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Current treatments fail to modify the underlying pathophysiology and disease progression of chronic obstructive
pulmonary disease (COPD), necessitating alternative therapies. Here, we show that COPD subjects have increased IL-
36γ and decreased IL-36 receptor antagonist (IL-36Ra) in bronchoalveolar and nasal fluid compared with control
subjects. IL-36γ is derived from small airway epithelial cells (SAEC) and is further induced by a viral mimetic, whereas IL-
36Ra is derived from macrophages. IL-36γ stimulates release of the neutrophil chemoattractants CXCL1 and CXCL8, as
well as elastolytic matrix metalloproteinases (MMPs) from small airway fibroblasts (SAF). Proteases released from COPD
neutrophils cleave and activate IL-36γ, thereby perpetuating IL-36 inflammation. Transfer of culture media from SAEC to
SAF stimulated release of CXCL1, which was inhibited by exogenous IL-36Ra. The use of a therapeutic antibody that
inhibits binding to the IL-36R attenuated IL-36γ–driven inflammation and cellular crosstalk. We have demonstrated a
mechanism for the amplification and propagation of neutrophilic inflammation in COPD and have shown that blocking this
cytokine family via a IL-36R neutralizing antibody could be a promising therapeutic strategy in the treatment of COPD.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a major global health burden that affects ~10% of  peo-
ple older than 45 years and, prior to the current SARS-CoV-2 pandemic, is the third most common cause 
of  death in the world (1). COPD is a chronic inflammatory lung disease, associated with increased num-
bers of  inflammatory cells, including macrophages, neutrophils, and lymphocytes (2). Inflammation occurs 
predominantly in the lung parenchyma and peripheral airways, and it results in irreversible and progressive 
airflow limitation due to small airway fibrosis and parenchymal destruction (emphysema). Current thera-
pies targeting the inflammatory mediators of  COPD have been poorly effective clinically and do not reduce 
disease progression, so alternative antiinflammatory approaches are greatly needed (3).

IL-36 cytokines belong to the IL-1 superfamily and comprise 3 receptor agonists (IL-36α, IL-36β, and 
IL-36γ) and 2 receptor antagonists (IL-36Ra and IL-38). The IL-36 receptor comprises a heterodimer of  
IL-36R and the IL-1 receptor accessory protein (IL-1RAcP), so that IL-36R competes with the IL-1R for 
IL-1RAcP (4–6). Binding of  IL-36 agonists to the receptor leads to the recruitment of  IL-1RAcP and subse-
quent downstream signaling via NF-κB and mitogen-activated protein kinase (MAPK) pathways (7). IL-36 
cytokines may, therefore, play an important role in the chronic release of  proinflammatory cytokines and 
chemokines in inflammatory conditions, such as COPD.

IL-36α, IL-36β, IL-36γ, and IL-36Ra are all secreted in an inactive form and require N-terminal cleav-
age by serine proteases to induce a 500-fold increase in their activity (8). IL-36 isoforms are cleaved by neu-
trophil products — specifically neutrophil elastase, proteinase-3, and cathepsin G — with each exhibiting 
selectivity (9). Neutrophils are markedly increased in the lungs and airways of  subjects with COPD and are 
associated with increased secretion of  several proteases (10), which are further increased during acute exac-
erbations (2, 11). In COPD, this could lead to persistent activation of  IL-36 and subsequent downstream 
inflammatory signaling.

Current treatments fail to modify the underlying pathophysiology and disease progression of 
chronic obstructive pulmonary disease (COPD), necessitating alternative therapies. Here, we show 
that COPD subjects have increased IL-36γ and decreased IL-36 receptor antagonist (IL-36Ra) in 
bronchoalveolar and nasal fluid compared with control subjects. IL-36γ is derived from small airway 
epithelial cells (SAEC) and is further induced by a viral mimetic, whereas IL-36Ra is derived from 
macrophages. IL-36γ stimulates release of the neutrophil chemoattractants CXCL1 and CXCL8, 
as well as elastolytic matrix metalloproteinases (MMPs) from small airway fibroblasts (SAF). 
Proteases released from COPD neutrophils cleave and activate IL-36γ, thereby perpetuating IL-36 
inflammation. Transfer of culture media from SAEC to SAF stimulated release of CXCL1, which 
was inhibited by exogenous IL-36Ra. The use of a therapeutic antibody that inhibits binding to the 
IL-36R attenuated IL-36γ–driven inflammation and cellular crosstalk. We have demonstrated a 
mechanism for the amplification and propagation of neutrophilic inflammation in COPD and have 
shown that blocking this cytokine family via a IL-36R neutralizing antibody could be a promising 
therapeutic strategy in the treatment of COPD.
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Elevated levels of  IL-36 cytokines have been reported in COPD, with IL-36α and IL-36γ being 
elevated in plasma and bronchoalveolar lavage fluid (BALF) from smokers with and without COPD 
compared with healthy controls, in a small population of  only 5 subjects with mild disease (12). IL-36γ 
is also increased in sputum samples from COPD subjects with a neutrophilic phenotype (13). A similar 
association of  IL-36γ with neutrophilia has been reported in subjects with obstructive lung disease, 
whereas a decrease in IL-36γ is associated with eosinophilia (14). Along with the importance of  exam-
ining the levels of  receptor agonists, a recent study suggests that there is a reduction in IL-36Ra in both 
the serum and the sputum of  pediatric asthmatic subjects (15). These authors also show that intrana-
sal administration of  IL-36Ra in a murine model of  asthma reduced airway hyperresponsiveness and 
inflammatory cell infiltrates into the lung (15).

Most of the current understanding of the role of IL-36 in respiratory disease has come from in vivo mouse 
models of lung disease. Intratracheal instillation of Pseudomonas aeruginosa in mice increased expression of  
IL-36α and IL-36γ in BALF and lung homogenates (16). Subsequent in vitro experiments confirmed that this 
was due to increased expression by alveolar macrophages and epithelial cells (17). Of note, KO of either IL-36r 
or IL-36g, but not IL-36a, protected against lung damage and increased survival time caused by infection of  
this bacterium (17). By contrast, when mice were exposed to an intranasal influenza viral challenge, there was 
induction of IL-36α but not IL-36γ protein in the lung, although IL-36g mRNA was induced (16). Others have 
suggested that IL-36γ is upregulated following viral infection and is a protective mechanism due to skewing 
of macrophage phenotypes toward a more proresolving M2 phenotype (18). We have recently shown that 
intratracheal delivery of IL-36γ into the lung of mice increases neutrophil chemokines and numbers. Using a 
COPD exacerbation model of cigarette smoke exposure in combination with influenza H1N1, we showed that 
IL-36R–deficient mice have reduced neutrophil recruitment into their lungs and inflammatory mediators (19).

Studies using human airway cells have shown that bronchial epithelial cells stimulated with the viral 
mimetic dsRNA show increased expression of IL-36γ that was further enhanced by IL-17 (20). IL-36γ, but not 
IL-36α, was also induced in human peripheral blood mononuclear cells (PBMC) by the fungus Aspergillus fumi-
gatus (21). This is important, as 37% of stable COPD subjects are colonized with A. fumigatus (22), potentially 
due to an inability of COPD macrophages to phagocytose these fungal spores (23). IL-36α, IL-36β, and IL-36γ 
all induce protein and gene expression of IL-6 and CXCL8 in normal human lung fibroblasts and bronchial 
epithelial cells, whereas exogenous addition of IL-36Ra reduces these mediators (24). This suggests that IL-36 
cytokines may induce the release of these proinflammatory cytokines via NF-κB and MAPK signaling (24).

Elevated concentrations of  IL-36 cytokines have been associated with a variety of  chronic inflam-
matory diseases, including generalized pustular psoriasis (GPP), inflammatory bowel disease, rheumatoid 
arthritis, and systemic lupus erythematosus. Loss-of-function mutations within the IL-36Ra gene (IL-36RN) 
may result in GPP, an inflammatory skin disease characterized by elevated proinflammatory cytokines and 
immune cell and neutrophil infiltrates (25). Furthermore, there are promising data emerging from a com-
pleted phase I clinical trial using a neutralizing antibody targeting IL-36R in this disease (26). However, the 
role of  the IL-36 family of  cytokines has not been explored in COPD.

In the current study, we hypothesized that there is an altered expression of  IL-36 cytokines in the 
COPD lung, and this imbalance drives the characteristic neutrophilic inflammation seen in this disease. We 
therefore examined the expression of  IL-36 agonist and antagonist cytokines in the lungs of  COPD sub-
jects compared with healthy individuals. We studied the cellular source of  IL-36 within the lung and identi-
fied potential effector cells of  this family of  proinflammatory cytokines. We also examined the mechanism 
by which IL-36 may amplify neutrophilic inflammation in the lungs of  COPD subjects, and we highlight a 
critical role for these cytokines in perpetuating neutrophilic inflammation and progression in COPD.

Results
Increased IL-36 cytokines in COPD. Firstly, IL-36 cytokines were examined in BALF from age-matched non-
smokers, smokers, and COPD subjects. Elevated concentrations of  IL-36γ were found in both smoker 
and COPD subjects compared with nonsmokers (Figure 1A), whereas IL-36α and IL-36β were not detect-
ed (Supplemental Figure 1, A and B; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.155581DS1). Increased release of  IL-36γ was also measured in nasal secretions from 
COPD subjects compared with control subjects (Figure 1B), with concentrations being much higher (ng/
mL) than the diluted BALF (pg/mL). No changes in IL-36α or IL-36β were observed in nasal fluid samples 
(Supplemental Figure 1, C and D), suggesting that IL-36γ is specifically upregulated in the airway mucosa.  

https://doi.org/10.1172/jci.insight.155581
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IL-36 cytokines are also reported to be increased in the serum (12) and sputum of COPD subjects (13). How-
ever, we found no significant increase in IL-36γ in sputum samples from smokers or COPD subjects (Figure 
1C), although it was detectable and trended toward an increase. Neither IL-36α nor IL-36γ were altered in 
COPD serum samples, with most below the level of  detection of  the assay (Supplemental Figure 1, E and 
F). Gene expression was also examined in lung homogenate samples from nonsmokers, smokers, and COPD 
subjects. IL-36G mRNA was significantly upregulated in COPD subjects (Figure 1D).

Cellular source of  IL-36 in the lung. To determine the cellular source of  elevated IL-36γ within the airways 
of  COPD subjects, gene expression of  IL-36 cytokines was examined in key cells involved in COPD patho-
genesis: lung tissue-derived macrophages (TMφ), small airway fibroblasts (SAF), and small airway epithelial 
cells (SAEC). TMφ from COPD subjects displayed a nonsignificant trend toward increased IL-36G expres-
sion in cells from smokers and COPD subjects compared with controls (Figure 2A). Expression of IL-36A 
was unchanged between patient groups, whilst IL-36B RNA was significantly downregulated in smokers but 
unchanged in COPD subjects compared with nonsmokers (Supplemental Figure 2, A and B). IL-36A expres-
sion was not detected in SAF, and there was no difference in gene expression of  IL-36G between COPD SAF 
and nonsmokers (Figure 2B), with a similar pattern for IL-36B (Supplemental Figure 2C). In contrast, IL-36G 
expression was significantly increased in COPD SAEC compared with nonsmokers (Figure 2C), with a sig-
nificant increase in IL-36A expression but no change in IL-3B expression (Supplemental Figure 2, D and E). 
IL-36γ protein release from TMφ and SAF was below the level of  detection. However, IL-36γ release from 
SAEC was detectable, and COPD SAEC released significantly more IL-36γ compared with nonsmoking 
controls (Figure 2D), suggesting that airway epithelial cells could be a major source of  IL-36γ in peripheral 

Figure 1. IL-36γ protein is elevated in COPD. (A–C) IL-36γ was measured in the bronchoalveolar lavage fluid (BALF) of 
nonsmokers (NS, ● blue, n = 12), smokers (S, ■ purple, n = 11), and patients with COPD (▲ red, n = 11) ; nasal fluid of NS 
(n = 8) and patients with COPD (n = 20); and sputum of NS (n = 15), smokers (n = 8), and patients with COPD (n = 18) 
by ELISA. (D) IL-36γ gene expression was examined in lung homogenate samples from NS (n = 9), smokers (n = 9), and 
patients with COPD (n = 29). Data are shown as mean ± SEM and analyzed by Kruskal-Wallis test with post hoc Dunn’s 
test (A, C, and D) or by Mann-Whitney U test (B); *P < 0.05, ***P < 0.001.
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airways, under basal conditions, and that these cells may be responsible for the elevated levels observed in 
BALF and nasal secretions in COPD.

IL-36Ra is reduced in COPD. IL-36 signaling can be modulated by binding of  IL-36Ra to the IL-36R, 
thereby suppressing receptor activation (7). Genetic mutations in the IL-36Ra can drive disease, with a loss-
of-function mutation in IL-36Ra being a likely mechanism in GPP (25). These data suggest not only the 
importance of  the upregulation of  IL-36 agonists, but also the modulation of  the IL-36 receptor antagonist. 
The levels of  IL-36Ra in the context of  COPD have not previously been reported.

The protein levels of  IL-36Ra were significantly reduced in BAL and sputum of  COPD subjects com-
pared with nonsmokers (Figure 3, A and B). IL-36Ra gene expression (IL-36RN) was also significantly 
reduced in COPD lung homogenate samples compared with nonsmokers and smokers (Figure 3C), with 
smokers showing a trend toward increased IL-36RN expression, potentially as a protective mechanism.

To determine the cellular source of IL-36Ra, we examined gene expression of IL-36RN in different cells. 
IL-36RN was significantly downregulated in TMφ from COPD subjects compared with both nonsmoker and 
smoker samples (Figure 3D); this appeared to be specific for the receptor antagonist of IL-36, as this was not 
seen for IL-1 receptor antagonist (Supplemental Figure 2F). SAEC displayed a significant increase in IL-36RN 
in cells from COPD subjects (Figure 3E), while there was no change in expression of IL-36RN in SAF between 
nonsmoker and COPD subjects (Figure 3F). Gene expression of the other IL-36 antagonist, IL-38, was unde-
tectable in all cell types examined. Since changes in IL-36R expression may also alter IL-36 signaling, the gene 
expression of the IL-36R was examined and found to be unchanged in all patient groups — in TMφ, SAEC, 
and SAF (Supplemental Figure 2, G–I). These data suggest that, along with elevated levels of IL-36γ in patients 
with COPD, there is dysregulation of the receptor antagonist that may amplify the effects of IL-36 on the lung.

IL-36γ induction. Since SAEC appear to be the main source of IL-36γ, we investigated whether SAEC could 
be stimulated to release more IL-36γ in response to stimuli that may exacerbate COPD. We showed that many 

Figure 2. Small airway epithelial cells express and release IL-36γ in COPD. (A–C) Gene expression of IL-36γ was 
measured in lung tissue-derived macrophages (TMφ), small airway fibroblasts, and small airway epithelial cells 
from nonsmokers (NS, ● n = 7–10), smokers (S, ■ n = 18), and patients with COPD (▲, n = 7-24). (D) IL-36γ release 
from small airway epithelial cells from NS (n = 10) and COPD (n = 12) patients, measured by ELISA. Data are shown 
as mean ± SEM and analyzed by Kruskal-Wallis test with post hoc Dunn’s test (A) or by Mann-Whitney U test 
(B–D); *P < 0.05, ***P < 0.001.
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of the common airway epithelium stimulants, such as cigarette smoke extract (CSE), TNF-α, or the common 
colonizing respiratory pathogen Haemophilus influenzae failed to stimulate IL-36γ release (Figure 4A). However, 
the TLR3 agonist poly(I:C) stimulated release of IL-36γ from SAEC (Figure 4A) and in a concentration-de-
pendent manner (Supplemental Figure 3A), with cells from COPD subjects releasing more because of a higher 
baseline release of this cytokine. Still, poly(I:C) failed to induce further release of IL-36α (Supplemental Figure 
3B), and IL-36β protein was undetectable in these cells. The same stimuli were applied to nonsmoker and 
COPD SAF, with nonsmoker SAF being unresponsive to all stimuli, while COPD SAF released more IL-36γ 
in response to all stimuli, although these were at a lower level when compared with SAEC (Supplemental 
Figure 3C). These data suggest that COPD SAEC may respond to viral infection by releasing IL-36γ, thereby 
perpetuating the already-elevated levels of IL-36γ in the lung.

Effect of  glucocorticosteroids. Since glucocorticosteroids are often given as an antiinflammatory treatment 
to many COPD subjects, particularly during viral-induced exacerbations, we examined whether TLR3 
induction of  IL-36γ was glucocorticosteroid sensitive. However, increasing concentrations of  the glucocor-
ticosteroid budesonide had little effect on poly(I:C)-stimulated release of  IL-36γ from SAEC (Figure 4B). 
These data suggest that treatment of  a viral exacerbation with corticosteroids will not suppress the elevated 
levels of  IL-36γ that may be induced during a viral infection.

Effects of  IL-36γ on lung cells. IL-36γ activates multiple different cell types (7). Therefore, we investigated 
which pulmonary cells are the likely targets in COPD. TMφ, SAEC, and SAF from COPD subjects and 
controls were stimulated with activated IL-36γ, and release of  CXCL1 (GRO-α), CXCL8 (IL-8), IL-6, and 
granulocyte-macrophage CSF (GM-CSF) were measured, as they are all are increased in COPD lungs. 
Nonsmoker, smoker, and COPD TMφ were unresponsive to IL-36γ, with no change in CXCL8 and IL-6 

Figure 3. IL-36 receptor antagonist is reduced in patients with COPD. (A and B) IL-36Ra protein was detected in 
the BALF and sputum of nonsmokers (NS, ● n = 13-16), smokers (S, ■ n = 9-13), and COPD (▲ n = 13-18) patients 
by ELISA. (C–F) Gene expression of IL-36RN was detected in lung homogenate samples from NS (n = 9), smokers 
(n = 9), patients with COPD (n = 29); lung tissue-derived macrophages; small airway epithelial cells; and small 
airway fibroblasts. NS (n = 5–10), smokers (n = 7–18), and patients with COPD (n = 7–24). Data are shown as mean 
± SEM and analyzed by Kruskal-Wallis test with post hoc Dunn’s test (A–D) or by Mann-Whitney U test (E and F); 
*P < 0.05, **P < 0.01, ***P < 0.001.
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release (Figure 5, A and B), and GM-CSF was undetectable. Stimulation of  SAEC with IL-36γ led to a 
modest increase in both CXCL8 and IL-6 (Figure 5, C and D). However, there was a significant increase in 
CXCL1 release from both nonsmoker and COPD SAEC (Figure 5E).

In contrast to the data derived from TMφ and SAEC, stimulation of  SAF with IL-36γ induced a large 
and significant increase in the release of  CXCL8, IL-6, CXCL1, and GM-CSF (Figure 6, A–D), with no 
difference between control and COPD cells. The magnitude of  cytokine release was some 25-fold higher 
than cytokine release from SAEC. These data strongly suggest that SAF compose a key effector cell type 
for IL-36γ in the airways. Furthermore, these proinflammatory cytokines and chemokines are elevated in 
patients with COPD (27–29) and may be responsible for neutrophil recruitment into the airways, which is a 
key feature of  this disease. To examine whether these effects were specific to IL-36γ or if  there was an addi-
tive effect of  all 3 cytokines in combination, all cell types were treated with the individual IL-36 isoforms or 
in combination. CXCL8 release from SAF, SAEC, and TMφ was the same for each isoform and when in 
combination; SAF still released the greatest levels of  cytokines in response (Supplemental Figure 4, A–C). 
These data again strongly suggest that SAF are a potential effector cell type for IL-36γ and may have a key 
role in neutrophil recruitment observed in this disease via increased neutrophil chemokine release.

SAF are found at the site of  airways obstruction in COPD and are important in the development of  
peribronchiolar fibrosis, which is the hallmark of  early disease (30). Matrix metalloproteinases 2 (MMP2) 
and MMP9 are increased in COPD and are highly activated (31, 32). SAF from COPD subjects release 
increased levels of  active MMP2 (4.6-fold) and total MMP9 (4.7-fold) when stimulated with IL-36γ (Fig-
ure 6, E–I), and stimulation of  these cells with any of  the IL-36 isoforms appears to lead to an increase in 
activation of  MMP2 (Figure 6E). Taken together, these data highlight the potential role of  SAF in driving 
neutrophil recruitment and airway remodeling in COPD.

Fibroblast phenotypes are also altered in COPD, with differentiation toward myofibroblasts, leading 
to greater collagen deposition within the lung (33). We, therefore, examined the effect of  IL-36γ on these 
fibrosis markers in comparison with IL-1α to determine whether other members of  the IL-1 family elicited 
similar effects. COL1A1 and COL3A1 gene expression appeared unchanged in SAF from both nonsmoker 
and COPD subjects when treated with either IL-36γ or IL-1α (Supplemental Figure 5, A and B). However, 
α-SMA, a myofibroblast differentiation marker, was significantly decreased in SAF from both nonsmoker 
and COPD subjects by both IL-36γ and IL-1α (Supplemental Figure 5C), suggesting that IL-36γ was driv-
ing these cells away from a myofibroblast phenotype to a potentially more proinflammatory and proteo-
lytic state. This was confirmed by an increase in CXCL8, IL-6, and MMP9 gene expression in these cells 

Figure 4. IL-36γ protein release is driven by steroid insensitive TLR3 activation. (A) Small airway epithelial cells from nonsmokers (blue bars ●, 
n = 7) and COPD subjects (red bars ▲, n = 8) were exposed to media alone (no treatment, NT), 10% (v/v) cigarette smoke extract (CSE), 10 ng/mL 
TNF-α, 100μg/mL poly(I:C), or 1.5 × 1010 CFU/mL H. influenzae (HI) for 24 hours. Media was collected and IL-36γ release was measured by ELISA. (B) 
Small airway epithelial cells from n = 4 nonsmokers were treated with 100 μg/mL poly(I:C) in the presence or absence of increasing concentrations of 
budesonide for 24 hours. Media was collected, and IL-36γ was measured by ELISA. Data are shown as mean ± SEM and analyzed by 2 way ANOVA with 
post hoc Dunnett’s multiple-comparison test; **P < 0.01, ***P < 0.001 versus NS.
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(Supplemental Figure 5, D–F). Interestingly, as seen previously with protein release, SAEC stimulated with 
IL-36γ did not respond as robustly as fibroblasts, with a small but significant change in the gene expression 
of  CXCL8 and IL-6, but no change in MMP2 or MMP9 (Supplemental Figure 5, I–L).

IL-36Ra may be induced by IL-36 cytokines as a negative feedback loop. We, therefore, also examined the 
effect of IL-36γ and IL-1α on gene expression of IL-36RN. We observed increased expression of IL-36RN in 
response to IL-36γ in nonsmoker SAF, but this was blunted in COPD SAF (Supplemental Figure 5G). Similar-
ly, IL-1α caused a significant increase IL-36RN in nonsmoker SAF, but this was not seen in COPD SAF (Sup-
plemental Figure 5G). Interestingly, IL-1RA was induced in both nonsmoker and COPD SAF when stimulated 

Figure 5. Effect of IL-36γ on lung tissue macrophages and small airway epithelial cells. Lung tissue–derived 
macrophages from nonsmokers (n = 4), smokers (n = 5), or patients with COPD (n = 7) were incubated in the absence 
(NT) or presence of 100 ng/mL IL-36γ for 24 hours. (A and B) Media was harvested and release of CXCL8 and IL-6 
were measured by ELISA. Small airway epithelial cells from nonsmokers (n =7) or patients with COPD (n = 7-9) were 
incubated in the absence (NT) or presence of 100 ng/mL IL-36γ for 24 hours. (C–E) Media was harvested and release 
of CXCL8, IL-6, and CXCL1 were measured by ELISA. Data are shown as mean ± SEM and analyzed by Kruskal-Wallis 
test with post hoc Dunn’s test; *P < 0.05.
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with IL-1α, but when stimulated with IL-36γ, the response was again blunted in COPD subjects (Supplemental 
Figure 5H). Additionally, IL-36γ did not stimulate expression of TGF-β or SMAD3 in SAF (Supplemental Fig-
ure 6), suggesting that IL-36γ does not alter SAF phenotype. This suggests that IL-36γ–mediated upregulation 
of IL-36RN is attenuated in COPD fibroblasts, resulting in increased activity of IL-36γ.

Effect of  glucocorticosteroids on IL-36γ responses. Since inhaled glucocorticosteroids are commonly used 
in the treatment of  COPD, we examined whether IL-36γ–driven inflammation was steroid sensitive. SAF 
from nonsmokers and COPD subjects were stimulated with IL-36γ, and the effect of  increasing concentra-
tions of  budesonide on the release of  the chemokines and cytokines was examined. Interestingly, CXCL8, 
IL-6, and GM-CSF were all reduced by budesonide in a concentration-dependent manner (Figure 7, A–C). 
However, CXCL1, one of  the major neutrophil-recruiting chemokines in COPD, was surprisingly increased 
by budesonide treatment (Figure 7D), suggesting that steroid treatment may paradoxically further perpetu-
ate IL-36γ inflammation by increasing neutrophil recruitment.

Figure 6. IL-36γ activates small airway fibroblasts, leading to chemokine and protease release. Small airway fibroblasts from nonsmokers (n = 8) and 
patients with COPD (n = 7) were cultured in the absence (NT) or presence of 100 ng/mL IL-36γ for 24 hours. (A–D) Media was harvested and CXCL8, IL-6, 
CXCL1, and GM-CSF were measured by ELISA. Small airway fibroblasts from nonsmokers (n = 3) and patients with COPD (n = 3) were cultured in the 
absence (NT) or presence of 33 ng/mL IL-36α, IL-36β, IL-36γ, or all 3 in combination. (E) Media was collected and zymography performed. (F–I) Relative 
density of total MMP2 (F) and MMP9 (G) and active MMP2 (H) and MMP9 (I). Data are shown as mean ± SEM and analyzed by Kruskal-Wallis test with 
post hoc Dunn’s test; *P < 0.05, **P < 0.01
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Serine proteases activate IL-36γ. Previous studies have suggested that intratracheal instillation of  IL-36 
into the lungs of  mice induces neutrophil recruitment (19, 34, 35). Recruitment and subsequent activation 
of  neutrophils at the site of  inflammation in the lung leads to the release of  proteolytic enzymes, such as the 
serine proteases neutrophil elastase, proteinase-3, and cathepsin G, all of  which are elevated in the COPD 
lung (10). Elevated numbers of  neutrophils and macrophages are found within the lungs of  patients with 
COPD (2), with both cell types releasing proteases, which — when unchecked — can lead to damage and 
remodeling of  the lung (36). Neutrophil elastase, proteinase-3, and cathepsin G have all been suggested to 
cleave IL-36 cytokines, although there are conflicting results within the literature (8, 9, 37). We therefore 
assessed whether neutrophil proteases (neutrophil elastase, proteinase-3, and cathepsin G) or a macrophage 
protease (MMP9) could cleave and activate IL-36γ. Utilizing a cell-free assay, we incubated recombinant 
full-length IL-36γ with various concentrations of  these proteases. Our results show that both cathepsin G 
and proteinase-3 were capable of  cleaving IL-36γ into its active form, whereas neutrophil elastase did not 
(Figure 8A), suggesting that neutrophils may activate IL-36γ in COPD.

Since it appeared that neutrophil proteases cleaved IL-36γ, we next sought to see whether activated neu-
trophil products from both nonsmokers and COPD subjects could cleave and activate IL-36γ. Full-length 
IL-36γ was converted to the active form by both nonsmoker and COPD N-Formylmethionine-leucyl-phe-
nylalanine–activated (fMLP-activated) neutrophils, although data suggest that basally released COPD neu-
trophil products may be able to cleave IL-36γ (Figure 8, B and C). Elevated numbers of  neutrophils within 
the COPD lung may, therefore, have the capability to further activate IL-36 cytokines; further amplifying 
the inflammation that IL-36γ may cause within the COPD lung.

Blocking the IL-36R prevents inflammatory crosstalk between COPD SAEC and SAF. Since we have shown 
that IL-36Ra is downregulated in COPD subjects and may exacerbate the inflammatory response of  IL-36 
cytokines in the COPD lung, we investigated whether reintroduction of  IL-36Ra could inhibit IL-36γ–driv-
en inflammation. Experiments were devised whereby media from poly(I:C)-stimulated SAEC from COPD 

Figure 7. IL-36 stimulation of SAF is glucocorticosteroid sensitive, except the neutrophil chemokine CXCL1, which is 
induced by budesonide. Small airway fibroblasts from nonsmokers (● n = 4) or COPD (▲ n = 4) were treated with active 
IL-36γ for 24 hours in the absence or presence of budesonide at varying concentrations. (A–D) CXCL8, IL-6, GM-CSF, and 
CXCL1 release were measured by ELISA. Data are presented as mean ± SEM.
 

https://doi.org/10.1172/jci.insight.155581


1 0

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(15):e155581  https://doi.org/10.1172/jci.insight.155581

subjects was transferred to COPD SAF, and CXCL1 was measured as an output. A schematic of  the exper-
iment is depicted in Figure 9A. The transferred media contained IL-36γ (unstimulated, 15.9 pg/mL; stim-
ulated, 307.9 pg/mL) and CXCL1 (unstimulated, 1.9ng/mL; stimulated, 3.1 ng/mL). Native media from 
poly(I:C)-stimulated SAEC led to a significant release of  CXCL1 from SAF as previously seen, while little 
CXCL1 release was seen when SAF were stimulated with poly(I:C) alone (Figure 9B). To show that the 
induction to CXCL1 in the SAF was a consequence of  a protein mediator within the media, the media was 
boiled to denature proteins, and SAF were treated with this media (Figure 9C). Transfer of  this conditioned 
media also increased production of  CXCL8 and IL-6 (Supplemental Figure 7). Having established a media 
transfer system, SAF were then treated for 2 hours with 100 ng/mL of  recombinant IL-36Ra, before being 
treated with SAEC media. Pretreatment with IL-36Ra led to a significant reduction in CXCL1 release from 
SAF treated with poly(I:C)-stimulated SAEC media (Figure 9D). To confirm these findings, we utilized an 
IL-36R neutralizing antibody. SAF from COPD subjects were treated with 50 μg/mL of  either isotype con-
trol or an antibody that binds the IL-36R and blocks signaling, followed by 100 ng/ mL of  IL-36γ. IL-36γ 
induced CXCL1 release from cells treated with the isotype control, but this was abolished in cells pretreated 
with the IL-36R neutralizing antibody, showing that the antibody inhibited IL-36–mediated CXCL1 release 
(Figure 9E). SAF were then treated for 2 hours with the isotype control or IL-36R antibody, before being 
treated with SAEC media. Pretreatment with IL-36R led to a significant reduction in CXCL1 release from 
SAF treated with poly(I:C)-stimulated SAEC media (Figure 9F). These data suggest that blocking IL-36R 
by increasing the reduced endogenous levels of  IL-36Ra or by directly blocking the IL-36R using a neu-
tralizing antibody make it possible to prevent the crosstalk between virally stimulated COPD SAEC and 
COPD SAF. These data also suggest that blocking IL-36 signaling via these 2 methods may reduce virally 
induced IL-36–mediated inflammation in COPD.

Figure 8. Effect of neutrophil serine proteases on activation of IL-36γ. (A) Recombinant full length IL-36γ was incubated 
with cathepsin G, proteinase-3, neutrophil elastase (NE), or MMP9 at varying concentrations for 2.5 hours, and Western 
blot analyses were performed to separate inactive form and active (cleaved) IL-36γ. (B) Neutrophils from nonsmokers 
(n = 6) and patients with COPD (n = 6) were left at baseline or activated with fMLP, and the supernatant was collected. 
Supernatants were incubated with recombinant full-length IL-36γ for 2.5 hours, and Western blot analyses were per-
formed to separate inactive form and active (active) IL-36γ (data shown are representative blots). (C) Optical density of 
bands was performed, and data are presented as mean ± SEM.
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Discussion
Neutrophilic inflammation is characteristic of  COPD airways and is associated with increased expression 
of  neutrophil chemoattractants CXCL1 and CXCL8 (27, 38). Our study describes a mechanism for the 
amplification and perpetuation of  chronic neutrophilic inflammation in COPD. We confirm previous find-
ings that IL-36γ — but, in this study, not IL-36α — is elevated in the lungs of  COPD subjects, but we show 
for the first time to our knowledge that there are reduced levels of  IL-36Ra, suggesting enhanced IL-36 
signaling in COPD lungs. Examining multiple cell types from nonsmokers, smokers, and COPD subjects 
we established that elevated levels of  IL-36γ in COPD BALF and nasal fluid is potentially derived from 

Figure 9. Optimization of therapeutic IL-36R inhibition experiments. (A) Schematic of experimental procedure. (B) 
Small airway fibroblast (n = 6) were treated with diluted media, media + poly(I:C), conditioned media alone from SAEC, 
or conditioned media from poly(I:C)–treated SAEC (ranging from 10- to 200-fold) for 24 hours (pooled media from 3 
patients with COPD). CXCL1 levels were then measured. (C) Small airway fibroblasts (n = 4) were treated with diluted 
(ranging from 10- to 200-fold) conditioned media alone from SAEC or conditioned media from poly(I:C)–treated SAEC 
that had and hadn’t been boiled for 24 hours. CXCL1 levels were then measured. (D) Small airway fibroblast (n = 6) 
were treated with diluted (ranging from 10- to 200-fold) conditioned media alone from SAEC or conditioned media 
from poly(I:C)–treated SAEC (ranging from 10- to 200-fold) with or without pretreatment for 2 hours with recombinant 
IL-36Ra (100 ng/mL). CXCL1 levels were then measured. (E) Small airway fibroblast (n = 4) were pretreated for 2 hours 
with isotype control (IgG1) antibody or a IL-36R neutralizing antibody and then treated with 100 ng/mL of IL-36γ for 24 
hours. (F) Small airway fibroblasts (n = 7) were treated with diluted (ranging from 10- to 200-fold) conditioned media 
alone from SAEC or conditioned media from poly(I:C)–treated SAEC with pretreatment with either isotype control (IgG1) 
antibody or a IL-36R neutralizing antibody for 2 hours. CXCL1 levels were then measured. Data are presented as mean ± 
SEM analyzed by either Kruskal-Wallis with post hoc Dunn’s test (B, C, and E) or Wilcoxon matched-pairs signed-rank 
test (D and F); *P < 0.05, **P < 0.01.
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epithelial cells, which release higher basal IL-36γ levels than cells from nonsmokers. We show that SAF 
appear to be the potential IL-36γ effector cell, releasing marked amounts of  chemokines, proinflammatory 
cytokines, and proteases upon stimulation. These recruit neutrophils into the lung that may activate the ele-
vated IL-36γ by releasing serine proteases capable of  cleaving IL-36γ into its active form; our data suggest 
that these proteases are cathepsin G and proteinase-3, but not neutrophil elastase. We show that treating 
SAF with IL-36Ra or using a therapeutic antibody that blocks IL-36R–mediated signaling inhibits viral-in-
duced IL-36–mediated inflammatory crosstalk between SAEC and SAF in COPD. IL-36γ may, therefore, 
drive COPD pathophysiology via the recruitment and activation of  neutrophils into the lung, leading to 
small airway remodeling, emphysema, and mucus hypersecretion (Figure 10).

IL-36γ was the only IL-36 family agonist detected in BALF, and levels were elevated in both smokers 
and COPD subjects, although one caveat is that the ELISA kit used may not distinguish between active and 
inactive IL-36γ. Previously, Kovach et al., reported that IL-36α, as well as IL-36γ, may also be elevated in 
the BALF of  COPD subjects and smokers and, in agreement with our study, that IL-36β was undetectable. 
This may be due to smoking, as their cohort (12) included current smokers, whereas all of  our COPD sub-
jects were ex-smokers. Furthermore, exposure of  SAEC to CSE in vitro did not stimulate release of  IL-36γ 
in our study. This again contrasts with Kovach et al., who found increased release of  IL-36γ in response to 
CSE but may reflect differential responses to CSE by epithelial cells from peripheral airways. Alternatively, 
this may reflect differences between chronic and acute exposure. Others have reported increased IL-36γ 
mRNA expression in response to CSE in bronchial epithelial cells but only after 8 hours, and it was reduced 
2-fold after 24 hours stimulation (39). Although smoking may affect IL-36γ release, it appears that this 
alone is unlikely to account for the elevated basal release of  COPD SAEC.

Reduced expression of  IL-36Ra in COPD subjects was clear, and this may amplify and perpetuate 
IL-36–mediated inflammation within the lungs of  COPD subjects compared with those who smoke. 
IL-36Ra binds to the IL-36R with a greater affinity and for a greater duration than IL-36 agonists, sug-
gesting that its loss may be detrimental in overcoming IL-36 agonist–mediated inflammation (40). This is 
pertinent, as we were unable to detect IL-38, another antagonist of  IL-36R. However, the effect of  patient 
treatment on expression of  IL-36Ra is not known and may impact expression. Similarly, the lung tissue 
used in this study was obtained from patients undergoing tumor resection, and this may alter expression 
of  IL-36Ra; however, expression of  this protein increases in other cancers (41, 42). Loss of  IL-36Ra is 
prevalent in GPP, where missense mutation in the IL-36RN gene leads to IL-36Ra deficiency and drives 
this disease (25). There are no indications to date of  a similar genetic defect in COPD; however, clinical 
trials are underway in GPP, assessing whether targeting the IL-36R with a blocking monoclonal antibody 
(Spesolimab) prevents and reverses this disease (26). Our data suggest that the effects of  elevated levels of  
IL-36γ in COPD are likely to be greatly amplified by the reduced secretion of  IL-36Ra and that blocking 
IL-36R may be of  clinical benefit.

IL-1 is highly abundant in all cell types, but IL-36–related cytokines appear to be more cell specific, 
with an expression profile suggesting induction in epithelial cells (43). When examining the source of  
IL-36γ in the lung, we detected IL-36γ release only from SAEC, with levels being undetectable in SAF and 
TMφ, suggesting the epithelium as a major source. Previous data have also suggested that bronchial epithe-
lial cells release IL-36 cytokines in response to dsRNA. Our data using poly(I:C) confirm these findings and 
again showed no release from TMφ and SAF with this stimulus.

The epithelium is the major site of  viral infection within the lung (44), and our data suggest that IL-36γ 
can be further induced in COPD SAEC when treated with the viral mimetic poly (I:C). Upper respirato-
ry tract viral infections are major causes of  COPD exacerbations and leading causes of  hospitalization for 
patients with COPD (45). Our data suggest that IL-36γ could be a potential biomarker for viral infections in 
COPD, especially as IL-36 cytokines can be detected in nasal samples; therefore, patients can be noninvasively 
tested during these episodes. Acute exacerbations of  COPD are also triggered by bacterial infections, particu-
larly Haemophilus influenzae, but treatment of  SAEC with H. influenzae, had no effect on the release of  IL-36γ.

Identification of  the potential IL-36 effector cells in the lung is crucial in understanding the role of  
the elevated levels of  IL-36γ in COPD. IL-36 cytokines did not induce chemokine release from TMφ 
from smokers and COPD subjects. Previous studies have suggested that monocyte-derived M2, but not 
M1, macrophages release IL-6 in response to IL-36β (46). This is discrepant with the data presented here 
and may reflect differences between tissue resident cells and monocyte-derived macrophages. Our data 
are in agreement with others who showed that bronchial epithelial cells stimulated with IL-36γ released 
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CXCL8 and IL-6 (24). In contrast, SAF secreted much higher concentrations of  cytokines, chemokines, 
and active MMPs in response to IL-36 cytokines, suggesting that these are likely to be the major effector 
cell in the lung. Lung fibroblasts, along with colonic fibroblasts, have previously been shown to secrete 
cytokines, chemokines, and MMPs in response to IL-36 (20, 47). Epithelial cells grown at air-liquid inter-
face have been shown to release IL-36 cytokines from the basolateral surface; therefore, fibroblasts acting 
as the main effector cells correlates with this finding (20). IL-36 stimulation also induced extracellular 
matrix deposition from human fibroblasts (48); however, we found no change in the gene expression of  
collagen genes and a downregulation of  the myofibroblast marker α-SMA in response to IL-36.

Systemic glucocorticosteroids are commonly used in the treatment of  COPD exacerbations in an 
attempt to reduce the increased inflammation associated with these infective episodes. We, therefore, tested 
whether IL-36γ–mediated inflammation was steroid sensitive. CXCL8, IL-6, and GM-CSF induction by 
IL-36γ in SAF was steroid sensitive, with release reduced by approximately 50%–60% by high concen-
trations of  budesonide. However, a major neutrophil chemokine, CXCL1, was paradoxically induced by 
budesonide in the presence of  IL-36γ, suggesting that administration of  steroids to patients with elevated 
IL-36γ may be proinflammatory via increased CXCL1 and increased neutrophil recruitment. Previous data 
have suggested that CXCL1 levels are unaffected by inhaled glucocorticosteroids in patients with COPD, in 
contrast to CXCL8 (49). In vitro studies are conflicting, with studies suggesting both steroid sensitivity and 
insensitivity to the same and different stimuli (50, 51). Nevertheless, our data suggest that giving a steroid 
during an exacerbation when IL-36γ may be induced via a virus could lead to further neutrophil recruit-
ment and, thus, be detrimental to the patient.

SAF release high levels CXCL1 and CXCL8, in response to IL-36γ. These chemokines recruit neutrophils 
from the blood, and higher numbers of  COPD neutrophils migrate to CXCL1 compared with cells from 
nonsmokers; CXCL1 is markedly elevated in the lungs of  patients with COPD (27, 52). To enter the lung, 
these neutrophils must migrate though the tissue, releasing proteases as they travel. In COPD, this migration 
is altered with an increase in speed that is less directional (53) and can lead to excess tissue damage. Therefore, 
the elevation of  both CXCL1 and CXCL8 can increase the recruitment of  neutrophils from the blood into 
the COPD lung and, in doing so, can cause excessive tissue damage due to their dysregulated migratory path.

Once in the lung, neutrophils degranulate and release several proteases, including the serine proteases 
neutrophil elastase, cathepsin G, and proteinase-3. Here, we show that cathepsin G and proteinase-3 cleave 

Figure 10. Schematic outlining the role of IL-36γ in COPD pathophysiology. Small airway epithelial cells are a 
major source of IL-36γ in the COPD lung, and the release of IL-36γ is elevated at baseline in these patients. These 
elevated levels can be exacerbated by viral infection, which may be perpetuated in those who smoke. The resultant 
pro–IL-36γ is cleaved by neutrophil-derived proteases such as cathepsin G and proteinase-3, generating the active 
form of IL-36γ. This acts on small airway fibroblasts, leading to the release of MMP2 and MMP9, as well as leading 
to expression of the chemokines CXCL1 and CXCL8. CXCL1 and CXCL8 recruit neutrophils and perpetuate the cycle 
of neutrophilic inflammation. This process is amplified in patients with COPD due to the loss of the endogenous 
IL-36 receptor, IL-36Ra, from macrophages. The released elastases and MMPs contribute to all 3 pathophysiological 
features of COPD, small airway remodeling, emphysema, and mucous hypersecretion.
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IL-36γ into its active form, which has been shown to have 500-fold greater activity than the uncleaved 
secreted cytokine. These data contrast with others that show that neutrophil elastase is the main activator 
of  IL-36γ (8), but this is also controversial with others failing to show this response (7, 37). However, since 
neutrophils are increased and activated in COPD, it is plausible that they activate IL-36γ, leading to a 
marked increases in the potency of  IL-36γ within the COPD lung, thus amplifying and perpetuating neu-
trophilic inflammation.

Finally, we showed that blocking the IL-36R by treating SAF with either recombinant IL-36Ra or 
an IL-36R blocking antibody reduced CXCL1 release from these cells when stimulated with media from 
poly(I:C)-stimulated COPD SAEC. These data suggest that reintroducing the natural inhibitor of  the 
IL-36R or directly blocking the receptor with a therapeutic antibody, such as Spesolimab, may reduce 
viral-induced inflammation via the IL-36 pathway. We have recently shown, in an in vivo model of  a 
COPD viral exacerbations, that KO of  IL-36R reduces lung inflammation and neutrophil recruitment (19). 
Our crosstalk experiments show that attenuating the activity of  the IL-36R in primary human cells from 
COPD subjects may also lead to reduced inflammation, suggesting that this may be translated into humans 
and may be a potential therapeutic option.

The regulation of  IL-36 cytokines is complex, with the requirement for extracellular protease activa-
tion and their modulation by the antagonists IL-36Ra and IL-38. These different IL-36 family members 
appear to be released from different cell types, suggesting a complex interactive cell network (7). The effects 
of  IL-36 cytokines are similar to those of  related IL-1 cytokines, which are released predominantly via a 
different mechanism, involving intracellular activation via the inflammasome (54). It is possible that IL-1 
cytokines provide the initial inflammatory process in host defence and that IL-36 cytokines are activated 
with greater stimulatory triggers or more prolonged stimulation, resulting in greatly amplified and per-
sistent neutrophilic inflammation, as found in patients with COPD. A limitation of  the present study is the 
lack of  smoker groups for studies on SAEC and SAF, although the data suggest that, in smokers, IL-36Ra 
is not downregulated in the lung homogenate samples.

Overall, our data suggest that IL-36γ is elevated in the COPD lung and is released predominantly by 
epithelial cells, leading to the activation of  fibroblasts. This induces neutrophil recruitment, which further 
activates IL-36γ, inducing protease release and inflammation; all of  this activity drives COPD pathophys-
iology (Figure 10). This mechanism is amplified by a reduction in IL-36Ra from macrophages and by the 
marked activation of  IL-36γ by serine proteases released from the activated recruited neutrophils. We sug-
gest that this is a major mechanism for amplification of  lung inflammation in COPD, leading to persistent 
inflammation and disease progression. This suggests that targeting IL-36 cytokines — for example, with 
neutralizing antibodies against the receptor or addition of  IL-36Ra — is a promising therapeutic opportunity 
for the treatment of  COPD.

Methods
Reagents. Recombinant IL-1α, IL-36α, IL-36β, IL-36γ, IL-36Ra, TNF-α, neutrophil elastase, cathepsin G, 
proteinase-3, and anti–IL-36γ antibody (catalog AF2320) were purchased from R&D Systems. Rabbit anti–
goat Ig/HRP (P0449) was purchased from Agilent. Poly(I:C) was purchased from Sigma-Aldrich. Non-
typeable H. influenzae were obtained from the National Collection of  Type Cultures (strain no. 1269) and 
were heat-killed by incubation at 65°C for 10 minutes as described previously (55). CSE was generated as 
previously described (56) from full-strength Marlboro cigarette (Phillip Morris). Budesonide was purchased 
from Thermo Fisher Scientific.

BAL. BAL was performed as described previously (31, 57). Briefly, BAL was collected from the right 
middle lobe by instilling 60 mL of  warmed 0.9% (wt/vol) normal saline into the lung to a maximum of  240 
mL. BAL was filtered and centrifuged (500g for 10 minutes at 4°C) to remove cells and stored at –80°C. See 
Supplemental Table 1 for patient demographics.

Induced sputum. Induced sputum was collected and processed following a modification of Pin et al. (58) as 
reported previously (59). Briefly, subjects inhaled increasing concentrations of hypertonic saline solution (3%, 
4%, and 5% [wt/vol]) for 7 minutes at each concentration. The opaque, gelatinous portions of sputum were 
selected and centrifuged (300g for 10 minutes at 4°C). The viscous sample was weighed and treated dithiothreit-
ol (DTT) diluted to 0.1% (wt/vol) with distilled water. The sample was solubilized by vortexing. Four volumes 
of Dulbecco PBS solution were added to the sample to give a final concentration of 0.05% (wt/vol) DTT. The 
supernatant was collected and stored at −80°C (59). See Supplemental Table 2 for patient demographics.
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Nasosorption. Nasosorption was performed using Nasosorption FX·I device (Hunt Developments UK 
Ltd.) as described by others (60–63). Briefly, a Nasosorption FX·I device containing a synthetic absorptive 
matrix (SAM) was inserted into each nostril for 60 seconds for sample collection. Each SAM was detached 
and placed into 300 μL of  elution buffer, vortexed for 30 seconds, and transferred to a Costar SPIN-X 
bucket (MilliporeSigma). The sample was then centrifuged for 20 minutes at 16,000g in a minicentrifuge 
cooled to 4°C. Supernatant was then stored at −80°C. See Supplemental Table 3 for patient demographics.

Primary human lung cells. Lung tissue macrophages were isolated from lung parenchyma tissue, as 
described previously (64, 65). Lung tissue was assessed as being noncancerous and obtained from samples 
during tissue resection for lung cancer or emphysema. The subjects were matched for age (Supplemental 
Table 4) Human primary SAECs were cultured as previously described (66). The subjects were matched for 
age (Supplemental Table 5). SAFs were cultured by microdissecting out 5 small airways from lung paren-
chymal tissue and by growing them via an outgrowth method (Supplemental Table 6). Lung homogenate 
samples were obtained from an established tissue bank linked to an established patient registry, which has 
previously been used (67) (Supplemental Table 7). COPD subjects had significantly worse lung function 
compared with controls.

Real-time PCR. Total RNA was extracted from cells and reverse-transcribed, as described previous-
ly (66). Gene expression was determined by Taqman real-time PCR on a 7500 Real Time PCR system 
(Applied Biosystems) using the assays IL-36α (Hs00205367), IL-36β (Hs00758166), IL-36γ (Hs00219742), 
IL-36Ra (Hs01104220), CXCL8 (Hs00174103), IL-6 (Hs00174131), COL1A1 (Hs00164004), COL3A1 
(Hs00943809), α-SMA (Hs05032285), and MMP9 (Hs00957562). GNB2L1 (Hs00272002) gene expression 
was used as the housekeeping gene, and data are presented as ΔΔCT relative to baseline.

Zymography. MMP2 and MMP9 enzyme activity were measured by zymography using Novex Zymo-
gram Gelatin Gels (Thermo Fisher Scientific). Fibroblast supernatant were diluted in Novex Tris-Glycine 
SDS sample buffer (Thermo Fisher Scientific) and were run on zymogram gels. After electrophoresis, 
gels were incubated with Novex zymogram renaturing buffer (Thermo Fisher Scientific) and incubated in 
Novex zymogram developing buffer (Thermo Fisher Scientific) for 18 hours at 37°C. After incubation, gels 
were stained with a Colloidal Blue Staining Kit (Thermo Fisher Scientific) and imaged.

ELISA. CXCL8, CXCL1, IL-6, GM-CSF, IL-36α, and IL-36β were quantified using commercially avail-
able ELISA kits (R&D Systems), according to the manufacturer’s instructions. The lower limits of  detection 
for these assays were 31.2 pg/mL (CXCL1/8, IL-6), 15.6 pg/mL (GM-CSF), and 12.5 pg/mL (IL-36α/β). 
IL-36γ and IL-36Ra were quantified using commercially available ELISA kits (AdipoGen life sciences). The 
lower limits of  detection for these assays were 3.9 pg/mL (IL-36γ) and 0.5 ng/mL (IL-36Ra).

IL-36γ cleavage. Neutrophils were isolated from whole blood from both nonsmokers and COPD subjects 
using dextran RBC sedimentation, followed by centrifugation (750g at room temperature) using a discontinu-
ous Percoll gradient. Neutrophils were collected from the 81% (v/v)/67% (v/v) interface and washed in PBS; 
cells were resuspended at 1 × 106 cells/mL in Reaction Buffer (50 mM HEPES [pH 7.5], 75 mM NaCl, 0.1% 
[w/v] CHAPS). Cells were treated with 10 μM cytochalasin prior to stimulation with 10 μM fMLP for 1 hour 
(or 0.1% [v/v] DMSO vehicle control) at 37°C. Cells were then centrifuged at 500g at room temperature, and 
the supernatant was removed and stored at –80°C. IL-36γ (uncleaved-1F9) at 1000 ng/mL was then incubated 
at 37°C for 2.5 hours with nonsmoker and COPD neutrophil supernatants, cathepsin G (10, 100, and 1000 
nM) (MilliporeSigma), proteinase-3 (2, 10, and 50 μg/mL) (MilliporeSigma), neutrophil elastase (10, 100, 
and 1000 ng/mL) (MilliporeSigma), or MMP9 at (1, 10, and 100 ng/mL) (R&D Systems Europe) in protease 
buffer (50 mM HEPES [pH 7.5], 75 mM NaCl, 0.1% CHAPS). In total, 10 μL (100 ng) of  reaction buffer 
was removed and boiled with Lamaelli buffer (Thermo Fisher Scientific) for 5 minutes before loading onto a 
4%–12% gel using MES buffer (Thermo Fisher Scientific). Proteins were transferred to a nitrocellulose mem-
brane before probing using a primary anti IL-36γ antibody (R&D Systems) overnight at 4°C and a secondary 
goat antibody (Dako) for 1 hour at room temperature to visualize any protein cleavage.

IL-36Ra and IL-36R antibody treatment experiments. SAEC from 3 COPD subjects were treated with poly(I:C) 
(100 μg/mL) for 24 hours to induce IL-36γ, and supernatants were collected and pooled. For IL-36Ra experi-
ments, pooled supernatant was transferred to COPD SAF and incubated for 24 hours; controls of media alone 
and/or media containing poly(I:C) (100 μg/mL) were used. SAF cells were then treated for 2 hours with 100 
ng/mL of recombinant IL-36Ra, before being treated with SAEC media. For IL-36R antibody experiments, 
SAF were pretreated for 2 hours with either IgG1 isotype control or human anti–IL-36R Ab (Boehringer Ingel-
heim) at 50 μg/mL in sterile PBS, before being treated with SAEC media. In these experiments, a maximum 
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of 340 pg/mL of CXCL1 could have been transferred in the SAEC media to the SAFs; therefore, release above 
this level was because of mediators within the media. To show that the induction to CXCL1 in the SAF was a 
consequence of a mediator within the media, the media was boiled for 5 minutes at 100°C, and SAF treated 
with this media and CXCL1 release measured.

Statistics. Data are expressed as means ± SEM. Results were analyzed by using Mann-Whitney U tests, 
paired or nonpaired 2-tailed Student’s t tests, 1- or 2-way ANOVA, and Kruskal-Wallis for repeated mea-
sures with Dunn’s or Bonferroni post hoc tests. GraphPad Prism 9 software (GraphPad Software) was used 
for analyzes. P ≤ 0.05 was considered statistically significant.

Study approval. For BAL and sputum samples, subjects provided written informed consent, and the 
study was approved by NRES London-Chelsea Research Ethics committee (study 09/H0801/85). For the 
collection of  human tissue, subjects provided written informed consent and the study was approved by 
NRES South Central-Hampshire B Research Ethics committee 15/SC/0101. The samples are taken from 
nonoverlapping subjects and from different cohorts of  patients.

Author contributions
JRB was involved in the design, implementation of  the experiments, and the writing of  the manuscript. 
PSF and HBO were involved in the implementation of  the experiments, and they provided technical exper-
tise. CKK, KCEK, MT, JF, SLE, PJB, and LED were involved in experimental design, interpretation of  
data, and the review of  the manuscript. All authors contributed to scientific discussions and revision of  the 
manuscript, and they had full access to all the data and agreed to submit for publication.

Acknowledgments
Special thanks to Professor Jim Hogg (University of  British Columbia, Kelowna, British Columbia, Can-
ada) for providing peripheral lung tissue samples and the nurses at the NIHR Respiratory Disease Bio-
medical Research Unit at the Royal Brompton and Harefield NHS Foundation Trust and Imperial College 
London. Funding for this study was provided by Boehringer-Ingelheim and supported by the NIHR Respi-
ratory Disease Biomedical Research Unit at the Royal Brompton and Harefield NHS Foundation Trust 
and Imperial College London.

Address correspondence to: Louise E. Donnelly, National Heart and Lung Institute, Dovehouse Street, Impe-
rial College London, London SW3 6LY, United Kingdom. Phone: 44.208.594.7895; Email: l.donnelly@
imperial.ac.uk.

 1. GDB Chronic Respiratory Disease Collaborators. Prevalence and attributable health burden of  chronic respiratory diseases, 
1990-2017: a systematic analysis for the Global Burden of  Disease Study 2017. Lancet Respir Med. 2020;8(6):585–596.

 2. Barnes PJ. Inflammatory mechanisms in patients with chronic obstructive pulmonary disease. J Allergy Clin Immunol. 
2016;138(1):16–27.

 3. Barnes PJ. Inflammatory endotypes in COPD. Allergy. 2019;74(7):1249–1256.
 4. Gresnigt MS, van de Veerdonk FL. Biology of  IL-36 cytokines and their role in disease. Semin Immunol. 2013;25(6):458–465.
 5. Yuan ZC, et al. Biology of  IL-36 signaling and its role in systemic inflammatory diseases. Front Immunol. 2019;10:2532.
 6. Zhou L, Todorovic V. Interleukin-36: structure, signaling and function. Adv Exp Med Biol. 2021;21:191–210.
 7. Bassoy EY, et al. Regulation and function of  interleukin-36 cytokines. Immunol Rev. 2018;281(1):169–178.
 8. Henry CM, et al. Neutrophil-derived proteases escalate inflammation through activation of  IL-36 family cytokines. Cell Rep. 

2016;14(4):708–722.
 9. Clancy DM, et al. Extracellular neutrophil proteases are efficient regulators of  IL-1, IL-33, and IL-36 cytokine activity but poor 

effectors of  microbial killing. Cell Rep. 2018;22(11):2937–2950.
 10. Stockley RA. Neutrophils and protease/antiprotease imbalance. Am J Respir Crit Care Med. 1999;160(5 pt 2):S49–S52.
 11. Gompertz S, et al. Changes in bronchial inflammation during acute exacerbations of  chronic bronchitis. Eur Respir J. 

2001;17(6):1112–1119.
 12. Kovach MA, et al. IL-36 cytokines promote inflammation in the lungs of  long-term smokers. Am J Respir Cell Mol Biol. 

2020;64(2):173–182.
 13. Li W, et al. Elevated sputum IL-36 levels are associated with neutrophil-related inflammation in COPD patients. Clin Respir J. 

2021;15(6):648–656.
 14. Moermans C, et al. Sputum IL-25, IL-33 and TSLP, IL-23 and IL-36 in airway obstructive diseases. Reduced levels of  IL-36 in 

eosinophilic phenotype. Cytokine. 2021;140:155421.
 15. Liu XG, et al. Interleukin-36 receptor antagonist alleviates airway inflammation in asthma via inhibiting the activation of  inter-

leukin-36 pathway. Int Immunopharmacol. 2020;81:106200.
 16. Aoyagi T, et al. IL-36 receptor deletion attenuates lung injury and decreases mortality in murine influenza pneumonia. Mucosal 

https://doi.org/10.1172/jci.insight.155581
mailto://l.donnelly@imperial.ac.uk
mailto://l.donnelly@imperial.ac.uk
https://doi.org/10.1016/S2213-2600(20)30105-3
https://doi.org/10.1016/S2213-2600(20)30105-3
https://doi.org/10.1016/j.jaci.2016.05.011
https://doi.org/10.1016/j.jaci.2016.05.011
https://doi.org/10.1016/j.smim.2013.11.003
https://doi.org/10.3389/fimmu.2019.02532
https://doi.org/10.1111/imr.12610
https://doi.org/10.1016/j.celrep.2015.12.072
https://doi.org/10.1016/j.celrep.2015.12.072
https://doi.org/10.1016/j.celrep.2018.02.062
https://doi.org/10.1016/j.celrep.2018.02.062
https://doi.org/10.1183/09031936.01.99114901
https://doi.org/10.1183/09031936.01.99114901
https://doi.org/10.1111/crj.13338
https://doi.org/10.1111/crj.13338
https://doi.org/10.1016/j.cyto.2021.155421
https://doi.org/10.1016/j.cyto.2021.155421
https://doi.org/10.1016/j.intimp.2020.106200
https://doi.org/10.1016/j.intimp.2020.106200
https://doi.org/10.1038/mi.2016.107


1 7

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(15):e155581  https://doi.org/10.1172/jci.insight.155581

Immunol. 2017;10(4):1043–1055.
 17. Aoyagi T, et al. Interleukin-36γ and IL-36 receptor signaling mediate impaired host immunity and lung injury in cytotoxic Pseu-

domonas aeruginosa pulmonary infection: role of  prostaglandin E2. PLoS Pathog. 2017;13(11):e1006737.
 18. Wein AN, et al. IL-36γ protects against severe influenza infection by promoting lung alveolar macrophage survival and limiting 

viral replication. J Immunol. 2018;201(2):573–582.
 19. Koss CK, et al. IL36 is a critical upstream amplifier of  neutrophilic lung inflammation in mice. Commun Biol. 2021;4(1):172.
 20. Chustz RT, et al. Regulation and function of  the IL-1 family cytokine IL-1F9 in human bronchial epithelial cells. Am J Respir 

Cell Mol Biol. 2011;45(1):145–153.
 21. Gresnigt MS, et al. The IL-36 receptor pathway regulates Aspergillus fumigatus-induced Th1 and Th17 responses. Eur J Immu-

nol. 2013;43(2):416–426.
 22. Bafadhel M, et al. Aspergillus fumigatus during stable state and exacerbations of  COPD. Eur Respir J. 2014;43(1):64–71.
 23. Wrench C, et al. Reduced clearance of  fungal spores by chronic obstructive pulmonary disease GM-CSF- and M-CSF-derived 

macrophages. Am J Respir Cell Mol Biol. 2018;58(2):271–273.
 24. Zhang J, et al. IL-36 induces cytokine IL-6 and chemokine CXCL8 expression in human lung tissue cells: implications for 

pulmonary inflammatory responses. Cytokine. 2017;99:114–123.
 25. Marrakchi S, et al. Interleukin-36-receptor antagonist deficiency and generalized pustular psoriasis. N Engl J Med. 

2011;365(7):620–628.
 26. Bachelez H, et al. Inhibition of  the interleukin-36 pathway for the treatment of  generalized pustular psoriasis. N Engl J Med. 

2019;380(10):981–983.
 27. Traves SL, et al. Increased levels of  the chemokines GROalpha and MCP-1 in sputum samples from patients with COPD. 

Thorax. 2002;57(7):590–595.
 28. Schulz C, et al. Expression and release of  interleukin-8 by human bronchial epithelial cells from patients with chronic obstruc-

tive pulmonary disease, smokers, and never-smokers. Respiration. 2003;70(3):254–261.
 29. Barnes PJ. The cytokine network in chronic obstructive pulmonary disease. Am J Respir Cell Mol Biol. 2009;41(6):631–638.
 30. Koo HK, et al. Small airways disease in mild and moderate chronic obstructive pulmonary disease: a cross-sectional study. Lan-

cet Respir Med. 2018;6(8):591–602.
 31. Russell RE, et al. Release and activity of  matrix metalloproteinase-9 and tissue inhibitor of  metalloproteinase-1 by alveolar 

macrophages from patients with chronic obstructive pulmonary disease. Am J Respir Cell Mol Biol. 2002;26(5):602–609.
 32. Churg A, et al. Series “matrix metalloproteinases in lung health and disease”: matrix metalloproteinases in COPD. Eur Respir J. 

2012;39(1):197–209.
 33. Karvonen HM, et al. Myofibroblast expression in airways and alveoli is affected by smoking and COPD. Respir Res. 2013;14:84.
 34. Ramadas RA, et al. IL-36α exerts pro-inflammatory effects in the lungs of  mice. PLoS One. 2012;7(9):e45784.
 35. Ramadas RA, et al. Interleukin-1 family member 9 stimulates chemokine production and neutrophil influx in mouse lungs. Am 

J Respir Cell Mol Biol. 2011;44(2):134–145.
 36. Churg A, Wright JL. Proteases and emphysema. Curr Opin Pulm Med. 2005;11(2):153–159.
 37. Ainscough JS, et al. Cathepsin S is the major activator of  the psoriasis-associated proinflammatory cytokine IL-36γ. Proc Natl 

Acad Sci U S A. 2017;114(13):E2748–E2757.
 38. Keatings VM, et al. Differences in interleukin-8 and tumor necrosis factor-alpha in induced sputum from patients with chronic 

obstructive pulmonary disease or asthma. Am J Respir Crit Care Med. 1996;153(2):530–534.
 39. Parsanejad R, et al. Distinct regulatory profiles of  interleukins and chemokines in response to cigarette smoke condensate in 

normal human bronchial epithelial (NHBE) cells. J Interferon Cytokine Res. 2008;28(12):703–712.
 40. Zhou L, et al. Quantitative ligand and receptor binding studies reveal the mechanism of  interleukin-36 (IL-36) pathway activa-

tion. J Biol Chem. 2018;293(2):403–411.
 41. Weinstein AM, et al. Association of  IL-36γ with tertiary lymphoid structures and inflammatory immune infiltrates in human 

colorectal cancer. Cancer Immunol Immunother. 2019;68(1):109–120.
 42. Lv ZL, et al. Integrative genomic analysis of interleukin-36RN and its prognostic value in cancer. Mol Med Rep. 2016;13(2):1404–1412.
 43. Wang P, et al. IL-36 promotes anti-viral immunity by boosting sensitivity to IFN-α/β in IRF1 dependent and independent man-

ners. Nat Commun. 2019;10(1):4700.
 44. Vareille M, et al. The airway epithelium: soldier in the fight against respiratory viruses. Clin Microbiol Rev. 2011;24(1):210–229.
 45. Wedzicha JA, Donaldson GC. Exacerbations of  chronic obstructive pulmonary disease. Respir Care. 2003;48(12):1204–1213.
 46. Dietrich D, et al. Interleukin-36 potently stimulates human M2 macrophages, Langerhans cells and keratinocytes to produce 

pro-inflammatory cytokines. Cytokine. 2016;84:88–98.
 47. Scheibe K, et al. Inhibiting interleukin 36 receptor signaling reduces fibrosis in mice with chronic intestinal inflammation. 

Gastroenterology. 2019;156(4):1082–1097.
 48. Sun Y, et al. IL-36 induces inflammation and collagen deposition in the lung. Cytokine. 2013;63(3):303.
 49. Inui T, et al. Bronchial epithelial cells produce CXCL1 in response to LPS and TNFα: a potential role in the pathogenesis of  

COPD. Exp Lung Res. 2018;44(7):323–331.
 50. Shieh JM, et al. CXCL1 regulation in human pulmonary epithelial cells by tumor necrosis factor. Cell Physiol Biochem. 

2014;34(4):1373–1384.
 51. Lo HM, et al. TNF-α induces CXCL1 chemokine expression and release in human vascular endothelial cells in vitro via two 

distinct signaling pathways. Acta Pharmacol Sin. 2014;35(3):339–350.
 52. Dunne AE, et al. Direct inhibitory effect of  the PDE4 inhibitor roflumilast on neutrophil migration in chronic obstructive pul-

monary disease. Am J Respir Cell Mol Biol. 2019;60(4):445–453.
 53. Sapey E, et al. Behavioral and structural differences in migrating peripheral neutrophils from patients with chronic obstructive 

pulmonary disease. Am J Respir Crit Care Med. 2011;183(9):1176–1186.
 54. Martinon F, et al. The inflammasome: a molecular platform triggering activation of  inflammatory caspases and processing of  

proIL-beta. Mol Cell. 2002;10(2):417–426.
 55. Taylor AE, et al. Defective macrophage phagocytosis of  bacteria in COPD. Eur Respir J. 2010;35(5):1039–1047.

https://doi.org/10.1172/jci.insight.155581
https://doi.org/10.1038/mi.2016.107
https://doi.org/10.1371/journal.ppat.1006737
https://doi.org/10.1371/journal.ppat.1006737
https://doi.org/10.4049/jimmunol.1701796
https://doi.org/10.4049/jimmunol.1701796
https://doi.org/10.1038/s42003-021-01703-3
https://doi.org/10.1165/rcmb.2010-0075OC
https://doi.org/10.1165/rcmb.2010-0075OC
https://doi.org/10.1002/eji.201242711
https://doi.org/10.1002/eji.201242711
https://doi.org/10.1183/09031936.00162912
https://doi.org/10.1165/rcmb.2017-0351LE
https://doi.org/10.1165/rcmb.2017-0351LE
https://doi.org/10.1016/j.cyto.2017.08.022
https://doi.org/10.1016/j.cyto.2017.08.022
https://doi.org/10.1056/NEJMoa1013068
https://doi.org/10.1056/NEJMoa1013068
https://doi.org/10.1056/NEJMc1811317
https://doi.org/10.1056/NEJMc1811317
https://doi.org/10.1136/thorax.57.7.590
https://doi.org/10.1136/thorax.57.7.590
https://doi.org/10.1159/000072006
https://doi.org/10.1159/000072006
https://doi.org/10.1165/rcmb.2009-0220TR
https://doi.org/10.1016/S2213-2600(18)30196-6
https://doi.org/10.1016/S2213-2600(18)30196-6
https://doi.org/10.1165/ajrcmb.26.5.4685
https://doi.org/10.1165/ajrcmb.26.5.4685
https://doi.org/10.1183/09031936.00121611
https://doi.org/10.1183/09031936.00121611
https://doi.org/10.1186/1465-9921-14-84
https://doi.org/10.1371/journal.pone.0045784
https://doi.org/10.1165/rcmb.2009-0315OC
https://doi.org/10.1165/rcmb.2009-0315OC
https://doi.org/10.1097/01.mcp.0000149592.51761.e3
https://doi.org/10.1164/ajrccm.153.2.8564092
https://doi.org/10.1164/ajrccm.153.2.8564092
https://doi.org/10.1089/jir.2008.0139
https://doi.org/10.1089/jir.2008.0139
https://doi.org/10.1074/jbc.M117.805739
https://doi.org/10.1074/jbc.M117.805739
https://doi.org/10.1007/s00262-018-2259-0
https://doi.org/10.1007/s00262-018-2259-0
https://doi.org/10.3892/mmr.2015.4667
https://doi.org/10.1038/s41467-019-12318-y
https://doi.org/10.1038/s41467-019-12318-y
https://doi.org/10.1128/CMR.00014-10
https://doi.org/10.1016/j.cyto.2016.05.012
https://doi.org/10.1016/j.cyto.2016.05.012
https://doi.org/10.1053/j.gastro.2018.11.029
https://doi.org/10.1053/j.gastro.2018.11.029
https://doi.org/10.1080/01902148.2018.1520936
https://doi.org/10.1080/01902148.2018.1520936
https://doi.org/10.1159/000366344
https://doi.org/10.1159/000366344
https://doi.org/10.1038/aps.2013.182
https://doi.org/10.1038/aps.2013.182
https://doi.org/10.1165/rcmb.2018-0065OC
https://doi.org/10.1165/rcmb.2018-0065OC
https://doi.org/10.1164/rccm.201008-1285OC
https://doi.org/10.1164/rccm.201008-1285OC
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1183/09031936.00036709


1 8

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(15):e155581  https://doi.org/10.1172/jci.insight.155581

 56. Yanagisawa S, et al. Decreased serum sirtuin-1 in COPD. Chest. 2017;152(2):343–352.
 57. Culpitt SV, et al. Impaired inhibition by dexamethasone of  cytokine release by alveolar macrophages from patients with chronic 

obstructive pulmonary disease. Am J Respir Crit Care Med. 2003;167(1):24–31.
 58. Pin I, et al. Use of  induced sputum cell counts to investigate airway inflammation in asthma. Thorax. 1992;47(1):25–29.
 59. Costa C, et al. CXCR3 and CCR5 chemokines in induced sputum from patients with COPD. Chest. 2008;133(1):26–33.
 60. Thwaites RS, et al. Absorption of  nasal and bronchial fluids: precision sampling of  the human respiratory mucosa and laborato-

ry processing of  samples. J Vis Exp. 2018;(131):56413.
 61. Jha A, et al. Increased nasal mucosal interferon and CCL13 response to a TLR7/8 agonist in asthma and allergic rhinitis. J Allergy 

Clin Immunol. 2021;147(2):694–703.
 62. Habibi MS, et al. Neutrophilic inflammation in the respiratory mucosa predisposes to RSV infection. Science. 

2020;370(6513):undefined.
 63. Morton B, et al. Distinct clinical and immunological profiles of  patients with evidence of  SARS-CoV-2 infection in sub-Saharan 

Africa. Nat Commun. 2021;12(1):3554.
 64. Belchamber KBR, et al. Defective bacterial phagocytosis is associated with dysfunctional mitochondria in COPD macrophages. 

Eur Respir J. 2019;54(4):1802244.
 65. Smith SJ, et al. Discovery of  BRL 50481 [3-(N,N-dimethylsulfonamido)-4-methyl-nitrobenzene], a selective inhibitor of  

phosphodiesterase 7: in vitro studies in human monocytes, lung macrophages, and CD8+ T-lymphocytes. Mol Pharmacol. 
2004;66(6):1679–1689.

 66. Baker JR, et al. Oxidative stress dependent microRNA-34a activation via PI3K alpha reduces the expression of  sirtuin-1 and 
sirtuin-6 in epithelial cells. Sci Rep. 2016;6:35871.

 67. Ding L, et al. A lung tissue bank for gene expression studies in chronic obstructive pulmonary disease. COPD. 2004;1(2):191–204.

https://doi.org/10.1172/jci.insight.155581
https://doi.org/10.1016/j.chest.2017.05.004
https://doi.org/10.1164/rccm.200204-298OC
https://doi.org/10.1164/rccm.200204-298OC
https://doi.org/10.1136/thx.47.1.25
https://doi.org/10.1378/chest.07-0393
https://doi.org/10.1016/j.jaci.2020.07.012
https://doi.org/10.1016/j.jaci.2020.07.012
https://doi.org/10.1038/s41467-021-23267-w
https://doi.org/10.1038/s41467-021-23267-w
https://doi.org/10.1183/13993003.02244-2018
https://doi.org/10.1183/13993003.02244-2018
https://doi.org/10.1124/mol.104.002246
https://doi.org/10.1124/mol.104.002246
https://doi.org/10.1124/mol.104.002246
https://doi.org/10.1038/srep35871
https://doi.org/10.1038/srep35871
https://doi.org/10.1081/COPD-120039810

