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Abstract

Pulmonary emphysema is the major debilitating component of chronic obstructive 

pulmonary disease (COPD), which is a leading cause of morbidity and mortality 

worldwide. The ADAM17 protease mediates inflammation via ectodomain shedding 

of numerous pro-inflammatory cytokines, cytokine receptors and adhesion molecules, 

however, its role in the pathogenesis of emphysema and COPD is poorly understood. 

This study aims to define the role of the protease ADAM17 in the pathogenesis of 

pulmonary emphysema. ADAM17 protein expression and activation was investigated 

in lung biopsies from emphysema patients, as well as lungs of the emphysematous 

gp130F/F mouse model and an acute (4 day) cigarette smoke (CS)-induced lung 

pathology model. The Adam17ex/ex mice, which display significantly reduced global 

ADAM17 expression, were coupled with emphysema-prone gp130F/F mice to produce 

gp130F/F:Adam17ex/ex. Both Adam17ex/ex and WT mice were subjected to acute CS 

exposure. Histological, immunohistochemical, immunofluorescence and molecular 

analyses, as well as lung function tests, were performed to assess pulmonary 

emphysema, inflammation and alveolar cell apoptosis. ADAM17 was 

hyperphosphorylated in the lungs of emphysema patients, and also emphysematous 

gp130F/F and CS-exposed mice. ADAM17 deficiency ameliorated the development of 

pulmonary emphysema in gp130F/F mice by suppressing elevated alveolar cell 

apoptosis. In addition, genetic blockade of ADAM17 protected mice from CS-induced 

pulmonary inflammation and alveolar cell apoptosis. Our study places the protease 

ADAM17 as a central molecular switch implicated in the development of pulmonary 
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emphysema, which paves the way for using ADAM17 inhibitors as potential 

therapeutic agents to treat COPD and emphysema.

Keywords: ADAM17, COPD, emphysema, cigarette smoking, inflammation, 

apoptosis.
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Introduction

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death 

worldwide, and imposes a substantial economic burden on healthcare systems, owing 

to the fact that existing pharmacological agents have failed to definitively improve the 

long-term decline in lung function for COPD patients (1, 2). COPD is characterised by 

progressive and persistent airflow limitation, and comprises a diverse group of lung 

pathologies with disparate clinical presentations, mainly chronic bronchitis and 

emphysema (3). While bronchitis is an inflammatory condition of the large airways, 

emphysema is a debilitating disease of the distal airways and lung parenchyma in 

which distal air spaces are permanently enlarged, alveolar tissue is irreversibly 

destructed, elastic supporting tissues are lost, and subsequently gas exchange area is 

reduced (1, 3). Cigarette smoking is a major risk factor for COPD, with numerous 

pathophysiologic mechanisms contributing to the development of disease, including 

oxidative stress, inflammation, extracellular matrix proteolysis, and alveolar cell death 

(2, 3). However, the full spectrum of molecular drivers of disease that promote these 

disease-associated cellular processes remains to be elucidated.

A Disintegrin and Metalloproteinase 17 (ADAM17), also known as tumour necrosis 

factor-α (TNFα)-converting enzyme (TACE), mediates the protease-driven 

ectodomain shedding of more than 80 membrane-tethered cytokines, growth factors, 

adhesion molecules and cell surface receptors, including TNFα, several epidermal 

growth factor (EGF) receptor family ligands, TNF receptors (TNFR1 and TNFR2) and 

the soluble interleukin-6 receptor (sIL-6R), the latter of which drives the pro-

inflammatory and pro-emphysematous IL-6 trans-signalling (4-7). The regulation of 
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ADAM17 shedding activity is a complex process which requires ADAM17 to undergo 

extensive post-translational modifications including maturation, phosphorylation 

and trafficking (5-8). ADAM17 is synthesized as a catalytically inactive precursor 

which requires the furin protease to cleave off its inhibitory N-terminal prodomain, 

resulting in a catalytically active mature form of ADAM17 (5-7). Threonine 

phosphorylation of the cytoplasmic domain of ADAM17 at residue 735 (pThr735) has 

also been shown to enhance ADAM17 shedding activity (5-7). ADAM17 threonine 

phosphorylation is mediated via the mitogen-activated protein kinases (MAPKs), 

including extracellular-signal-regulated kinase (ERK) and p38 MAPK, and Src-

dependent protein kinase Cε (PKCε) mechanism (9-15). 

ADAM17 is ubiquitously expressed in lung tissues (12, 16), and its up-regulated 

expression and/or activity is a feature of several animal models of lung diseases, 

including asthma, COPD, lung cancer and endotoxin-induced acute lung injury (4, 12, 

17-21). Interestingly, we have previously reported that up-regulated production of the 

processed ADAM17 substrate, sIL-6R, promotes the onset of emphysematous changes 

in the lungs of the gp130F/F spontaneous genetic mouse model, as well as cigarette 

smoke (CS)-induced emphysema mouse models, consistent with a disease-promoting 

role for ADAM17 (4). By contrast, Mx1-Cre-driven ablation of ADAM17 in 

hematopoietic cells has been reported to exacerbate elastase-induced emphysema in 

mice, suggesting that ADAM17 expression in hematopoietic-derived immune cells 

may protect against emphysema in this model (20). To address this major knowledge 

gap in our fundamental understanding of the casual role for ADAM17 in the 

development of pulmonary emphysema, here we couple global ADAM17 deficiency, 
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using Adam17ex/ex mice (22), with the gp130F/F spontaneous and acute CS-induced 

emphysema mouse models. Notably, ADAM17 was hyperactivated in the lungs of 

these preclinical emphysema models, as well as in the lungs of emphysema patients. 

Furthermore, ADAM17 deficiency in Adam17ex/ex mice ameliorated the 

emphysematous changes, in particular via suppressing the elevated alveolar cell 

apoptosis, in the lung epithelium of both models. Collectively, our findings suggest 

that over-activation of ADAM17 in the lung augments apoptosis of the alveolar 

epithelium, leading to emphysema. Therefore, ADAM17 targeting presents as a 

potential new treatment strategy for emphysematous COPD patients.

Methods

Human lung biopsies

Human lung tissues were collected from solitary peripheral carcinoma patients 

undergoing resection surgery with either no evidence of COPD or mild-moderate 

COPD, as defined by pulmonary function tests (forced expiratory volume in one 

second (FEV1), gas exchange) [Supplementary Table 1]. Biopsies were taken from 

areas of lung distal to the primary lesion and with no histological evidence of 

neoplasia. Tumour-free tissues from the subpleural parenchyma were fixed in 10% 

neutral buffered formalin, embedded in paraffin for sectioning and histological 

analyses, or snap-frozen in liquid nitrogen for molecular analyses. Written informed 

consent was obtained from patients prior to tissue collection. Studies were approved 

by the Monash Health Human Research Ethics Committee.
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Mouse experiments

Emphysema-prone gp130F/F mice were coupled with Adam17ex/ex mice, which harbour 

the hypomorphic Adam17ex alleles and display significantly reduced global ADAM17 

expression, to produce gp130F/F:Adam17ex/ex mice (4, 12, 22-25). Mice were housed 

under specific pathogen-free conditions. Age-matched gp130+/+:Adam17+/+ littermates 

were used as wild-type controls (WT). Experiments were approved by the Monash 

University Animal Ethics Committee.

Exposure to cigarette smoke (CS)

6-week old Adam17+/+ (WT) and Adam17ex/ex mice were subjected to whole-body acute 

exposure to either CS or air (sham controls) for 4 days, as previously described (4, 24).

Tissue Collection and Sampling

Collection of mouse lungs and quantification of airspace enlargement using the mean 

linear intercept (MLI) technique as previously published (4, 23-25). 

Pulmonary function test

The assessment of lung function on anesthetized mice was performed using the 

FlexiVent system (SCIREQ, Canada) as reported previously (4, 23-25).

Stereology

Lung stereology was performed on methylene blue–stained tissue sections as reported 

previously (4, 23-25).
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Immunohistochemistry 

Formalin-fixed, paraffin-embedded (FFPE) human lung sections were stained with 

antibodies against pThr735-ADAM17 (Sigma, USA). Mouse lung FFPE sections were 

subjected to immunohistochemistry with the following antibodies: pThr735-ADAM17 

(Sigma, USA), CD45, B220 (BD Biosciences, USA), pThr180/pTyr182-p38 MAPK, 

pThr202/pTyr204-ERK1/2 (Cell Signaling Technology, USA), pS729-PKCε and F4/80 

(Abcam, UK). Cellular apoptosis was determined by the terminal deoxynucleotidyl 

transferase (tdT)-mediated dUDP nick-end labeling (TUNEL) technique using the 

ApopTag Peroxidase In Situ Apoptosis Detection kit (Millipore, USA). To quantify 

cellular staining, digital images of photomicrographs (60× high-power fields) were 

viewed using Image J software (4, 12, 24). Positive-staining cells were counted 

manually (n = 20 fields). 

Immunofluorescence

See the online supplement for further details.

ELISA and Immunoblotting

IL-6R levels were measured in serum and bronchoalveolar lavage fluid (BALF) using 

mouse IL-6R ELISA sets purchased from R&D Systems (Minneapolis, USA). Total 

protein lysates were subjected to immunoblotting. Protein bands were visualized 

using the Odyssey Infrared Imaging System (LI-COR, USA) and quantified using 

Image J. See the online supplement for details of the antibodies used.

RNA isolation and gene expression analysis

See the online supplement for further details.
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Statistical analyses

All statistical analyses were performed using GraphPad Prism, version 8.0 (La Jolla, 

USA). Where appropriate, Student’s t test or one-way ANOVA were used to 

determine differences between groups. P < 0.05 was considered statistically 

significant. Data are expressed as the mean ± SEM.

Results

ADAM17 threonine phosphorylation (pThr735) is a hallmark of human pulmonary 

emphysema 

To investigate the role of ADAM17 in the pathogenesis of pulmonary emphysema, we 

firstly assessed ADAM17 protein expression in human lung tissues from disease-free 

and emphysema patients as defined by pulmonary lung function tests (FEV1, gas 

exchange) [Supplementary Table 1]. Our data show that the expression of both pro 

and mature forms of ADAM17 protein was unchanged in the lungs of 

emphysematous patients compared to their disease-free counterparts [Figure 1A and 

B]. Immunofluorescence analysis of lung sections from emphysema patients revealed 

that ADAM17 is detected in the epithelial compartment expressing the epithelial cell 

marker E-cadherin including the SPC-producing alveolar cells type II (AT2), as well 

as CD45+ inflammatory cells including F4/80+ lung macrophages [Figure 1C]. Since 

ADAM17 phosphorylation at Thr735 plays an important role in controlling ADAM17 

shedding activity (5, 11, 12, 14), we sought to assess the ADAM17 activation status in 

our cohort of emphysema patients. Immunoblotting and immunohistochemistry 

analysis revealed that pThr735-ADAM17 is expressed in epithelial, immune and 
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stromal lung cells and the number of pThr735-ADAM17-positive cells was enhanced 

by 1.9-fold in the lungs of patients with emphysema (43.26 ± 6.63 cells/HPF) 

compared non-emphysematous patients (22.95 ± 4.58 cells/HPF) [Figure 1A, D and 

E]. Therefore, these data suggest that proteolytically active ADAM17 may play a 

crucial role in the pathogenesis of pulmonary emphysema.

Enhanced ADAM17 threonine phosphorylation in the lungs of emphysematous 

gp130F/F mice

We next evaluated the expression and activation status of ADAM17 in the lungs of the 

gp130F/F spontaneous emphysema mouse model (4, 25). Consistent with our human 

findings, immunofluorescence analysis confirmed that ADAM17 is expressed in the 

epithelial and the immune compartments in the lungs of the gp130F/F mouse model 

[Supplementary Figure 1A]. ADAM17 protein levels did not change in the lungs of 

gp130F/F mice compared to their disease-free WT control counterparts either at the pre-

emphysematous 3-month old age group [Supplementary Figure 1B and C] or at the 

emphysematous 6-month old age group [Figure 2A and B]. However, there was a 

significant 3.5-fold and 3-fold increase in pThr735-ADAM17 protein levels in the lungs 

of gp130F/F mice compared to their WT controls at both 3 months of age 

[Supplementary Figure 1D and E] and 6 months of age [Figure 2C, D and 

Supplementary Figure 2A], respectively. Since ADAM17 Thr735 phosphorylation is 

mediated via p38 MAPK, ERK1/2 MAPK and Src-dependent PKCε mechanisms (9-

14), we assessed the phosphorylation (i.e. activation) status of these signalling 

mediators in the lungs of gp130F/F mice. Our results demonstrate that while the 

activation of p38 and ERK1/2 MAPKs were significantly impaired in the lungs of the 
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gp130F/F mice compared to WT mice, particularly because the Y757F knock-in 

mutation abolishes gp130-dependent SHP2-mediated MAPK activation (26), the Src-

dependent PKCε pathway was shown to be enhanced in the lungs of emphysematous 

gp130F/F mice at 6 months of age [Figure 2E, F and Supplementary Figure 2B-G]. 

Taken together, these data suggest that ADAM17 is likely to be preferentially 

activated via Src/PKCε-dependent signalling in the lung during emphysema.

ADAM17 deficiency ameliorates the development of emphysematous changes in 

the gp130F/F mouse model

To define a causal role for ADAM17 in the pathogenesis of pulmonary emphysema, 

we coupled the Adam17ex/ex mice, which exhibit significantly reduced levels of 

ADAM17 protein expression in the lung [Figure 3A], with the emphysematous 

gp130F/F mouse model to generate gp130F/F:Adam17ex/ex mice. Impaired serum levels 

of the processed ADAM17 substrate sIL-6R, previously implicated in emphysema 

disease pathogenesis (4), were confirmed in gp130F/F:Adam17ex/ex mice compared to 

gp130F/F controls [Figure 3B], consistent with diminished proteolytic activity of 

ADAM17 in gp130F/F:Adam17ex/ex mice. Notably, ADAM17 deficiency in 6-month old 

gp130F/F:Adam17ex/ex mice ameliorated the development of the emphysematous 

changes in alveolar lung architecture compared to the enlarged distal airway spaces 

and alveolar destruction, measured as alveolar mean linear intercept (MLI), that were 

observed in the lungs of age-matched gp130F/F mice (4, 23-25) [Figure 3C and D]. 

Furthermore, the elevated static compliance and lung volume that are characteristic 

of emphysematous gp130F/F mouse lungs were suppressed in gp130F/F:Adam17ex/ex 

mice [Figure 3E and F]. Moreover, stereological analyses revealed that, in lungs of the 
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gp130F/F mice, significant increases in the volume fractions of airspaces within 

parenchyma tissue, as well as per lung at 6 months of age were detected [Table 1]. 

These findings are consistent with reductions in the volume fraction, volume, and 

surface density of alveolar septal tissue within the lung parenchyma of gp130F/F mice 

at 6 months of age [Table 1], reflecting loss of alveolar tissue in the lung parenchyma 

as a result emphysematic morphological changes. Furthermore, the stereological 

assessment of gp130F/F:Adam17ex/ex murine lungs revealed that stereological 

parameters, such as volume fractions of alveolar septal tissue and surface density 

within the lung parenchyma, and the volume of airspaces and septal tissues in the 

lung, were comparable to wild-type levels at 6 month of age [Table 1]. Collectively, 

these data suggest that ADAM17 plays a central role in the development of lung 

emphysema.

Genetic deletion of ADAM17 diminished alveolar cell apoptosis in gp130F/F mice

Alveolar cell apoptosis is a key characteristic feature of emphysema pathogenesis in 

human patients and in emphysema animal models (4, 23-25, 27-32). We therefore 

assessed alveolar cell apoptosis by performing TUNEL staining on lung sections, as 

well as immunofluorescence analysis of lung sections to assess apoptotic alveolar type 

II (AT2) cells co-expressing the AT2 marker surfactant protein-C (SPC) and cleaved 

caspase-3. Diminished levels of alveolar cell apoptosis was indeed evident in the lungs 

of gp130F/F:Adam17ex/ex mice as indicated by a significant 60.8% reduction in the 

number of TUNEL-positive cells and 43.9% reduction in the number of AT2 cells 

expressing cleaved caspase-3 compared to gp130F/F mice [Figure 4A-D]. Notably, the 

number of SPC-positive cells were significantly higher in the lungs of 
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gp130F/F:Adam17ex/ex mice [Figure 4E]. In contrast, immunohistochemical staining for 

the pan-leukocyte (i.e. immune/inflammatory cell) marker (CD45), the macrophage 

marker (F4/80) and the B-cell marker (B220) indicated unchanged levels of CD45+, 

F4/80+ and B220+ inflammatory cell infiltrates in the lungs of the gp130F/F:Adam17ex/ex 

mice, suggesting unaltered levels of these inflammatory cells in the lung [Figure 4F, 

G and Supplementary Figure 3]. Taken together, these results suggest that ADAM17 

promotes lung emphysema via inducing alveolar cell apoptosis.

Acute cigarette smoke (CS) induces ADAM17 threonine phosphorylation in the 

lungs of mice

We next assessed whether our discovery of the pivotal role of ADAM17 in the 

pathogenesis of spontaneous emphysema in gp130F/F mice also applied to CS-induced 

lung pathology. For this purpose, WT and Adam17ex/ex (diminished levels of ADAM17 

and sIL-6R [Figure 5A-C]) mice were subjected to acute CS exposure (4 days). 

Consistent with our clinical data and the preclinical gp130F/F model, levels of 

ADAM17 protein were unchanged in the lungs of CS-exposed WT mice compared to 

their air-exposed controls (sham) [Figure 5A and B]. Furthermore, there was a 

significant 2.4-fold increase in pThr735-ADAM17 protein levels in the lungs of CS-

exposed mice compared to their sham counterparts [Figure 5D, E, and 

Supplementary Figure 4A]. Similar to the mechanistic findings observed in the lungs 

of emphysematous gp130F/F mice, immunoblot and immunohistochemical analysis of 

signalling pathways implicated in ADAM17 threonine phosphorylation 

demonstrated that activation of PKCε, but not p38 and ERK1/2 MAPKs, was 

significantly induced in the lungs of CS-exposed mice (with a slight, albeit 
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insignificant, increase in Src activation) [Figure 5F, G and Supplementary Figure 4B-

G]. Therefore, these observations underpin the notion that PKCε is likely to play a 

prominent role as a phosphorylating kinase responsible for ADAM17 activation in 

emphysema. 

ADAM17 mediates CS-induced lung apoptotic and inflammatory changes 

We have previously reported that acute (4 day) exposure of WT mice to CS induces 

key cellular features of emphysema and COPD, namely alveolar cell apoptosis and 

pulmonary inflammation (4, 24). We therefore next investigated the effect of ADAM17 

deficiency on alveolar apoptotic changes and lung inflammatory responses instigated 

by acute CS exposure. As shown in Figure 6A-D, immunohistochemistry and 

immunofluorescence analyses indicated that the lungs of WT mice exposed to CS 

displayed enhanced numbers of TUNEL-positive cells and AT2 cells (SPC-positive) 

expressing cleaved caspase-3 compared to their Sham air exposed controls. By 

contrast, in the lungs of CS exposed Adam17ex/ex mice, the numbers of TUNEL-positive 

cells and dual SPC- and cleaved caspase-3-positive apoptotic AT2 cells were 

comparable to Sham air exposed Adam17ex/ex controls, and were significantly reduced 

compared to corresponding WT mice subjected to acute CS [Figure 6A-D]. 

Furthermore, acute CS exposure instigated lung inflammatory responses in WT mice 

as indicated by increased numbers of CD45+ immune cells [Figure 7A and B], along 

with enhanced mRNA levels of inflammatory-related genes, including Il17a, Tnfa, Il1b, 

Cxcl1, Cxcl2 and Ccl2 [Figure 7C]. By contrast, these inflammatory responses were 

ameliorated in the lungs of the Adam17ex/ex mice subjected to CS [Figure 7A-C and 
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Supplementary Figure 5]. Taken together, these findings place the ADAM17 protease 

as a key mediator of CS-induced lung pathology.

Discussion

Developing effective treatments for COPD and its major debilitating component, 

pulmonary emphysema, requires an understanding of how alterations at the 

molecular level affect lung macroscopic architecture. In this regard, we provide in vivo 

evidence implicating the protease ADAM17 as a pivotal molecular switch that 

orchestrates pulmonary emphysema, thus evoking the therapeutic potential of 

ADAM17 inhibition in the management of COPD. Our research demonstrates that 

ADAM17 Thr735 hyperphosphorylation is a hallmark of both emphysematous COPD 

patients and preclinical animal models of pulmonary emphysema. Moreover, the 

genetic targeting of ADAM17 using hypomorphic Adam17ex/ex mice ameliorates the 

onset of emphysematous changes in the lungs of both gp130F/F and acute CS-induced 

mouse disease models, with a common feature of ADAM17 deficiency being the 

suppression of the emphysematous changes in lung function and architecture 

coincident with reduced alveolar cell death. 

COPD and pulmonary emphysema are important risk factors for the development of 

lung cancer, the leading cause of cancer-related mortality worldwide (33-35). 

Moreover, despite the disparate cellular nature of COPD and lung cancer, which have 

a common disease association with chronic CS exposure, their genesis and 

progression is believed to involve multiple, yet overlapping, mechanisms including 

chronic inflammation, oxidative stress, deregulated cellular apoptosis, and 

Page 15 of 54

 AJRCMB Articles in Press. Published November 12, 2020 as 10.1165/rcmb.2020-0214OC 
 Copyright © 2020 by the American Thoracic Society 



heightened protease activity (36). For example, chronic inflammation through the 

release of cytokines and inflammatory mediators, such as reactive oxygen species 

which are upregulated in emphysematous lung cancer patients, may be an important 

player in lung tumour pathogenesis in COPD patients (37-41). Moreover, CS triggers 

oncogenic pathways such as Src/KRAS/RAF/MAPK, which has been suggested to 

be a key link between COPD and lung cancer development (42). In this regard, 

ADAM17 is a pivotal orchestrator of inflammation and tumourigenesis, and its 

activation is regulated via multiple cytokines, growth factors, reactive oxygen species, 

signalling pathways and noxious stimuli including CS and CS-related carcinogens (5, 

6). Notably, ADAM17 is hyperphosphorylated in the lungs of cancer patients and 

animal models of lung cancer, and CS and CS-associated carcinogens have been 

shown to induce ADAM17 phosphorylation and its shedding activity (11, 12, 19). 

Therefore, our demonstration here that ADAM17 is also hyperphosphorylated in the 

lungs of COPD patients, as well as animal models of pulmonary emphysema and 

acute CS-induced lung pathology, raise the notion that ADAM17 serves as a bona fide 

mechanistic link between the pathogenesis of COPD and lung cancer.

The shedding activity of ADAM17 is modulated by the reversible Thr735 

phosphorylation on its cytoplasmic domain by a series of kinases, namely p38 MAPK, 

ERK1/2 MAPK and PKCε (9, 13-15). While ERK1/2 activates ADAM17 to shed EGFR 

family ligands which promote cell proliferation, p38 MAPK has been shown to be the 

kinase primarily responsible for ADAM17 Thr735 phosphorylation that mediates 

ADAM17-driven IL-6 trans-signalling activation and lung tumourigenesis (12, 19, 43). 

Interestingly, CS exposure has been reported to induce PKCε activation via a reactive 
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oxygen species/Src-dependent mechanism, which in turn induces ADAM17 

phosphorylation and shedding activity (11, 42). Our results here in animal models of 

emphysema indicate that, while p38 and ERK1/2 MAPKs are downregulated in the 

lungs, PKCε is upregulated in the lungs in a manner coincident with elevated 

ADAM17 threonine phosphorylation, suggesting a primary role for PKCε in 

mediating ADAM17 activation in the context of pulmonary emphysema. Moreover, 

despite the emergence that phosphatases may contribute to disease pathogenesis (44), 

no phosphatases, unlike kinases, are known to modulate ADAM17 activity.

Our findings indicate that ADAM17 promotes pulmonary emphysema by inducing 

alveolar cell apoptotic changes, leading to alveolar destruction. Indeed, the role of 

ADAM17 in cellular apoptosis has been demonstrated in numerous physiological and 

pathological contexts, albeit contradictory. For instance, ADAM17 has been shown to 

promotes physiological germ cell apoptosis during the first wave of spermatogenesis, 

and ADAM17 inhibition reduced apoptotic germ cells (45). ADAM17 also promotes 

apoptotic cell processes in placental trophoblasts (46). In contrast, genetic deficiency 

of ADAM17 can enhance microglial cell death in vitro and in vivo (47). Moreover, 

ADAM17 ablation increased Helicobacter pylori-induced apoptosis in gastric epithelial 

cells  in vitro and in vivo (48). Our results indicate that ADAM17 deficiency in 

Adam17ex/ex mice protected against alveolar cell apoptosis, either induced genetically 

in gp130F/F mice or via exposure to CS. Notably, apoptotic responses in neutrophils 

have been shown to induce ADAM17 activity, resulting in extracellular shedding of 

pro-inflammatory and pro-apoptotic ADAM17 substrates (49). Taken together, these 

studies indicate that the reciprocal relationship between ADAM17 and apoptosis is 
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dependent on the cellular context, and that this relationship is constantly active in 

lung emphysema settings.

While our findings suggest that the protease ADAM17 promotes pulmonary 

emphysema, Suzuki et al., reported that Mx1-Cre-driven ablation of ADAM17 in 

hematopoietic cells exacerbates elastase-induced emphysema in mice, suggesting a 

protective role for hematopoietic-derived immune cells-expressed ADAM17 against 

emphysema in this model (20). Indeed, the use of the Mx1-Cre system to ablate 

ADAM17 in hematopoietic cells fails to address the important role of ADAM17-

expressing lung epithelial cells in emphysema, and several drawbacks associated with 

using the Mx1-Cre system have been reported. For instance, Mx1-Cre induces 

excessive generation and activation of interferon-producing dendritic cells and 

contributes to the induction of high spontaneous recombination of the floxed gene 

(50). Moreover, this discrepancy in the role of ADAM17 in emphysema could be partly 

explained by the differences in animal models used in both studies. Suzuki et al., 

induced pulmonary emphysema through intratracheal injection of porcine pancreas 

elastase which induces imbalance in lung proteolytic/anti-proteolytic activity. This 

simple installation of a proteinase in the lungs fails to reveal the upstream events that 

causes the protease/anti-protease imbalance and also lacks the variety of 

abnormalities induced by CS (51, 52). In our study, both gp130F/F and acute CS-

induced mouse emphysema models commonly mimic the alveolar apoptosis changes 

seen in human pathology, with CS recapitulating human COPD pathogenesis (51, 52). 

In conclusion, our study places the protease ADAM17 as a pivotal inducer of 

pulmonary emphysema and a central mechanistic link between CS, COPD 
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(emphysema) and lung cancer. Further studies are now warranted, including the use 

of novel proteomic methodologies incorporating mass spectrometry, to further 

identify the full ADAM17 substrate repertoire (novel or among its numerous well-

known substrates) in COPD and emphysema, which could pave the way for the 

identification of innovative therapeutic avenues to treat these lung disorders. 
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Figure legends

Figure 1: Augmented ADAM17 threonine 735 (Thr735) phosphorylation in the lungs 

of emphysema patients. A, Immunoblots of representative lysates from lung biopsies 

of normal and emphysema patients with antibodies against pThr735-ADAM17 (pA17), 

ADAM17 and Actin. The position of molecular weight markers is also shown. Each 

lane represents a lung lysate from an individual. B, Semi-quantitative densitometry of 

pThr735, pro and mature levels of ADAM17 protein (relative to Actin) in lysates from 

(A). n = 5 per group. C, Representative immunofluorescence images of lung sections 

from biopsies of emphysema patients stained with antibodies against E-cadherin (E-

Cad; red), surfactant protein C (SPC; AT2 cell marker, red), CD45 (red), F4/80 (red) 

and ADAM17 (green). DAPI nuclear staining is blue. Scale bar, 50μm. Arrowheads in 

merged images indicate dual-positive cells. D, Representative images of pThr735-

ADAM17-stained lung sections from biopsies of normal and emphysema patients. 

Scale bar, 50μm. Arrowheads indicate positive cells. E, Quantification of pThr735-

ADAM17-positive cells/high power field (HPF) in lung sections from biopsies of 

normal (n = 5) and emphysema patients (n = 8). *P<0.05, Student’s t-test. 

Figure 2: Enhanced ADAM17 activation in the lungs of gp130F/F mice. A, 

Representative immunoblots of 6-month old gp130+/+ (WT) and gp130F/F (F/F) mouse 

lung lysates with antibodies against ADAM17 and Actin. Each lane represents a lung 

lysate from an individual mouse. The position of molecular weight markers is also 

shown. Arrowhead points to non-specific bands. B, Semi-quantitative densitometry 

of pro and mature levels of ADAM17 protein (relative to Actin) in lysates from 6-

month old WT and F/F mice (n = 4 per genotype). C, Representative images of pThr735-
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ADAM17-stained lung sections from 6-month old WT and F/F mice. Scale bar, 50μm. 

Arrowheads indicate positive cells. D, Quantification of pThr735-ADAM17-positive 

cells/high power field (HPF) in lung sections from 6-month old WT and F/F mice (n 

= 5 per genotype). ***P<0.001, Student’s t-test. E, Representative immunoblots of 

individual 6-month old WT and F/F mouse lung lysates with the indicated antibodies. 

The position of molecular weight markers is also shown. F, Semi-quantitative 

densitometry of levels of pp38, pERK1/2 MAPK, pPKCε and pSrc in lysates from 6-

month old WT and F/F mice (n = 4 per genotype). *P<0.05, **P<0.01, Student’s t-test.

Figure 3: ADAM17 deficiency protects against pulmonary emphysema in gp130F/F 

mice. A, Representative immunoblots of individual 6-month old gp130F/F (F/F) and 

gp130F/F:Adam17ex/ex (F/F:ex/ex) mouse lung lysates with antibodies against 

ADAM17 and Actin. The position of molecular weight markers is also shown. 

Arrowhead points to non-specific bands. B, ELISA of sIL-6R protein levels in sera from 

6-month old gp130+/+ (WT), F/F, gp130+/+:Adam17ex/ex (WT:ex/ex) and F/F:ex/ex 

mice (n = 5 per genotype). *P<0.05, **P<0.01, ***P<0.001, One-way ANOVA. C, 

Representative images of methylene blue-stained lung sections from 6-month old WT, 

F/F, WT:ex/ex and F/F:ex/ex mice. Scale bar, 50μm. D, E and F, mean linear intercept 

(MLI) (D), lung volume (E) and Static compliance (F) of lungs from 6-month old WT, 

F/F, WT:ex/ex and F/F:ex/ex mice (n = 6 per genotype). *P<0.05, **P<0.01, 

****P<0.0001, One-way ANOVA.

Figure 4: Diminished alveolar cell apoptosis, but not pulmonary immune cell 

infiltration, in the lungs of gp130F/F:Adam17ex/ex mice. A, Representative images of 

TUNEL-stained lung sections from 6-month old gp130F/F (F/F) and 
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gp130F/F:Adam17ex/ex (F/F:ex/ex) mice. Scale bar, 50μm. Arrowheads indicate positive 

cells. B, Quantification of TUNEL-positive cells/high power field (HPF) in lung 

sections from 6-month old F/F and F/F:ex/ex mice (n = 5 per genotype). **P<0.01, 

Student’s t-test. C, Representative immunofluorescence images of lung sections from 

6-month old F/F and F/F:ex/ex mice stained with antibodies against surfactant 

protein C (SPC; AT2 cell marker, red) and the apoptotic marker cleaved caspase-3 

(green). DAPI nuclear staining is blue. Scale bar, 50μm. Arrowheads in merged images 

indicate dual-positive cells. D and E, Quantification of dual SPC- and cleaved caspase-

3-positive cells/HPF (D), and SPC-positive cells/HPF (E) in lung sections from 6-

month old F/F and F/F:ex/ex mice (n = 5 per genotype). **P<0.01, Student’s t-test. F, 

Representative images of CD45-stained lung sections from 6-month old F/F and 

F/F:ex/ex mice. Scale bar, 50μm. Arrowheads indicate positive cells. G, 

Quantification of CD45-positive cells/HPF in lung sections from 6-month old F/F and 

F/F:ex/ex mice (n = 5 per genotype).

Figure 5: CS exposure enhances ADAM17 activation in the lungs of WT mice. A, 

Representative immunoblots of individual mouse lung lysates from WT and 

Adam17ex/ex (ex/ex) mice exposed to normal air (Sham) or cigarette smoke (CS) with 

antibodies against ADAM17 and Actin. Arrowhead points to non-specific bands. B, 

Semi-quantitative densitometry of pro and mature levels of ADAM17 protein (relative 

to Actin) in lung lysates from Sham or CS exposed WT mice (n = 4 per group). C, 

ELISA of sIL-6R protein levels in BALF from WT and ex/ex exposed to CS (n = 4 per 

genotype). **P<0.01, Student’s t-test.  D, Representative images of pThr735-ADAM17-

stained lung sections from Sham or CS exposed WT mice. Scale bar, 50μm. 
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Arrowheads indicate positive cells. E, Quantification of pThr735-ADAM17-positive 

cells/high power field (HPF) in lung sections from Sham or CS exposed WT mice (n 

= 5 per genotype). **P<0.01, Student’s t-test. F, Representative immunoblots of 

individual mouse lung lysates from Sham or CS exposed WT mice with the indicated 

antibodies. G, Semi-quantitative densitometry of protein levels of pp38, pERK1/2 

MAPK, pPKCε and pSrc in lysates from Sham or CS exposed WT mice (n = 4 per 

genotype). **P<0.01, Student’s t-test.

Figure 6: ADAM17 mediates CS-induced alveolar cell apoptosis. A, Representative 

images of TUNEL-stained lung sections from WT and Adam17ex/ex (ex/ex) mice 

exposed to normal air (Sham) or cigarette smoke (CS) over 4 days. Scale bar, 50μm. 

Arrowheads indicate positive cells. B, Quantification of TUNEL-positive cells/high 

power field (HPF) in lung sections from Sham or CS exposed WT and ex/ex mice (n 

= 5 per group). *P<0.05, **P<0.01, One-way ANOVA. C, Representative 

immunofluorescence images of lung sections stained with antibodies against 

surfactant protein C (SPC; AT2 cell marker, red) and the apoptotic marker cleaved 

caspase-3 (green) from WT and ex/ex mice exposed to CS. DAPI nuclear staining is 

blue. Scale bar, 50μm. Arrowheads in merged images indicate dual-positive cells. D, 

Quantification of SPC/cleaved caspase-3-positive cells/HPF in lung sections from 

Sham or CS exposed WT and ex/ex mice (n = 5 per genotype). **P<0.01, ***P<0.001, 

One-way ANOVA.

Figure 7: ADAM17 promotes CS-induced lung immune cell infiltration and 

expression of several inflammation-related genes. A, Representative images of 

CD45-stained lung sections from WT and Adam17ex/ex (ex/ex) mice exposed to normal 
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air (Sham) or cigarette smoke (CS) over 4 days. Scale bar, 50μm. Arrowheads indicate 

positive cells. B, Quantification of CD45-positive cells/high power field (HPF) in lung 

sections from Sham or CS exposed WT and ex/ex mice (n = 5 per group). *P<0.05, 

***P<0.001, One-way ANOVA. C, qPCR expression analyses of inflammatory genes 

(normalized against 18SrRNA) in lungs from Sham or CS exposed WT and ex/ex mice 

(n = 5-6 per group). **P<0.01, ***P<0.001, ****P<0.0001, One-way ANOVA.   
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Tables

Table 1: Comparative stereological analyses of lungs from gp130+/+, gp130F/F and 

gp130F/F:Adam17ex/ex mice. Abbreviations are denoted as follows: airsp, airspace; par, 

parenchyma; S, surface area; sep, septal tissue; Sv, surface density; Vv, volume 

fraction. Data are expressed as mean (± SEM), from at least 6 mice per genotype. *P < 

0.05 and ***P < 0.001 versus gp130+/+ (WT) mice, One-way ANOVA. 

Parameter WT F/F F/F:ex/ex

Vv (airsp/par) (%) 69.2 (± 1.4) 79.5 (± 1.2)*** 73.9 (± 0.8)*

V (airsp/lung) (cm3) 60.8 (± 2.5) 81.1 (± 3.0)* 53.2 (± 4.4)

Vv (sep/par) (%) 24.4 (± 1.2) 16.0 (± 1.2)*** 24.7 (± 1.0)

V (sep/lung) (cm3) 21.5 (± 1.6) 15.8 (± 1.4)* 17.6 (± 0.9)

Sv (sep/par) (1/cm) 649 (± 36) 528 (± 17)* 614 (± 27)

S (sep/lung) (cm2) 536 (± 49) 560 (± 33) 469 (± 40)
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Supplementary Figure 1: Enhanced ADAM17 activation in the lungs of gp130F/F mice. 

Supplementary Figure 2: Enhanced phosphorylation of PKCε, but not ERK and p38 

MAPKs, in the lungs of gp130F/F mice. 

Supplementary Figure 3: Unchanged levels of F4/80+ macrophages and B220+ B-cells 

in the lungs of gp130F/F:Adam17ex/ex mice. 

Supplementary Figure 4: Enhanced phosphorylation of PKCε, but not ERK and p38 
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Supplementary Materials and Methods 

Immunoblotting 

The following antibodies were used: ADAM17 (from S. Rose-John) (12, 19, 22), 

pThr202/pTyr204-ERK1/2, ERK1/2, pTyr416-Src, total Src (detecting all members of the 

Src family), pThr180/pTyr182-p38 MAPK, p38 MAPK (Cell Signaling Technology, 

USA), pS729-PKCε, PKCε, pThr735 ADAM17 (Abcam, UK) and Actin (Sigma, USA). 

Immunofluorescence 

Human and mouse FFPE lung sections were subjected to immunofluorescence 

evaluation by staining with antibodies against ADAM17, F4/80 (Abcam, UK), CD45 

(BD Biosciences, USA), surfactant protein C (SPC; Santa Cruz Biotechnology, USA), 

E-cadherin and cleaved caspase-3 (Cell Signaling Technology, USA). Alexa Fluor 

conjugates (Invitrogen, USA) were used as secondary antibodies. Nuclear staining 

was achieved using 4,6-diamidino-2-phenylindole (DAPI). Negative controls in the 

absence of primary antibodies were performed to indicate the level of background 

autofluorescence. 

RNA isolation and gene expression analysis 

Total RNA was isolated from snap-frozen mouse lung tissues using TRIzol (Sigma, 

USA), and quantitative RT–PCR (qPCR) was performed on cDNA with Power SYBR 

(Life Technologies, USA) using the QuantStudio 6 Flex Real-Time PCR System 

(Applied Biosystems, USA). Gene expression data acquisition and analyses were 

performed using the QuantStudio 6 Flex Real-Time PCR System Software (Applied 

Biosystems, USA). Primer sequences are indicated in Supplementary Table 2. 
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Supplementary Figure 1: Enhanced ADAM17 activation in the lungs of gp130F/F 

mice. A, Representative immunofluorescence images of lung sections from 6-month 
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old gp130F/F (F/F) stained with antibodies against E-cadherin (E-Cad; red), 

surfactant protein C (SPC; AT2 cell marker, red), CD45 (red), F4/80 (red) and 

ADAM17 (green). DAPI nuclear staining is blue. Scale bar, 50μm. Arrowheads in 

merged images indicate dual-positive cells. B, Representative immunoblots of 

individual 3-month old gp130+/+ (WT) and gp130F/F (F/F) mouse lung lysates with 

antibodies against ADAM17 and Actin. The position of molecular weight markers is 

also shown. Arrowhead points to non-specific bands. C, Semi-quantitative 

densitometry of pro and mature levels of ADAM17 protein (relative to Actin) in 

lysates from 3-month old WT and F/F mice (n = 4 per genotype). D, Representative 

images of pThr735-ADAM17-stained lung sections from 3-month old WT and F/F 

mice. Scale bar, 50μm. Arrowheads indicate positive cells. E, Quantification of pThr735-

ADAM17-positive cells/high power field (HPF) in lung sections from 3-month old 

WT and F/F mice (n = 5 per genotype). ***P<0.001, Student’s t-test. 
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Supplementary Figure 2: Enhanced phosphorylation of PKCε, but not ERK and p38 

MAPKs, in the lungs of gp130F/F mice. A, Glycosylated proteins from gp130+/+ (WT) 

and gp130F/F (F/F) mouse lung lysates were enriched by precipitation with ConA-
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Sepharose and immunoblotted with antibodies against pThr735-ADAM17 and 

ADAM17. Arrowhead points to non-specific bands. B, D and F, Representative images 

of (B) pp38 MAPK-, (D) pERK MAPK-, and (F) pPKCε-stained lung sections from 6-

month old WT and F/F mice. Scale bar, 50μm. Arrowheads indicate positive cells. C, 

E and G, Quantification of (C) pp38 MAPK-, (E) pERK MAPK-, and (F) pPKCε-

positive cells/high power field (HPF) in lung sections from 6-month old WT and F/F 

mice (n = 5 per genotype). **P<0.01, Student’s t-test. 
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Supplementary Figure 3: Unchanged levels of F4/80+ macrophages and B220+ B-cells 

in the lungs of gp130F/F:Adam17ex/ex mice. A and C, Representative images of (A) 

F4/80- and (C) B220-stained lung sections from 6-month old gp130F/F (F/F) and 

gp130F/F:Adam17ex/ex (F/F:ex/ex) mice. Scale bar, 50μm. Arrowheads indicate positive 

cells. B, and D, Quantification of (B) F4/80- and (C) B220-positive cells/high power 

field (HPF) in lung sections from 6-month old F/F and F/F:ex/ex mice (n = 5 per 

genotype). 
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Supplementary Figure 4: Enhanced phosphorylation of PKCε, but not ERK and p38 

MAPKs, in the lungs of CS-exposed WT mice. A, Glycosylated proteins from normal 
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air (Sham) or cigarette smoke (CS)-exposed WT mouse lung lysates were enriched by 

precipitation with ConA-Sepharose and immunoblotted with antibodies against 

pThr735-ADAM17 and ADAM17. Arrowhead points to non-specific bands.  B, D and 

F, Representative images of (B) pp38 MAPK-, (D) pERK MAPK-, and (F) pPKCε-

stained lung sections from Sham or CS-exposed WT mice. Scale bar, 50μm. 

Arrowheads indicate positive cells. C, E and G, Quantification of (C) pp38 MAPK-, 

(E) pERK MAPK-, and (G) pPKCε-positive cells/high power field (HPF) in lung 

sections from Sham or CS-exposed WT mice (n = 5 per genotype). *P<0.05, Student’s 

t-test. 
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Supplementary Figure 5: Diminished levels of F4/80+ macrophages and B220+ B-

cells in the lungs of CS-exposed Adam17ex/ex mice. A and C, Representative images 

of F4/80- and B220-stained lung sections from Cigarette smoke (CS)-exposed WT and 

Adam17ex/ex (ex/ex) mice, respectively. Scale bar, 50μm. Arrowheads indicate positive 

cells. B, and D, Quantification of F4/80- and B220-positive cells/high power field 

(HPF) in lung sections from CS-exposed WT and Adam17ex/ex (ex/ex) mice (n = 5 per 

genotype), respectively. *P<0.05, Student’s t-test. 
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Supplementary Table 1: Clinicopathological features of patients used in this study.  

 Normal Emphysema 

Mean age 

Years (range) 

 

62.5 (47-78) 

 

72.6 (67-79) 

Sex [number (%)] 

Male 

Female 

 

2 (40) 

3 (60) 

 

5 (62.5) 

3 (37.5) 

FEV1 (% predicted) post-COPD status 
 

108.2±4.43 

 

78±6.13** 

DLCO (gas transfer, % predicted) 

post-emphysema status 
83.4±5.6 56±2.35** 

Smoking history 

Number (%) 

 

Never smoker 3 (60) 

Smoker 1 (20) 

Ex-smoker 1 (20) 

 

Never smoker 0 (0) 

Smoker 1 (12.5) 

Ex-smoker 7 (87.5) 

 

Data are expressed as the mean ± SEM. **P<0.01, Student’s t-test. 
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Supplementary Table 2: List of mouse primer sequences used in the study. 

Gene Forward Reverse 
Il7a ACCGCAATGAAGACCCTGAT TCCCTCCGCATTGACACA 
Tnfa CAAATTCGAGTGACAAGCCTG GAGATCCATGCCGTTGGC 
Il1b CAACCAACAAGTGATATTCTCCATG GATCCACACTCTCCAGCTGCA 

Cxcl1 CCTTGACCCTGAAGCTCCCT CGGGTGCCATCAGAGCAGTCT 
Cxcl2 AACATCCAGAGCTTGAGTGTGA TTCAGGGTCAAGGCAAACTT 
Ccl2 AGGTGTCCCAAAGAAGCTGTA ATGTCTGGACCCATTCCTTCT 
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