
with end-stage COPD and long-term CS-exposed mice.14,15 Besides its role in chronic airway inflammation, IL-17A is 
required for emphysema development. Il17a−/− mice are protected against emphysema induced by elastase or CS 
exposure partly through regulating neutrophilic inflammation and macrophage recruitment.16–19 Furthermore, IL-17A 
can mediate protease-antiprotease imbalance by promoting MMP expression, leading to the development of emphysema 
and airway inflammation. For instance, IL-17A promoted MMP12 expression in CS-exposed models,19,20 and MMP-12 
overexpression was the major cause of alveolar wall destruction.21 Moreover, intranasal stimulation with IL-17A 
increased the concentration of MMP-9 and its precursor proMMP-9 in mouse airways,22 whereas IL-17A neutralization 
reduced the expression of MMP-9 and other pro-inflammatory cytokines and attenuated Pseudomonas aeruginosa 
infection in a COPD mouse model.23 Considering the function of IL-17A in mediating MMP expression and that 
ADAM9 is also a metalloprotease, we speculate that IL-17A may be responsible for enhanced ADAM9 expression in 
CS-related COPD.

In this study, we firstly evaluated the expression of ADAM9 and IL-17A in lung tissue samples from smokers with or 
without COPD and from non-smokers and found that the expression of ADAM9 and IL-17A was elevated in COPD 
patients. In a well-established model of COPD induced by long-term CS exposure, we demonstrated that ADAM9 
expression was reduced in Il17a−/− mice compared with WT mice. In an in vitro model, CS exposure induced expression 
of ADAM9 and IL-17A in HBE cells, and IL-17A promoted ADAM9 expression by activating c-Jun N-terminal kinase 
(JNK) signaling. Taken together, our results revealed a novel role of IL-17A in the regulation of ADAM9 in CS- 
associated COPD.

Materials and Methods
Study Participants
Patients undergoing lobectomy for solitary pulmonary nodules (including benign and malignant nodules) at Peking 
University Third Hospital and China-Japan Friendship Hospital from 2018 to 2022 were recruited and divided into three 
groups: age-matched non-smokers with normal lung function (NS), smokers without COPD (S), and smoker patients with 
COPD (COPD). COPD was diagnosed by a post-bronchodilator forced expiratory volume in one second/forced vital 
capacity (FEV1/FVC) < 0.70 and the patients did not have exacerbations for at least three months before the study. 
Patients with a smoking history of ≥ 10 packs/year and a post-bronchodilator FEV1/FVC > 0.70 were defined as smokers 
without COPD. Only male patients were enrolled, because female smokers with COPD were less common in the Chinese 
population. Individuals with other chronic pulmonary diseases, such as asthma, bronchiectasis, and interstitial lung 
disease, autoimmune diseases, acute infection, a history of thoracic surgery, and long-term use of oral glucocorticoids or 
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immunosuppressants were excluded. The study was approved by the Ethics Committee of Peking University Third 
Hospital [batch number: (2018)208-01], and conducted following the Declaration of Helsinki. Informed consent was 
obtained from all participants. Demographic data are presented in Table 1.

Human Lung Tissue Collection
Lung sections were obtained from lobectomy specimens from patients with solitary pulmonary nodules. Lung tissues 
were taken > 2 cm from the nodule, and specimens were taken > 10 cm from the tumor margin in cases with malignant 
tumors.

Animal Model of COPD
Six-to-eight-week-old female WT C57BL/6 mice were purchased from Beijing Vital River Experimental Animal 
Company (Beijing, China). Il17a−/− mice with a C57BL/6 background were generously donated by Dr. Huanzhong 
Shi (Capital Medical University, Beijing, China). Animals were housed under specific pathogen-free conditions with a 
light-dark cycle of 12 h. All animal protocols were approved by the Ethics Committee of Peking University Third 
Hospital [batch number: (2018)208-01] and followed the “Laboratory animal—Guideline for ethical review of animal 
welfare (GB/T 35892-2018)” and the “Guide for the Care and Use of Laboratory Animals: Eighth Edition (2011)”. WT 
and Il17a−/− mice were exposed to CS for six months to develop a COPD mouse model, as previously described.24 

Briefly, mice were exposed to cigarette smoke (Baisha cigarettes, Hunan, China; tar: 11 mg, nicotine: 0.9 mg, CO:12 mg) 
for 50 min, twice a day, five days per week using a nose-only smoke exposure system (SG-300; SIBATA, Tokyo, Japan). 
The smoke was suctioned at a speed of 20 mL per 8 s, mixed with room air at a ratio of 1:9, and injected into the 
inhalation tower. The control groups were exposed to room air for six months. Hematoxylin and eosin (H&E) staining 
was performed to assess the severity of emphysema in the CS-exposed mice. The mean linear intercept (MLI) and 
destructive index (DI) were used to quantify the degree of airspace enlargement and alveolar wall destruction, 
respectively.

Immunohistochemistry
Lung tissues were fixed with 4% paraformaldehyde and paraffin-embedded after lung resection. Paraffin-embedded 
tissues were cut into 4 μm-thick sections. After dewaxing, hydration, and antigen retrieval, the sections were blocked 
with goat serum (ZSGB-Bio, Beijing, China) at room temperature for 40 min and immunostained with rabbit anti- 
ADAM9 (ab186833, Abcam, Cambridge, MA, USA) or rabbit anti-IL-17A (ab79056, Abcam, Cambridge, MA, USA) 
antibodies overnight. Subsequently, sections were incubated with horseradish peroxidase (HRP)-conjugated goat anti- 
rabbit IgG (ZSGB-Bio, Beijing, China). Immunoreactivity was visualized using a DAB Detection System kit (ZSGB- 

Table 1 General Characteristics of All Participants

Variables Non-Smokers Smokers COPD Patients

Participants 7 10 8

Age (years) 58.71±5.47 60.80±2.75 63.75±2.93

BMI (kg/m2) 25.17±1.53 24.87±1.19 24.14±0.99

Current/Ex-smoker 0/0 9/1 6/2

Smoking history (pack-year) 0 51.50(10–150)# 50.00(10–80)#

FEV1/FVC (%) 80.74±3.37 74.60±1.33 65.32±1.09#*

FEV1% pred (%) 93.96±3.00 88.72±4.83 73.50±5.13#

Notes: Data are presented as the mean ± SEM or mean (range). #P<0.05 vs non-smokers; *P<0.05 vs smokers. 
Abbreviations: COPD, chronic obstructive pulmonary disease; BMI, body mass index; FEV1, forced expiratory volume at 1 s; 
FVC, forced vital capacity; % pred, percent of predicted value.
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Bio, Beijing, China). Images were captured using a NanoZommer-SQ Digital slide scanner (Hamamatsu, Japan) and 
analyzed using ImageJ software (National Institutes of Health, MD, USA). Two to three images per lung sections were 
randomly selected to measure the mean optical density of ADAM9 and IL-17A in epithelial cells. The average was taken 
for further statistical analysis.

Cigarette Smoke Extract (CSE) Preparation and Cell Proliferation Assessment
CSE was prepared as previously described.25 Briefly, smoke from five cigarettes (Baisha, Hunan, China) was slowly 
bubbled into a tube containing 10 mL Dulbecco’s modified Eagle medium (DMEM) (Biological Industries Ltd, Kibbutz 
Beit Haemek, Israel). Solutions with an absorbance value of approximately 4.0 were considered acceptable and were 
defined as 100% CSE solution. The CSE solution was filtered through a 0.22 µm filter (Millipore, Sigma, Billerica, MA, 
USA) to remove bacteria. The cytotoxic effect of CSE at different concentrations (0%, 1%, 3%, 5%, 7%, 10%) on HBE 
cells was detected using a Cell Counting Kit-8 (CCK-8; Yeasen Biotech, Shanghai, China).

Cell Culture
The HBE cell line was purchased from the American Type Culture Collection (ATCC, VA, USA). HBE cells were 
cultured in DMEM medium (Biological Industries Ltd, Kibbutz Beit Haemek, Israel) supplemented with 10% fetal 
bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin and 100 μg/mL streptomycin 
(Hyclone, Global Life Sciences Solutions USA LLC, Marlborough, MA, USA) at 37 °C in 5% CO2-humidified 
atmosphere. Different concentrations of CSE and/or recombinant human IL-17A (200-17, PeproTech, Rocky Hill, NJ, 
USA) were added to the medium when cells grew to 70% confluence. The cells were collected after 0 to 48 h for further 
analysis. IL-17A neutralizing antibody (69021-1-Ig, Proteintech, Rosemont, IL, USA; 200ng/mL) was used to neutralize 
cell-intrinsic IL-17A. To investigate the effect of JNK signaling on IL-17A and/or CSE-induced ADAM9 expression in 
HBE cells, cells were pretreated for 1 h with 10 µM JNK inhibitor SP600125 (MedChemExpress, Monmouth Junction, 
NJ, USA).

Polymerase Chain Reaction (PCR)
Total RNA was extracted from HBE cells by using the TRIzol reagent (Life, Thermo Fisher Scientific, Waltham, MA, 
USA). Reverse transcription-polymerase chain reaction (RT-PCR) was performed using the QuantStudio 5 Real-Time 
PCR system (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) and One Step TB Green® 

PrimeScript™ RT-PCR Kit II (Perfect Real Time) (Takara, Tokyo, Japan). Relative gene expression was analyzed 
using the ΔΔCt method. The PCR-specific primer sequences used for analysis were as follows: human ADAM9 forward 
primer, 5′-ATAGTGCTCCCTCCTGTGGT-3′; human ADAM9 reverse primer, 5′-ACAGGTACTTCCTTCGCAGC-3′; 
human IL-17A forward primer, 5′- CGGACTGTGATGGTCAACCT-3′; human IL-17A reverse primer, 5′- 
TCCTCATTGCGGTGGAGATT-3′; human GAPDH forward primer, 5′-AAATCAAGTGGGGCGATGCTG-3′; human 
GAPDH reverse primer, 5′-GCAGAGATGATGACCCTTTTG-3′.

Immunoblotting
Cells were lysed in RIPA lysis buffer (Applygen, Beijing, China) containing protease inhibitors (Applygen, Beijing, 
China) and phosphatase inhibitors (Applygen, Beijing, China). Protein concentrations were measured using a BCA kit 
(Applygen, Beijing, China). After sodium dodecyl sulfate-polyacrylamide gel electrophoresis for 45 min at a constant 
voltage of 80 V and 45 min at 120 V, the separated proteins were transferred to PVDF membranes (Millipore, Sigma, 
Billerica, MA, USA). The membranes were blocked with 5% skimmed milk powder at room temperature for 1.5 h and 
then incubated overnight at 4 °C with primary antibodies: rabbit anti-ADAM9 mAb (1:1000, 4151, Cell Signaling 
Technology, Danvers, MA, USA), mouse-anti-IL-17A mAb (1:1000, 66148-1-lg, Proteintech, Rosemont, IL, USA), 
rabbit anti-JNK mAb (ab208035, Abcam, Cambridge, MA, USA), and rabbit anti-phospho-JNK mAb (ab76572, Abcam, 
Cambridge, MA, USA). HRP-labeled goat anti-rabbit or goat anti-mouse lgG (ZSGB-Bio, Beijing, China) was used as 
secondary antibodies. Immunoreactive bands were detected using Immobilon Western Chemiluminescent HRP Substrate 
(Millipore, Sigma, Billerica, MA, USA) and analyzed using ImageJ software (National Institutes of Health, MD, USA).
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Statistical Analyses
Data are presented as mean ± SEM or mean (range). Comparisons between two groups were analyzed using the Student’s 
t-test after normality and lognormality tests. Statistical differences among multiple groups were determined using a one- 
way analysis of variance (ANOVA) test followed by Tukey’s multiple comparisons test or Kruskal–Wallis test with 
Dunn’s multiple comparisons test. Correlations were determined using Pearson’s correlation analysis. All statistical data 
were analyzed using GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA). Statistical significance was 
set at p < 0.05.

Results
Expression of ADAM9 and IL-17A Was Increased and Correlated in Lung Tissues from 
COPD
To explore whether IL-17A is associated with ADAM9 expression in COPD, we performed immunostaining to assess the 
distribution and expression levels of ADAM9 and IL-17A in lung tissue samples from smokers with or without COPD 
and non-smokers. As shown in Figures 1A and 2A, both ADAM9+ and IL-17A+ cells were detected in the small airways, 
alveolar walls, and infiltrating immune cells. The immunoreactivity of ADAM9 was significantly increased in the 
bronchiolar (Figure 1B) and alveolar epithelial cells (Figure 2B) in COPD compared with non-smokers. Increased 
expression of IL-17A was also observed in the airway epithelia of COPD patients (Figure 1C), whereas no difference in 
IL-17A expression was detected in the alveolar epithelia among the three groups (Figure 2C). Furthermore, the 
expression of ADAM9 in airway epithelial cells was correlated positively with IL-17A expression in all three groups 
(Figure 1D). A similar pattern was observed in the alveolar epithelia (Figure 2D). In addition, the expression of IL-17A 
in the airway epithelia showed a negative correlation with FEV1/FVC (Figure 1E). However, we did not find a 
relationship between the expression level of ADAM9 and FEV1/FVC or FEV1% pred in the airway epithelia or the 
alveolar epithelia in smokers with or without COPD.

CS-Induced Emphysema and ADAM9 Expression Were Dependent on IL-17A
After six months of CS exposure, the mice were evaluated for emphysema and expression of ADAM9. As expected, WT 
mice receiving chronic CS exposure displayed a significant increase in MLI and DI in lung tissue slices compared to that 
in WT mice exposed to room air, indicating that a COPD-like phenotype was established in CS-exposed mice 
(Figure 3A, C and D). In contrast, alveolar enlargement was ameliorated in Il17a−/− CS-exposed mice (Figure 3A, C 
and D), which was consistent with previous findings that IL-17A contributed to the development of COPD.16,17 Notably, 
ADAM9 expression was reduced in Il17a−/− CS-exposed mice compared to that in WT mice receiving the same amount 
of CS exposure (Figure 3B and E). Considering the previous report that Adam9−/− mice were protected from emphysema 
development,5 we propose that the role of IL-17A in COPD pathology may be partly attributed to its induction of 
ADAM9 expression.

CSE Upregulated the Expression of ADAM9 and IL-17A in Airway Epithelial Cells
CCK-8 assay was performed to evaluate the cytotoxicity of CSE to HBE cells, and a concentration of 5% was found to 
start inhibiting cell activity (Figure 4A). Therefore, HBE cells were cultured with a supplement of different concentra-
tions of CSE (from 0% to 5%) for 24 or 48 h. As the concentration of CSE increased, the expression level of Adam9 
mRNA showed a tendency to increase (Figure 4B and C), as did the expression of Il17a mRNA (Figure 4E). Moreover, 
transcription of Adam9 was upregulated by CSE over time (Figure 4D). The CSE-induced upregulation of ADAM9 and 
IL-17A was further confirmed at the protein levels (Figure 4F–H). In addition, we observed an earlier upregulation of IL- 
17A, which was significantly increased at 6 h, whereas the expression of ADAM9 was increased at 12 h after CSE 
treatment (Figure 4I–K).
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IL-17A Induced ADAM9 Expression in Airway Epithelial Cells
We next investigated the effect of IL-17A on CSE-induced ADAM9 upregulation in HBE cells. Treatment with 
recombinant human IL-17A alone led to a dose-dependent increase in Adam9 transcription, with no effect on cell 
vitality confirmed by CCK-8 assay (Figure 5A and B). A similar result was obtained by Western blot, although ADAM9 
only exhibited a mild upregulation at the protein level (Figure 5D and E). However, co-treatment with IL-17A and CSE 

Figure 1 Elevated expression of ADAM9 and IL-17A in the airway epithelia of patients with chronic obstructive pulmonary disease (COPD). (A) Bright-field micrographs of 
the airway epithelia in non-smokers (NS, n = 7), smokers (S, n = 10), and COPD patients (COPD, n = 8). Positive immunoreactivity of ADAM9 and IL-17A was visualized by 
immunohistochemistry and 3,3′-diaminobenzidine (DAB) detection chromogen (brown). Scale bar = 100 μm. Quantitative analysis of ADAM9 (B) and IL-17A (C) was 
performed using mean optical density. (D) Correlation of the mean optical density between ADAM9 and IL-17A in the airway epithelia of three groups of people (n = 25). 
(E) Correlation between the mean optical density of IL-17A in airway epithelia and FEV1/FVC in smokers and patients with COPD (n = 18). *p < 0.05.

https://doi.org/10.2147/COPD.S375006                                                                                                                                                                                                                               

DovePress                                                                                              

International Journal of Chronic Obstructive Pulmonary Disease 2022:17 2594

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


significantly increased ADAM9 production in vitro (Figure 5C, F and G), suggesting a synergistic effect of IL-17A and 
CS exposure in the induction of ADAM9 expression. In addition, IL-17A neutralizing antibody significantly reduced 
CSE-induced ADAM9 expression in HBE cells (Figures 5H, I and S1A). These results indicate that HBE cell-intrinsic 
IL-17A is involved in CSE-induced ADAM9 expression.

IL-17A Induced ADAM9 Expression Through Activating JNK Signaling
Several studies have demonstrated that JNK signaling is involved in COPD pathogenesis, including airway inflammation, 
mucus secretion, EMT, and airway remodeling.26–28 Therefore, we investigated whether the JNK signaling pathway also 
participated in the IL-17A-mediated regulation of ADAM9 expression in CSE-treated HBE cells. We found that both IL-17A 
and CSE induced JNK phosphorylation in HBE cells, whereas total JNK was not affected by IL-17A or CSE (Figure 6A–C). 
The combined use of IL-17A and CSE synergistically induced a higher level of JNK phosphorylation, which was blocked by 
the addition of the JNK inhibitor SP600125 (Figures 6A, B, D and S1B). Moreover, decreased ADAM9 expression was 
observed in SP600125-treated cells, which could be reversed by adding IL-17A and/or CSE (Figure 6E and F).

Figure 2 Increased expression of ADAM9 in the alveolar epithelia of patients with chronic obstructive pulmonary disease (COPD). (A) Representative images of ADAM9 
and IL-17A in the alveolar epithelia of non-smokers (NS, n = 7), smokers (S, n = 10), and COPD patients (COPD, n = 8). Scale bar = 50 μm. Quantitative analysis of ADAM9 
(B) and IL-17A (C) was performed using mean optical density. (D) Correlation of the mean optical density between ADAM9 and IL-17A in the alveolar epithelia of three 
groups of people (n = 25). *p < 0.05.
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Discussion
Excess ECM degradation is involved in COPD-associated emphysema, and abnormal metalloprotease activity partici-
pates in this process.29 A recent study demonstrated that ADAM9, which reportedly promotes acute lung injury by 
degrading the ECM and damaging the alveolar-capillary barrier,12 was also involved in the development of COPD.5 

ADAM9 has been suggested to degrade lung elastin and induce alveolar cell death by shedding EGFR and VEGFR2, 
thus promoting emphysema development.5 However, the mechanism by which ADAM9 production is induced in COPD 
was unclear. In this study, we provided evidence that IL-17A, a crucial contributor to COPD pathogenesis, was an 
upstream modulator of ADAM9.

Multiple studies have explored IL-17A expression in COPD. The number of IL-17A+ inflammatory cells was higher 
in the small airway subepithelia in patients with COPD than in healthy people with or without smoking history.30–33 In 
contrast, the results regarding epithelial IL-17A immunoreactivity were conflicting. Some studies reported higher levels 

Figure 3 Expression of ADAM9 is down-regulated by Il17a knockout in CS-exposed mice. Wild-type (WT) mice and Il17a−/− mice were exposed to cigarette smoke (CS) or 
room air for six months. (A) Representative H&E staining images of the lung tissue sections in room air-exposed WT mice (n = 3), CS-exposed WT mice (n = 3), and CS- 
exposed Il17a−/− mice (n = 2). Scale bar = 100 μm. Mean linear intercept (MLI) (C) and destructive index (DI) (D) were measured to evaluate the degree of emphysema. (B) 
Immunohistochemical staining of ADAM9 in the airway epithelia of room air-exposed WT mice (n = 3), CS-exposed WT mice (n = 3), and CS-exposed Il17a−/− mice (n = 2). 
Scale bar = 100 μm. (E) Quantitative analysis of ADAM9 was performed using mean optical density. *p < 0.05, **p < 0.01.
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Figure 4 Cigarette smoke exposure induces the expression of ADAM9 and IL-17A in human bronchial epithelial (HBE) cells. (A) The cytotoxicity of the cigarette smoker 
extract (CSE) was measured by the CCK-8 kit (n = 4). HBE cells were cultured with different concentrations of CSE for 24 to 48 h. Gene expression of Adam9 was 
measured in HBE cells after 24 h (n = 5) (B) or 48 h (n = 5) (C). (D) Gene expression of Adam9 in HBE cells treated with 5% CSE (n = 4). (E) Gene expression of Il17a in 
HBE cells after 24 h CSE treatment (n = 4). (F–H) Immunoblot and densitometric analysis of ADAM9 and IL-17A in CSE-treated HBE cells (n = 6). (I–K) Immunoblot and 
densitometric analysis of ADAM9 and IL-17A at 0 to 24 h after CSE treatment (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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of immunoreactivity of IL-17A in the airway epithelia and alveolar walls in COPD,31,34 while others observed no 
differences.30,33 In this study, we observed increased IL-17A expression in the small airways, but not in the alveolar 
walls. The inconsistencies in different studies could be due to sample differences, as IL-17A expression was significantly 

Figure 5 ADAM9 expression is upregulated by IL-17A in human bronchial epithelial (HBE) cells. (A) The cytotoxicity of different concentrations of recombinant human IL- 
17A with or without cigarette smoker extract (CSE) to HBE cells was measured by CCK-8 assay (n = 3). (B) Transcription of Adam9 was measured in HBE cells treated with 
different concentrations of IL-17A for 24 h (n = 5). (C) Transcription of Adam9 was increased with the supplement of 50 ng/mL recombinant human IL-17A cytokine with or 
without 3% CSE (n = 4). (D–G) Representative Western blot analysis of ADAM9 in IL-17A (n = 5) and/or CSE-treated HBE cells (n = 4). (H and I) Representative Western 
blot analysis of ADAM9 in IL-17A neutralizing antibody and/or CSE-treated HBE cells (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no significant difference.
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increased in severe to extremely severe COPD compared to that in controls,14 or due to different methods used to 
measure immunoreactivity.

In line with a previous report,5 we observed enhanced ADAM9 expression in small airways and alveolar walls of 
COPD patients compared with controls. Notably, we found a positive correlation between ADAM9 and IL-17A 
expression in the airway epithelia as well as in the alveolar walls. To confirm the effect of IL-17A on ADAM9 
expression in COPD, we performed an experiment using Il17a−/− mice exposed to long-term CS. After six months of 
CS exposure, Il17a−/− mice exhibited less ADAM9 expression in small airways than WT mice. Moreover, Il17a 
knockout attenuated the severity of emphysema, similar to the results obtained by Adam9 deletion in a previous study.5 

These findings provide evidence that IL-17A induces upregulation of ADAM9 in COPD.

Figure 6 Activation of JNK signaling by IL-17A induces ADAM9 expression in human bronchial epithelial (HBE) cells. (A–D) Protein expression of JNK and p-JNK were 
examined in HBE cells treated with 50 ng/mL IL-17A with or without 3% cigarette smoker extract (CSE) for 10 min (n = 7). JNK inhibitor (SP600125, 10 µM) was added to 
inhibit JNK phosphorylation 1 h before the addition of IL-17A or CSE (n = 3). (E and F) HBE cells were treated with SP600125 for 1 h and then treated with IL-17A and/or 
CSE for 24 h. The expression of ADAM9 was examined by Western blot analysis (n = 5). *p < 0.05, **p < 0.01, ****p < 0.0001.
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To elucidate the effect of IL-17A on ADAM9 expression, we further demonstrated, for the first time to our knowledge, that 
ADAM9 was increased in HBE cells in response to CSE stimulation in a time- and concentration-dependent manner. 
Recombinant IL-17A also induced ADAM9 expression in HBE cells. It is well known that IL-17A expression is increased in 
COPD patients as well as in mouse models.13 CS could induce the expansion of Th17 and Tc17 cells in the lungs, which are the 
primary source of IL-17A.13 Moreover, epithelial cells could express IL-17A in an autocrine manner.35 Consistent with other 
studies, we observed that IL-17A was expressed at a relatively low level in unstimulated HBE cells but was upregulated by CS 
exposure. The increase of IL-17A was earlier than ADAM9 after CSE treatment. In addition, IL-17A neutralization inhibited 
CSE-induced ADAM9 expression. Hence, apart from IL-17A that originates from infiltrating immune cells, epithelial cell- 
derived IL-17A is likely to contribute to ADAM9 expression in lung epithelial cells of smokers with COPD.

Furthermore, we explored IL-17A-mediated signaling in the regulation of ADAM9 expression. We revealed that both IL-17A 
and CSE induced JNK phosphorylation, whereas inhibiting JNK phosphorylation suppressed ADAM9 upregulation by IL-17A 
with or without CSE, indicating that IL-17A induced ADAM9 expression through JNK activation in CS-related COPD.

Our study had several limitations. We did not perform experiments to explore the role of ADAM9 in COPD- 
associated emphysema, although it has been suggested that ADAM9 could induce alveolar epithelial cell death.5 Whether 
IL-17A neutralization could reduce CSE-induced epithelial cell death through inhibiting ADAM9 expression remains to 
be clarified. IL-17A and ADAM9 are reportedly implicated in EMT in some diseases.36,37 IL-17A has been demonstrated 
to synergize with CS to induce EMT in bronchial epithelial cells by activating nuclear factor-kappa B (NF-κB) and 
CCAAT/enhancer-binding protein beta (CEBPβ) signaling.38,39 Similarly, Adam9 deletion was shown to protect CS- 
exposed C57BL/6 mice from airway fibrosis.5 Adam9−/− mice had fewer α- spinal muscular atrophy+ (a-SMA+) 
myofibroblasts around the small airways after six months of CS exposure than WT mice.5 Further experiments should 
be performed to examine whether IL-17A induces EMT through ADAM9 signaling in COPD. In addition, Umeda et al 
reported that ADAM9 could be exclusively expressed in Th17 cells and enhance their differentiation, thus contributing to 
the development of systemic lupus erythematosus, indicating that a reciprocal connection may exist between ADAM9 
and IL-17A.40 As increased Th17 cells and ADAM9 expression in epithelial cells can be simultaneously observed in 
COPD, there may be a positive feedback between ADAM9 and IL-17A in COPD, which also needs further investigation.
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