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At a glance commentary  53 

Scientific knowledge on the subject: 54 

Matrix metalloproteinases have been strongly implicated in the pathogenesis of emphysema, but less 55 

is known about the contributions of proteinases to other key COPD phenotypes including small 56 

airway fibrosis and mucus hyper-secretion. The contributions of proteinases with a disintegrin and a 57 

metalloproteinase domain (ADAMs) to the pathogenesis of COPD have not been explored.  58 

What this study adds to the field: 59 

ADAM9 staining is increased in lung epithelial cells and macrophages in smoker lungs, and even 60 

more so in COPD lungs, and correlates directly with pack-year smoking history and inversely with 61 

airflow obstruction and FEV1 % predicted.  ADAM9 gene expression is increased in bronchial 62 

brushing cells from COPD patients versus controls and correlates directly with pack-year smoking 63 

history. In mice exposed to cigarette smoke, Adam9 promotes the development of several key 64 

COPD-like phenotypes (emphysema, small airway fibrosis, and mucus cell metaplasia). Adam9 65 

promotes emphysema development by increasing lung inflammation and inducing alveolar septal 66 

cell apoptosis by shedding growth factor receptors from cell surfaces. Thus, ADAM9 is a 67 

multifarious culprit in COPD that could be targeted therapeutically to limit disease progression and 68 

ameliorate symptoms associated with several COPD phenotypes.  69 

 70 

This article has an online data supplement, which is accessible from this issue's table of content 71 

online at www.atsjournals.org 72 

 73 

 74 

 75 
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Abstract 76 

Introduction: Proteinases with a disintegrin and a metalloproteinase domain (ADAMs) have not 77 

been well studied in COPD. We investigated whether ADAM9 is linked to COPD in humans and 78 

mice. 79 

Methods: ADAM9 blood and lung levels were measured in COPD patients versus controls, and 80 

air- versus cigarette smoke (CS)-exposed wild-type (WT) mice. WT and Adam9
-/- mice were 81 

exposed to air or CS for 1-6 months, and COPD-like lung pathologies were measured. 82 

Results: ADAM9 staining was increased in lung epithelial cells and macrophages in smokers and 83 

even more so in COPD patients and correlated directly with pack-year smoking history and inversely 84 

with airflow obstruction and/or FEV1 % predicted. Bronchial epithelial cell ADAM9 mRNA levels 85 

were higher in COPD patients than controls and correlated directly with pack-year smoking history. 86 

Plasma, BALF and sputum ADAM9 levels were similar in COPD patients and controls. CS exposure 87 

increased Adam9 levels in WT murine lungs. Adam9
-/- mice were protected from emphysema 88 

development, small airway fibrosis, and airway mucus metaplasia. CS-exposed Adam9
-/- mice had 89 

reduced lung macrophage counts, alveolar septal cell apoptosis, lung elastin degradation, and 90 

shedding of VEGFR2 and EGFR in BALF samples. Recombinant ADAM9 sheds EGF and VEGF 91 

receptors from epithelial cells to reduce activation of the Akt pro-survival pathway and increase 92 

cellular apoptosis. 93 

Conclusions: ADAM9 levels are increased in COPD lungs and linked to key clinical variables. 94 

Adam9 promotes emphysema development, and large and small airway disease in mice. Inhibition of 95 

ADAM9 could be a therapeutic approach for multiple COPD phenotypes. 96 

 97 

 98 

Key words: Emphysema; small airway fibrosis; mucus metaplasia; inflammation; growth factor 99 

receptor;  100 

Abstract word count: 246 101 

  102 
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Introduction 103 

   Chronic obstructive pulmonary disease (COPD) is the third leading cause of death 104 

worldwide1. The main risk factor for COPD is exposure to cigarette smoke (CS). Pulmonary 105 

emphysema develops following CS-induced injury to alveolar septal cells2 and proteinase-mediated 106 

injury to the lung extracellular matrix3. CS exposure also induces small airway fibrosis4, and mucus 107 

hyper-secretion, and proteinases have been implicated in these processes3,5.  108 

 Among the proteinase culprits implicated in COPD, most is known about the contributions of 109 

serine and cysteine proteinases and matrix metalloproteinases (MMPs)3. Little is known about the 110 

contributions of the ADAMs subfamily of metalloproteinases to the pathogenesis COPD.  ADAMs 111 

are type-I multi-domain transmembrane proteinases that can contain: 1) a pro-domain which 112 

maintains latency of the catalytic domain; 2) a metalloproteinase domain; 3) a disintegrin domain 113 

that can bind to integrins; 4) a cysteine-rich domain; 5) an epidermal growth factor (EGF)-like 114 

domain; 6) a membrane-spanning domain; and 7) a cytoplasmic tail which may regulate cellular 115 

signaling6. There is only one prior study that measured the expression of an ADAM in COPD 116 

samples. This study reported that sputum ADAM8 levels were higher in COPD patients than healthy 117 

controls7.   118 

 ADAM9 is expressed by cells implicated in COPD including PMNs, macrophages, and 119 

epithelial cells8-10, and contains all of the domains listed above. Although ADAM9 promotes injury 120 

to the alveolar-capillary barrier during acute lung injury in mice8, little else is known about its 121 

contributions to lung diseases.  We tested the hypotheses that: 1) ADAM9 levels are increased in 122 

blood and/or lung samples from COPD patients, and CS-exposed mice; and 2) ADAM9 promotes the 123 

development of COPD-like lung pathologies in CS-exposed mice.  124 

 125 
 126 

 127 

 128 
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Materials and Methods 129 

See Online Supplement for details. 130 

Human Subjects 131 

Human studies were approved by institutional review boards in the USA and UK. Four cohorts 132 

were studied (lung immunostaining, sputum/BALF, plasma, and bronchoscopy cohorts). Tables 1-133 

2 and E1-E3 and E5 show the demographic and clinical data on these cohorts.  134 

Immunostaining of lung sections for ADAM9: Lung sections from COPD patients and controls 135 

were double immunostained in red for markers of alveolar macrophages (CD163) or epithelial cells 136 

(pancytokeratin; PanCK), and in green for ADAM9. Lung sections were double immunostained for 137 

ADAM9 and EGFR or VEGFR2. 138 

ADAM9 steady state mRNA levels in bronchial brushings from the bronchoscopy cohort:  See 139 

Online Supplement. 140 

ADAM9 bronchoalveolar lavage fluid (BALF), plasma, and sputum levels: Soluble ADAM9 141 

(sADAM9) levels were measured with an ELISA.  142 

 143 

Animal and In Vitro Experiments 144 

Studies of mice were approved by the local Institutional Animal Care and Use Committee.  145 

CS exposures: Adult C57BL/6 strain WT and Adam9
-/- mice were exposed to air or whole-body 146 

CS for 2 h/day on 6 days/week for 1-6 months11.   147 

Adam9 levels in WT murine lungs: Adam9 levels were measured using quantitative real-time PCR 148 

or an ELISA. 149 

Emphysema and small airway fibrosis:  Distal airspace size and fibrosis around small airways 150 

were measured on lung sections using morphometry methods11.  151 
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Airway Muc5ac staining and α-smooth muscle actin (α-SMA): Murine lung sections were 152 

immunostained for airway epithelial Muc5ac12 and α-SMA (a myofibroblast marker). 153 

Lung inflammation: BAL leukocytes were counted and pro- and anti-inflammatory mediators and 154 

tissue inhibitor of metalloproteinases-3 (Timp-3) protein levels were measured in lung samples 155 

using ELISAs. 156 

Apoptosis of alveolar macrophages:  Alveolar macrophages from air- or CS-exposed WT and 157 

Adam9
-/- mice were immunostained for active caspase-3. 158 

Lung elastin degradation: Desmosine (a marker of elastin degradation) was quantified in BALF 159 

and sera using an ELISA. 160 

Alveolar septal cell death: Lung sections were immunostained for TUNEL-positive cells. 161 

Active caspase-3 levels in lung epithelial cells and bone marrow-derived macrophages 162 

(BMDMs): WT and Adam9
-/- alveolar epithelial cells or BMDMs were exposed to 7.5% or 20% 163 

cigarette smoke extract (CSE), respectively.  Intracellular active caspase-3 levels were quantified13 164 

(see Online Supplement). 165 

ADAM9-mediated shedding of epidermal growth factor receptor (EGFR) and vascular 166 

endothelial growth factor receptor-2 (VEGFR2):  Soluble EGFR (sEGFR) and sVEGFR2 levels 167 

were measured in BALF and sera from mice using ELISAs.  EGFR and VEGFR2 levels on 168 

alveolar septal cell surfaces were measured in lung sections using immunostaining. Human 169 

bronchial epithelial cell (HBECs) were incubated for 4 h with or without 10-60 nM active 170 

rhADAM9, with or without 10 µM GM6001 (a non-selective metalloproteinase inhibitor). Soluble 171 

EGFR and sVEGFR2 levels were measured in supernatants using ELISAs, and EGFR and 172 

VEGFR2 levels on HBEC surfaces were quantified using immunostaining.  173 

ADAM9-induced apoptosis of HBECs: HBECs were incubated with or without 60 nM active 174 

rhADAM9 with or without 10 µM GM6001.  Intracellular active caspase-3 levels were quantified13. 175 
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Akt phosphorylation in murine lungs: See Online Supplement.  176 

Statistics: Data are presented as box-plots showing medians and 25th and 75th percentiles and 177 

whiskers showing 10th and 90th percentiles (non-parametric data), or mean ± SD (parametric data), or 178 

scatter plots.  179 

 Human studies: Non-parametic data were analyzed using a One-Way ANOVA with Dunnett 180 

corrections for multiple comparisons. A multivariate regression model, with ADAM9 gene 181 

expression as the dependent variable, identified clinical parameters for which to adjust ADAM9 182 

expression in correlation analyses. ADAM9 expression was analyzed using a Bayesian regression 183 

model with informative normal priors on the correcting variables (age and pack-year smoking 184 

history).  A more restrictive prior distribution was set on age as the multivariate analysis showed age 185 

correlated weakly with ADAM9 expression. Contrasts were performed against the relevant group, 186 

and results reported as the posterior probability of no effect.  187 

 Murine studies: Data were analyzed with One-Way ANOVAs followed by pair-wise 188 

comparisons using Student’s t-tests and Bonferroni corrections (parametic data), or Kruskal-Wallis 189 

One-Way ANOVA followed by pair-wise comparisons using Mann-Whitney U-tests with Bonferroni 190 

corrections (non-parametric data).  191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 
 200 
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Results 201 

Human studies: 202 

ADAM9 expression is increased in COPD lungs: Table 1 shows the demographic and clinical 203 

characteristics of the lung immunostaining cohort.  COPD patients had greater ADAM9 staining in 204 

alveolar (Fig. 1A and 1D) and bronchial epithelial cells (Fig. 1B and 1E) than smokers.  Smokers 205 

had greater ADAM9 staining in both cell types than non-smokers. After correcting correlations for 206 

differences in age, sex, pack-year smoking history, and current smoker status, ADAM9 staining in 207 

both epithelial cell types correlated directly with pack-year smoking history (Figs. E1A-E1B) and 208 

inversely with FEV1/FVC (Figs. E1C-E1D).  ADAM9 staining in bronchial epithelial cells (but 209 

not alveolar epithelial cells) correlated indirectly with FEV1 percent predicted (Fig. E1E-E1F). 210 

 ADAM9 gene expression was quantified in bronchial brushings from a bronchoscopy cohort 211 

(most of whom were current smokers [Table 2]) using a microarray assay.  ADAM9 transcript 212 

levels were higher in bronchial brushings from COPD patients and symptomatic patients without 213 

airflow obstruction (GOLD 0) than non-smokers and smokers but were not related to GOLD stage 214 

(Fig. 2A).  Real-time quantitative RT-PCR (qPCR) analysis confirmed that ADAM9 transcript 215 

levels were higher in COPD versus control bronchial brushings (Fig. 2B and Table E1). There 216 

were significant direct correlations between ADAM9 mRNA levels and MUC5AC staining in endo-217 

bronchial biopsies, pack-year smoking history and quality-of-life scores (Figs. 2C-2G); and 218 

significant inverse correlations between ADAM9 mRNA levels and FEV1/FVC, FEV1 percent 219 

predicted and MEF25 (Figs. 2H-2J). However, after adjusting P values for differences in age and 220 

pack-year smoking history between the groups (Table 2), ADAM9 mRNA levels correlated 221 

significantly only with pack-year smoking history (Table 3). 222 

 COPD patients had greater ADAM9 staining in alveolar macrophages (Fig. 1C and Fig. 223 

1F) than smokers. Smokers had greater ADAM9 staining in alveolar macrophages than non-224 

smokers. After correcting correlations for differences in age, sex, pack-year smoking history, and 225 

current smoker status, ADAM9 staining in alveolar macrophages correlated directly with pack-year 226 
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smoking history (Fig. E2A) and inversely with FEV1/FVC and FEV1 percent predicted (Fig. E2B-227 

2C).  ADAM9 staining was detected in PMNs in COPD and smoker lungs (not shown), but this 228 

staining was not quantified as no/few PMNs were detected in non-smoker lungs.  There were no 229 

significant differences in plasma, BALF, or sputum sADAM9 levels between COPD patients and 230 

controls (Figs. E3A-E3C and Tables E2 and E3).  231 

Murine studies: 232 

Adam9 deficiency decreases multiple key COPD-like lung pathologies in CS-exposed mice: 233 

Exposing WT mice to CS increased both Adam9 transcript and protein lung levels within 1 month, 234 

and levels increased further after 2 and 6 months of CS exposure (Figs. 3A-3B).  As Timp-3 is the 235 

only Timp that inhibits Adam914, lung Timp-3 protein levels were measured in WT mice. CS 236 

exposure increased lung Timp-3 levels, but levels peaked after 1 month of CS exposure (Fig. 3C) 237 

and Adam9: Timp-3 protein ratios increased after 6 months of CS exposure (Fig. 3D). 238 

Unchallenged Adam9
-/- mice have no abnormal phenotype15. When exposed to CS for 6 239 

months, Adam9
-/- mice were protected from emphysema development (Figs. 4A-4B), small airway 240 

fibrosis (Figs. 4C-4D), and had fewer α-SMA-positive myofibroblasts around their small airways 241 

(Fig. 4E).  Adam9
-/- mice were also protected from CS-induced airway mucus cell metaplasia (Figs. 242 

4F-4G). 243 

 Lung inflammation: Lung inflammation was measured in WT and Adam9
-/- mice as this 244 

process promotes emphysema development, small airway remodeling, and mucus metaplasia16-20.  245 

Compared with WT mice, Adam9
-/-

 mice had lower BAL total leukocyte and macrophage (Figs. 5A-246 

5B) counts detectable after 1 month of CS exposure, lower PMN counts after 6 months CS exposure 247 

(Fig. 5C), but similar BAL lymphocyte counts (Fig. 5D).  CS-exposed Adam9
-/- mice had lower 248 

macrophage counts in lung sections than WT mice (Figs. 5E-5F).  249 

 Lung levels of cytokines and chemokines that regulate myeloid leukocyte recruitment, 250 

activation, and survival (Ccl-2, Ccl-3, Ccl-5, Cxcl-1, Cxcl-2, Tnf-α, Il-6, Il-1β, Gm-csf, M-csf, and 251 
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G-csf), and anti-inflammatory mediators (Il-10 and Tgf-β) were measured in WT and Adam9
-/-

 mice 252 

exposed to air or CS for 1 month.  Lung levels of Ccl-2, Il-1β, Il-10, G-csf, and active Tgf-β were 253 

similar in CS-exposed WT and Adam9
-/-

 mice (Fig. E4). Lung levels of Gm-csf, M-csf, Ccl-3, and 254 

Cxcl-2 were lower in CS-exposed Adam9
-/- versus WT mice (Figs. 6A-6D). Thus, Adam9 deficiency 255 

may decrease lung macrophage counts, in part, by reducing lung levels of mediators that promote 256 

macrophage recruitment and activation (Ccl-3) or survival (Gm-csf, M-csf).  257 

 Surprisingly, lung levels of Tnf-α, Il-6, Ccl-5 and Cxcl-1 (the murine ortholog of IL-8) were 258 

higher in CS-exposed Adam9
-/-

 than WT mice (Figs. 6E-6H). However, it is unlikely that Adam9’s 259 

metalloproteinase domain degrades these mediators in the lung, as active human ADAM9 did not 260 

degrade human CCL-5, IL-8, IL-6, or TNF-α in vitro (Figs. E5A-E5E).   261 

 To investigate whether Adam9 deficiency reduces lung macrophage counts by increasing 262 

macrophage apoptosis rates, intracellular levels of active caspase-3 were measured in alveolar 263 

macrophages isolated from air- versus CS-exposed WT and Adam9
-/- mice.  CS-exposed Adam9

-/- 264 

mice had higher rates of alveolar macrophage apoptosis than WT mice (Fig. 7A).  Macrophages 265 

isolated from unchallenged WT and Adam9
-/- were induced to undergo apoptosis in vitro by exposing 266 

them to CS extract (CSE). Intracellular active caspase-3 levels were similar in CSE-treated WT and 267 

Adam9
-/- cells (Fig. E6).  Thus, macrophage-derived Adam9 is unlikely to regulate CS-induced 268 

macrophage apoptosis.  269 

 Proteinase-mediated elastin degradation promotes emphysema development. ADAM9 270 

degrades elastin in vitro
8.  BALF and serum levels of desmosine (a measure of elastin degradation) 271 

were lower in CS-exposed Adam9
-/- mice versus WT mice (Figs. 7B-7C).  Thus, Adam9 may 272 

promote emphysema development, in part, by degrading lung elastin.   273 

Alveolar septal cell death: Alveolar septal cell death contributes to emphysema development2.  274 

CS-exposed Adam9
-/- mice had reduced alveolar septal cell death rates (assessed as fewer TUNEL-275 

positive alveolar septal cells) compared with WT mice (Figs. 7D-7E). CSE induced lower rates of 276 

apoptosis in lung epithelial cells isolated from naive Adam9
-/- versus WT mice (Fig. 7F). 277 



 12 

 Signaling of ligands via EGFR and VEGFR2 promotes the survival of alveolar septal 278 

cells21,22.  Blocking VEGFR2 signaling in rats induces alveolar septal cell death and emphysema 279 

development2. To determine whether Adam9 promotes alveolar septal cell death by shedding their 280 

EGFR and/or VEGFR2, BALF soluble EGFR (sEGFR) and sVEGFR2 levels were measured. CS-281 

exposed Adam9
-/- mice had lower BALF sEGFR (Fig. 8A) and sVEGFR2 (Fig. 8D) levels than 282 

WT mice. Residual surface EGFR (Figs. 8B-8C) and VEGFR2 (Figs. 8E-8F) levels were higher 283 

on alveolar septal cells in CS-exposed Adam9
-/- mice versus WT lungs. 284 

 Incubating HBECs from healthy subjects with active rhADAM9 in vitro decreased their 285 

surface EGFR (Figs. 9A-9B), and VEGFR2 (Figs. 10A-10B) staining, and increased sEGFR (Fig. 286 

9C) and sVEGFR2 (Fig. 10C) levels in culture supernatants. A non-selective small-molecule 287 

metalloproteinase inhibitor (GM6001) blocked ADAM9-mediated shedding of both receptors from 288 

HBECs (Figs. 9D-9E, 10D-10E). Incubating HBECs with rhADAM9 increased intracellular active 289 

caspase-3 levels, which was rescued by GM6001 (Fig. 10F).  290 

 HBECs from COPD patients had greater ADAM9 surface staining, but lower EGFR and 291 

VEGFR2 surface staining than HBECs from controls (Figs. 11A-11D; and Table E4). The greater 292 

ADAM9 staining detected in bronchial and alveolar epithelial cells in COPD versus control lung 293 

sections was associated with lower staining for EGFR and VEGFR2 in the same cells (Fig. E7; and 294 

Table E5). 295 

 Signaling through EGFR and VEGFR2 activates (phosphorylates) intracellular 296 

phosphoinositide 3-kinase (PI3K) and Akt inducing downstream activation of pro-survival 297 

signaling pathways23.  Incubating HBECs with active rhADAM9 reduced phospho-Ser473Akt 298 

levels. Inhibiting ADAM9 with GM6001 rescued activation (phosphorylation) of Akt (Fig. 12A-299 

12B).  HBECs from COPD patients had lower phospho-Ser473Akt levels than cells from controls 300 

(Figs. 12C-12D). Total Akt lung levels were similar but phospho-Ser473Akt levels were higher in 301 

CS-exposed Adam9
-/- versus WT lungs (Fig. 12E-12F). Thus, ADAM9 proteolytically inactivates 302 
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EGFR- and VEGFR2-triggered Akt pro-survival signaling in alveolar septal cells to promote 303 

emphysema development.  304 
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Discussion  305 

 This study identifies ADAM9 as new culprit in COPD, and the first proteinase linked to five 306 

key COPD-like pulmonary pathologies (lung inflammation, alveolar septal cell apoptosis, 307 

emphysema, small airway fibrosis, and mucus cell metaplasia,) in CS-exposed mice. ADAM9 308 

immunostaining was increased in lung epithelial cells and macrophages in smokers and even more so 309 

in COPD patients. ADAM9 gene expression was increased in bronchial brushings from COPD 310 

patients.  ADAM9 expression in the human lung correlated directly with pack-year smoking history 311 

and/or inversely with pulmonary function parameters. Our study provides novel mechanistic insights 312 

into Adam9’s contributions to COPD, as Adam9
-/- mice have reduced CS-induced lung 313 

inflammation, elastin degradation, and alveolar septal cell apoptosis.  Adam9 is also the first 314 

sheddase of EGFR and VEGFR2 identified in a murine model of COPD.  Thus, strategies that reduce 315 

ADAM9 lung levels may limit the progression of emphysema, small airway disease, and chronic 316 

bronchitis. 317 

 Although ADAM9 expression is increased in lung macrophages in mice with acute lung 318 

injury8,24, CS exposure increased lung levels of Adam9 and also Timp-3 (the only Timp family 319 

member that inhibits Adam914) in WT murine lungs.  However, chronic CS exposure increased lung 320 

Adam9:Timp-3 protein ratios, suggesting that active Adam9 is available in the lung to degrade 321 

elastin and cleave VEFGR2 and EGFR from alveolar septal cell surfaces.  322 

 ADAM9 expression has not been studied previously in patients with COPD or other chronic 323 

lung diseases. Increases in ADAM9 expression in lung macrophages and epithelial cells, and 324 

bronchial brushings were related to the presence of COPD but not COPD severity.  ADAM9 protein 325 

and transcript levels correlated directly with pack-year smoking history. ADAM9 protein levels in 326 

macrophages and epithelial cells correlated inversely with airflow obstruction and percent predicted 327 

FEV1 albeit in a small cohort. Gene expression in COPD lungs is generally most strongly correlated 328 

with current smoker status25.  However, there was no relationship between current smoker status and 329 

ADAM9 expression as: 1) smokers (predominantly current smokers) in the bronchial brushings 330 

cohort had similar ADAM9 gene expression levels as non-smokers; and 2) smokers in our lung 331 
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immunostaining cohort (predominantly former smokers) had higher ADAM9 staining in epithelial 332 

cells and macrophages than non-smokers. Pro-inflammatory mediators increase ADAM9 expression 333 

in cell cultures8, and pro-inflammatory signals generated in the lungs of former smokers with and 334 

without COPD may drive the increased ADAM9 immunostaining detected in their lungs. 335 

 Genetic and/or epigenetic processes may promote the increased ADAM9 expression in 336 

COPD lungs. Single-nucleotide polymorphisms in the ADAM9 locus are associated with cone-rod 337 

dystrophy26, but have not been linked to COPD.  Although hyper-methylation of the ADAM9 locus is 338 

linked to malignant transformation of mesenchymal stem cells27, the methylation status of the 339 

ADAM9 locus has not been examined in COPD lungs.  MicroRNAs (miRNAs) regulate gene 340 

transcription in COPD lungs28.  Expression of miR-126 is reduced in COPD lung epithelial cells29, 341 

and ADAM9 is a key target of miR-12630.  Future studies will determine whether reduced miRNA-342 

126 expression regulates ADAM9 expression in COPD lungs.   343 

 sADAM9 isoforms have not been reported previously in plasma or lung samples, but have 344 

been detected in cell cultures8,31 and are likely generated by shedding of ADAM9 from leukocytes or 345 

epithelial cells8.  The sADAM9 isoforms we detected in COPD plasma, BALF, and sputum samples 346 

are unlikely to be a useful biomarker for COPD development or progression as sADAM9 levels were 347 

similar in COPD patients and controls.  348 

 Emphysema: Adam9 likely promotes emphysema development in mice by several 349 

mechanisms (Fig. 13).  Adam9 may directly degrade lung elastin to cause loss of the alveolar walls, 350 

as human ADAM9 degrades elastin in vitro
8, and CS-exposed Adam9

-/- mice had reduced lung 351 

elastin degradation.  Adam9 may also promote emphysema development by increasing lung 352 

macrophage accumulation as: 1) lung macrophage counts were lower in CS-exposed Adam9
-/- mice 353 

than WT mice; 2) macrophages are required for emphysema development in CS-exposed mice16,17; 354 

and 3) lung inflammation contributes to lung injury in COPD patients32.  Macrophage-derived 355 

Adam9 is unlikely to regulate lung macrophage counts in CS-exposed lungs by: 1) modulating 356 

monocyte trans-endothelial migration as Adam9 is not essential for monocyte migration into the 357 
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lungs in other models8; or 2) inhibiting macrophage apoptosis as CSE-induced similar rates of 358 

apoptosis in WT and Adam9
-/- macrophages in vitro.  Adam9 may increase lung macrophage 359 

accumulation by: 1) increasing lung levels of cytokines that promote monocyte chemotaxis (Ccl-3); 360 

and 2) reducing macrophage apoptosis by increasing lung levels of growth factors that promote 361 

macrophage survival as Gm-csf, M-csf levels were lower in CS-exposed Adam9
-/-

 lungs.  362 

 Adam9 may also promote emphysema development by increasing alveolar septal cell 363 

apoptosis.  Apoptosis of alveolar epithelial and endothelial cells is driven by loss of signaling via 364 

EGFR and VEGFs and their receptors2,22.  Pharmacologic blockade of VEGF receptors induces 365 

alveolar septal cell apoptosis and emphysema in rodents2, but EGFR inhibitors have not been studied 366 

in rodent emphysema models.  VEGFR2 levels are decreased in COPD lungs33, but the mechanisms 367 

involved were not identified.  Herein, we identify ADAM9 as a VEGFR2 and EGFR sheddase in 368 

vitro and in CS-exposed mice. It is noteworthy that there was increased ADAM9 staining associated 369 

with decreased VEGFR2 and EGFR staining in alveolar septal cells in COPD lungs.  EGFR and 370 

VEGFR2 signaling promote cellular survival by activating the PI3K-Akt pathway34, and increased 371 

activation of this pathway was detected in CS-exposed Adam9
-/- versus WT lungs. Although MMPs 372 

cleave the EGFR and VEGFR2 in other models35,36, ADAM9 is the first proteinase identified that 373 

sheds EGFR and VEGFR2 in CS-exposed mice.  374 

Small airway fibrosis: Small airway fibrosis contributes significantly to airflow obstruction 375 

and FEV1 decline in COPD patients4, and it is noteworthy that bronchial epithelial cell ADAM9 376 

staining correlated inversely with airflow obstruction and % predicted FEV1. Activation of growth 377 

factors that drive deposition of interstitial collagen by airway myofibroblasts is linked to small 378 

airway fibrosis37. Although other proteinases proteolytically activate latent Tgf-β38,39, CS-exposed 379 

Adam9
-/- mice were protected from small airway fibrosis in a Tgf-β-independent fashion, as CS-380 

exposed WT and Adam9
-/- mice had similar lung levels of active Tgf-β.  Adam9 may promote small 381 

airway fibrosis by activating fibroblasts as ADAM9 is expressed by fibroblasts and regulates 382 

fibroblast adhesion40, and reduced numbers of α-SMA-positive myofibroblasts were detected around 383 
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the small airways of CS-exposed Adam9
-/- mice.   384 

Adam9 may also promote small airway fibrosis in CS-exposed mice by increasing lung 385 

inflammation as macrophage products (including MMPs) promote small airway fibrosis in CS-386 

exposed rodents5,19.  Adam9 may also induce M2 polarization of macrophages to promote small 387 

airway fibrosis41.  388 

Mucus metaplasia: Mucus metaplasia occurs in the large airways of COPD patients and 389 

contributes to the chronic bronchitis phenotype which is associated with high morbidity, poorer 390 

quality-of-life scores, increased rate of decline in FEV1, more frequent exacerbations, and higher 391 

mortality rates42.  ADAM9 may promote the chronic bronchitis phenotype as: 1) CS-exposed Adam9
-392 

/- mice had reduced mucus cell metaplasia; and 2) ADAM9 expression bronchial brushings was 393 

higher in smokers with symptoms of cough and sputum (GOLD stage 0) than asymptomatic 394 

smokers.  Future studies will measure ADAM9 expression in samples from patients with chronic 395 

bronchitis.  396 

Mucin synthesis and goblet cell hyperplasia are induced by EGFR ligands activating this 397 

receptor43. ADAM-10 and -17 increase EGFR activation in epithelial cells in vitro by shedding (and 398 

thereby activating) EGFR ligands44,45. Adam9 likely regulates mucin synthesis by an EGFR-399 

independent mechanism as Adam9 sheds the EGFR from epithelial cell surfaces. Mucin synthesis is 400 

also induced by TNF-α and IL-1β signaling46,47, and other ADAMs and MMPs shed and activate 401 

latent pro-TNF-α from macrophage surfaces and activate pro-IL-1β48-50.  However, lung levels of 402 

these cytokines were not reduced in CS-exposed Adam9
-/- mice. Thus, it is unlikely that Adam9 403 

induces mucin expression by proteolytically activating these mediators.   404 

 Limitations of this study: Small cohorts of COPD patients and controls were studied, and we 405 

may not have identified all possible confounding factors. Studies of larger COPD cohorts enriched 406 

for individual COPD phenotypes are needed to confirm our results. ADAM9 activity was not 407 

measured in clinical samples, due to the lack of available substrates that are selectively cleaved by 408 

ADAM9, and inhibitors that selectively inhibit ADAM9.  Our murine studies employed only a loss-409 
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of-function approach. Some of our findings could be due to compensatory changes in lung levels of 410 

other proteinases in Adam9
-/- mice, rather than direct effects of Adam9.  We did not fully elucidate 411 

the mechanisms by which Adam9 regulates small airway fibrosis and airway mucus cell metaplasia.  412 

 Conclusions: Herein, we identify ADAM9 as a novel proteinase culprit in COPD.  Unlike 413 

other proteinases studied in murine models to date, Adam9 promotes the development of airspace, 414 

and large and small airway disease. Strategies to inhibit ADAM9 activity or reduce its expression in 415 

the lung could limit the progression of several key COPD phenotypes that are associated with high 416 

morbidity and mortality.  417 

418 
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Figure legends 419 

Figure 1: ADAM9 expression is increased in epithelial cells and alveolar macrophages (AMs) in 420 

COPD lungs: A-C show representative lung sections from non-smoker controls, smokers without 421 

COPD, and COPD patients (GOLD stages I-II and III-IV) that were double immunostained with a 422 

red fluorophore (left panels) for markers of airway epithelial cells (pan-cytokeratin; pan-CK in A and 423 

B) or a marker of macrophages (CD163 in C), and with a green fluorophore for ADAM9 (middle 424 

panels in A-C). Nuclei in the sections were counterstained blue using 4',6-diamidino-2-phenylindole 425 

(DAPI). The sections were examined using a confocal microscope. Merged images are shown in the 426 

right panels in A, B, and C (magnification in A and B is x 400, in C is x 1000). Lung sections from a 427 

non-smoker were stained with a red fluorophore and non-immune murine (Ms) IgG or non-immune 428 

rat IgG and with a green fluorophore and non-immune rabbit (Rb) IgG as controls (bottom panels). 429 

The images shown are representative of 6-9 subjects/group. In D and E, ADAM9-positive cells were 430 

quantified in alveolar (D) and bronchial (E) epithelial cells using MetaMorph software. In F, the 431 

percentage of alveolar macrophages that were positively stained for ADAM9 was quantified in 10 432 

randomly acquired microscopic fields. The boxes show the medians and 25th and 75th percentiles, 433 

and the whiskers show the 10th and 90th percentiles.  In D-F, data were analyzed using a One-Way 434 

ANOVA followed by Dunnett corrections for multiple comparisons. In D-F, *, P < 0.05; **, P < 435 

0.001 versus non-smokers or the group indicated (n = 6-9 subjects/group). 436 

Figure 2: Correlations between ADAM9 gene expression in human bronchial brushing cells and 437 

clinical parameters: In A, ADAM9 mRNA levels were measured using a microarray assay in 438 

bronchial brushing cells from non-smoker controls (n = 12), smoker controls (n = 17), and GOLD 439 

stage 0 (n = 18), GOLD stage I (n = 10), and GOLD stage II-IV (n = 13) COPD patients. The bars 440 

show the mean (± SD). Data were analyzed using a Bayesian linear regression adjusting for age and 441 

pack-year smoking history. *, Posterior Probability of no effect (PP) < 0.05; **, PP < 0.001 versus 442 

non-smoker controls or the group indicated.  In B, ADAM9 steady state mRNA levels were measured 443 

in bronchial brushing cells from 14 non-smoker controls, 15 smoker controls, and 17 GOLD stage 0, 444 

8 GOLD stage I, and 13 GOLD stage II-IV COPD patients in the bronchoscopy cohort using real-445 
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time quantitative RT-PCR.  The boxes in the box-plots show the medians and 25th and 75th 446 

percentiles, and the whiskers show the 10th and 90th percentiles. Data were analyzed using a Bayesian 447 

linear regression adjusting for differences in age and pack-year smoking history. *, PP < 0.05 and **, 448 

PP < 0.001 versus non-smoker controls or the group indicated (PP is the posterior probability of no 449 

effect).  C- I show correlations between ADAM9 gene expression in human bronchial brushing cells 450 

and clinical parameters including: MUC5AC mucin staining in endo-bronchial biopsies from the 451 

same subjects (C; n = 50); pack-year smoking history (D; n = 67); St George’s respiratory 452 

questionnaire (SGQR) quality-of-life total, symptom, and activity scores (E-G; n = 52); mean 453 

expiratory flow at 25% FVC (MEF25; H, n = 62); FEV1 percent predicted (I, n = 62) and FEV1/FVC 454 

(J, n = 62). Data were analyzed using multivariate linear regression with ADAM9 gene expression in 455 

human bronchial brushing cells as dependent variable and corresponding clinical parameter as well 456 

as relevant correction parameters (pack-year smoking history and age) as independent variables.  P < 457 

0.05 was considered to be statistically significant.   458 

Figure 3: CS exposure induces the expression of Adam9 in murine lungs: In A, Adam9 mRNA 459 

levels were measured in lungs from WT mice exposed to air (n = 20) or CS for 1 month (n = 10), 2 460 

months (n = 10), or 6 months (n = 9) using real time RT-PCR. In B, Adam9 protein levels were 461 

measured in lungs from WT mice exposed to air (n = 22) or CS for 1 month (n = 11), 2 months (n = 462 

14), or 6 months (n = 9) using an ELISA.  In C, Timp-3 protein levels were measured in lungs from 463 

WT mice exposed to air (n = 8) or CS for 1 month (n = 8), 2 months (n = 9), or 6 months (n = 9) 464 

using an ELISA. In D, Adam9: Timp-3 protein ratios that were analyzed on the same lungs from WT 465 

mice exposed to air (n = 8) or CS for 1 month (n = 8), 2 months (n = 9), or 6 months (n = 9) were 466 

calculated.  The boxes in the box-plots show the medians and 25th and 75th percentiles, and the 467 

whiskers show the 10th and 90th percentiles. Data were analyzed using a Kruskal-Wallis One-Way 468 

ANOVA followed by pair-wise testing with Mann-Whitney U tests and Bonferroni corrections. *, P 469 

< 0.01; **, P < 0.001 versus air-exposed controls or the group indicated.  470 
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Figure 4: Adam9 deficiency decreases emphysema development, small airway fibrosis, and mucus 471 

cell metaplasia in CS-exposed mice: In A-G, adult Adam9
-/- mice and WT mice were exposed to air 472 

or CS 6 days-a-week for 6 months. A:  Images of Gill’s-stained inflated lung sections from mice 473 

(magnification X 200). B: Box-plots of alveolar chord lengths as a measure of airspace enlargement. 474 

The boxes show the medians and 25th and 75th percentiles, and the whiskers show the 10th and 90th 475 

percentiles for 6-11 air-exposed mice per group and 10-11 CS-exposed mice per group. Data were 476 

analyzed using a Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann 477 

Whitney U tests and Bonferroni corrections. *, P < 0.017 versus the same genotype exposed to air or 478 

the group indicated.  C shows representative images of extracellular matrix (ECM) deposition around 479 

small airways (300-699 μm in diameter) in Masson Trichrome-stained lung sections from WT and 480 

Adam9
-/-

 mice exposed to air or CS for 6 months. D: The thickness of the ECM protein layer 481 

deposited around small airways was quantified, as described in the Online Supplement. Boxes in the 482 

box-plots show the median values and 25th and 75th percentiles, and whiskers show the 10th and 90th 483 

percentiles from 8-10 air-exposed mice/group and 8-9 CS-exposed mice/group. Data were analyzed 484 

using a Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests 485 

with Bonferroni corrections.  *, P < 0.017 versus air-exposed mice belonging to the same genotype 486 

or the group indicated. E: Scatter-plots of α-smooth muscle actin (α-SMA) staining that was 487 

quantified per unit area of airway wall on airways having a luminal diameter of 300-699 μm using 488 

MetaMorph software (4-5 air-exposed mice/group and 7-8 CS-exposed mice/group. Data were 489 

analyzed using a Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann-490 

Whitney U tests and Bonferroni corrections.  *, P < 0.017 versus air-exposed mice belonging to the 491 

same genotype or the group indicated. F: Images of immunofluorescence staining for bronchial 492 

epithelial Muc5ac (stained in green) in the lungs of CS-exposed WT and Adam9
-/- mice that are 493 

representative of 5-7 mice/group. A section of lung from a CS-exposed WT mouse stained with a 494 

non-immune murine (Ms) IgG is shown (right panel). Air-exposed WT and Adam9
-/- mice had 495 

minimal staining for Muc5ac in bronchial epithelial cells (data not shown). G: Muc5ac staining was 496 

quantified per unit area of bronchial epithelium using MetaMorph software. Boxes in the box-plots 497 
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show the median values and 25th and 75th percentiles, and whiskers show the 10th and 90th percentiles 498 

for mice exposed to air (n = 5/group) or CS (n =7/group) for 6 months. Data were analyzed using a 499 

Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests with 500 

post-hoc Bonferroni corrections. *, P < 0.017 versus air-exposed mice belonging to the same 501 

genotype or the group indicated. 502 

Figure 5: Lung inflammation is decreased in CS-exposed Adam9-/- mice: WT and Adam9
-/- mice 503 

were exposed to air or CS for 1-6 months. Absolute numbers of all leukocytes (A), macrophages (B), 504 

PMNs (C), and lymphocytes (D) were counted in bronchoalveolar lavage (BAL) samples. Boxes in 505 

the box-plots show the median values and 25th and 75th percentiles, and whiskers show the 10th and 506 

90th percentiles for 8-9 air-exposed mice/group, 10-12 mice exposed to CS for 1 month per group, 507 

15-22 mice exposed to CS for 2 months per group, 5-9 mice exposed to CS for 3 months per group, 508 

and 5 mice exposed to CS for 6 months per group. Data were analyzed using a Kruskal-Wallis One- 509 

Way ANOVA followed by pair-wise testing with Mann-Whitney U tests with Bonferroni corrections 510 

for multiple comparisons.  *, P < 0.008; and **, P < 0.001 versus the group indicated.  E: Images of 511 

lung sections from WT and Adam9
-/- mice that were exposed to air or CS for 6 months that were 512 

immunostained with a green fluorophore for CD68 (a marker of macrophages). The images shown 513 

are representative of 6-7 mice/group. A section of lung from a CS-exposed WT mouse stained with a 514 

non-immune primary murine (Ms) IgG is shown (right panel). In F, CD68 staining was quantified 515 

per unit area of alveolar wall using MetaMorph software.  The bars show the mean (± SD) for 6 mice 516 

that were exposed to air per group, and 7 mice that were exposed to CS for 6 months per group. Data 517 

were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests and 518 

Bonferroni corrections for multiple comparisons. *, P < 0.017 versus air-exposed mice belonging to 519 

the same genotype or the group indicated. 520 

Figure 6: Lung levels of cytokines and chemokines in air- versus CS-exposed WT and Adam9-/- 521 

mice: WT and Adam9
-/- mice were exposed to air or CS for 1 month, and lung levels of Gm-csf (A; n 522 

= 6-13 mice/group), M-csf (B; n = 8-12 mice/group), Ccl-3 (C; n = 13-17 mice/group), Cxcl-2 (D; n 523 
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= 8-12 mice/group), Tnf-α (E; n = 10-11 mice/group), Il-6 (F; n = 10-11 mice/group), Ccl-5 (G; n = 524 

8-9 mice/group), and Cxcl-2 (H; n = 8-10 mice/group) were measured in homogenates of lung 525 

samples using ELISA kits. Data were normalized to total protein levels measured on the same 526 

samples. Boxes in the box-plots show the median values and 25th and 75th percentiles, and whiskers 527 

show the 10th and 90th percentiles. Data were analyzed using a Kruskal-Wallis One-Way ANOVA 528 

followed by pair-wise testing with Mann-Whitney U tests with Bonferroni corrections for multiple 529 

comparisons.  *, P < 0.025; and **, P < 0.001 versus air-exposed mice belonging to the same 530 

genotype or the group indicated. 531 

Figure 7: CS-exposed Adam9-/- mice have higher alveolar macrophage apoptosis rates, but lower 532 

lung elastin degradation, and alveolar septal cell death rates than CS-exposed WT mice: In A-E, 533 

WT and Adam9
-/- mice were exposed to air or CS for 1-6 months.  A: Alveolar macrophages were 534 

isolated from the lungs of WT and Adam9
-/- mice that had been exposed to air or CS for 1 month 535 

using BAL.  Immediately afterwards, the alveolar macrophages were fixed and then immunostained 536 

for intracellular active caspase-3.  Staining was quantified, as described in the Online Supplement (n 537 

= 3 separate experiments). Data are mean ± SD.  Data were analyzed using a Kruskal-Wallis One-538 

Way ANOVA followed by pair-wise testing with Mann-Whitney U tests and Bonferroni corrections 539 

for multiple comparisons.  *, P < 0.025 versus the group indicated. B: Desmosine levels were 540 

measured in bronchoalveolar lavage fluid (BALF) samples from WT and Adam9
-/- mice exposed to 541 

air (n = 5-6 mice/group), or CS for 1 month (n = 15 mice/group) or 3 months (n = 6 mice/group) 542 

using an ELISA. Boxes in the box-plots show the median values and 25th and 75th percentiles, and 543 

whiskers show the 10th and 90th percentiles. Data were analyzed using a Kruskal-Wallis One-Way 544 

ANOVA followed by pair-wise testing with Mann-Whitney U test and Bonferroni corrections for 545 

multiple comparisons. *, P < 0.017; and **, P < 0.001 versus the group indicated.  C: Desmosine 546 

levels were measured in serum samples from WT and Adam9
-/- mice exposed to air (n = 5 547 

mice/group) or CS (n = 11-12 mice/group) for 6 months using an ELISA. Data are mean ± SD. Data 548 

were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests and 549 

Bonferroni corrections for multiple comparisons. *, P < 0.025 versus the group indicated. D shows 550 
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representative images of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 551 

staining on formalin-fixed lung sections from WT and Adam9
-/- mice exposed to air or CS for 6 552 

months. E: Alveolar septal cell death was measured as the number of TUNEL-positive alveolar 553 

septal cells per unit alveolar wall area. Data shown are mean (± SD) values from 3-6 mice/group. 554 

Data were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests 555 

and Bonferroni corrections for multiple comparisons.  *, P < 0.017 versus air-exposed mice 556 

belonging to the same genotype or the group indicated. F: Type-II alveolar epithelial cells were 557 

isolated from unchallenged WT and Adam9
-/- mice, and exposed to 7.5% CSE for up to 48 h. 558 

Intracellular levels of active caspase-3 were measured using a quenched fluorogenic substrate, as 559 

described in the Online Supplement. Data are mean ± SD from 8 separate cell preparations. Data 560 

were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests and 561 

Bonferroni corrections for multiple comparisons.  *, P < 0.01; **, P < 0.001 versus the time points 562 

indicated. 563 

Figure 8: Adam9 sheds EGFR and VEGFR2 in the lungs of CS-exposed mice: WT and Adam9
-/- 564 

mice were exposed to air or CS for 1-3 months. Soluble EGFR levels (A; n= 5-12 mice/group) and 565 

soluble VEGFR2 levels (D; n= 5-15 mice/group) were quantified in bronchoalveolar lavage fluid 566 

(BALF) samples using ELISA. The boxes in the box-plots show the median values and 25th and 75th 567 

percentiles, and whiskers show the 10th and 90th percentiles. Data were analyzed using a Kruskal-568 

Wallis One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests and Bonferroni 569 

corrections for multiple comparisons.  *, P < 0.017; and **, P < 0.001 versus the group indicated. In 570 

B residual EGFR levels expressed on alveolar septal cell surfaces were assessed by immunostaining 571 

lung sections from WT and Adam9
-/- mice exposed to air or CS for 6 months with a green 572 

fluorophore for EGFR. Nuclei were counterstained blue with DAPI.  As a control, lung sections were 573 

stained with a non-immune rabbit (Rb) IgG (bottom panel). The merged images shown in B are 574 

representative of 3-5 mice per group. C: Scatter plots of residual surface EGFR staining that was 575 

quantified in alveolar septal cells in mice that were exposed to air (3-4 mice/group) or CS (4-5 576 

mice/group) for 6 months using MetaMorph software. Data were analyzed using a Kruskal-Wallis 577 
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One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests and Bonferroni 578 

corrections for multiple comparisons. *, P < 0.025; and **, P < 0.001 versus the group indicated.  In 579 

E residual VEGFR2 levels expressed on alveolar septal cell surfaces were assessed by 580 

immunostaining lung sections from WT and Adam9
-/- mice that were exposed to air or CS for 6 581 

months with a green fluorophore for VEGFR2. Nuclei were counterstained blue with DAPI.  As a 582 

control, lung sections were stained with a non-immune Rb IgG (bottom panel). The merged images 583 

shown in E are representative of 4-6 mice per group. F: Scatter plots of residual surface VEGFR2 584 

staining quantified in alveolar septal cells in sections of lungs from mice that had been exposed to air 585 

(4-5 mice/group) or CS (5-6 mice/group) for 6 months. Data were analyzed using a Kruskal-Wallis 586 

One-Way ANOVA followed by pair-wise testing with Mann-Whitney U test and Bonferroni 587 

corrections for multiple comparisons. *, P < 0.025 versus the group indicated. 588 

Figure 9: ADAM9 sheds EGFR from human bronchial epithelial cell (HBEC) surfaces: A: 589 

HBECs from control subjects without COPD were grown to confluence on chamber slides and 590 

incubated with or without 10-60 nM active recombinant human (rh)ADAM9 for 4 h at 37oC. HBECs 591 

were fixed and immunostained with a green fluorophore for cell surface-associated EGFR.  As a 592 

control, cells not incubated with rhADAM9 were stained with a non-immune rabbit (Rb) IgG (right 593 

panel).  DAPI counter-stained cells were examined using an epi-fluorescence microscope. The 594 

merged images shown in A are representative of 4 separate experiments. In B, residual levels of 595 

EGFR on the surface of HBECs were quantified, as described in the Online Supplement. The boxes 596 

in the box-plots show the median values and 25th and 75th percentiles, and whiskers show the 10th 597 

and 90th percentiles (n = 4 separate experiments). Data were analyzed using a Kruskal-Wallis One-598 

Way ANOVA followed by pair-wise testing with Mann-Whitney U tests. *, P < 0.029; and **, P < 599 

0.001 versus no rhADAM9 control or the group indicated. C shows soluble EGFR levels in cell-free 600 

supernatant samples from the same preparations shown in A-B measured using an ELISA. The boxes 601 

in the box-plots show the median values and 25th and 75th percentiles, and whiskers show the 10th 602 

and 90th percentiles (n = 5 separate experiments). Data were analyzed using a Kruskal-Wallis One-603 

Way ANOVA followed by pair-wise testing with Mann-Whitney U tests. *, P < 0.019; **, P < 0.001 604 
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versus the group indicated. D: Images showing residual EGFR staining on the surface of HBECs that 605 

were incubated with or without 60 nM rhADAM9 with or without 2 µM or 10 µM GM6001 (a non-606 

selective metalloproteinase inhibitor) for 4 h at 37°C. The right panel shows cells incubated without 607 

rhADAM9 that were stained with a non-immune rabbit (Rb) IgG. In E, residual EGFR levels on the 608 

surface of HBECs were quantified, as described in the Online Supplement. Data are mean ± SD from 609 

3 separate experiments. Data were analyzed using a One-Way ANOVA followed by pair-wise testing 610 

with Student’s t-tests. *, P < 0.011; and **, P < 0.001 versus the group indicated.  611 

Figure 10: ADAM9 sheds VEGFR2 from human bronchial epithelial cell (HBEC) surfaces: A: 612 

HBECs from control subjects without COPD were grown to confluence on chamber slides and 613 

incubated with or without 10-60 nM active recombinant human (rh)ADAM9 for 4 h at 37oC. HBECs 614 

were fixed and immunostained with a green fluorophore for cell surface-associated VEGFR2. As a 615 

control, cells not incubated with rhADAM9 were stained with a non-immune murine (Ms) IgG (right 616 

panel).  The merged images shown in A are representative of 4 separate experiments. In B, residual 617 

levels of VEGFR2 on the surface of HBECs were quantified, as described in the Online Supplement. 618 

The boxes in the box-plots show the median values and 25th and 75th percentiles, and whiskers show 619 

the 10th and 90th percentiles (n = 4 separate experiments). Data were analyzed using a Kruskal-Wallis 620 

One-Way Analysis followed by pair-wise testing with Mann-Whitney U tests. *, P < 0.029; **, P < 621 

0.001 versus no rhADAM9 control or the group indicated.  C: Soluble VEGFR2 levels in cell-free 622 

supernatant samples from the same preparations shown in A-B were measured using an ELISA. The 623 

boxes in the box-plots show the median values and 25th and 75th percentiles, and whiskers show the 624 

10th and 90th percentiles (n = 5 separate experiments). Data were analyzed using a Kruskal-Wallis 625 

One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests. *, P < 0.011; **, P < 626 

0.001 versus the group indicated.  D: Images of surface VEGFR2 staining on HBECs that were 627 

incubated with or without 60 nM rhADAM9 with or without 2 µM or 10 µM GM6001 (a non-628 

selective small-molecule metalloproteinase inhibitor) for 4 h at 37°C. The right panel shows cells 629 

incubated without rhADAM9 that were stained with a non-immune murine (Ms) IgG. E: Residual 630 

EGFR levels on the surface of HBECs were quantified as described in the Online Supplement. Data 631 
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are mean ± SD from 3 separate experiments. Data were analyzed using a One-Way ANOVA 632 

followed by pair-wise testing with Students t-tests. *, P < 0.012; and **, P < 0.001 versus the group 633 

indicated.  In F, HBECs were grown to confluence on tissue culture plates and incubated with or 634 

without 60 nM active rhADAM9 at 37oC for 4 h in the presence or absence of 10 µM GM6001 (a 635 

non-selective metalloproteinase inhibitor). Intracellular levels of active caspase-3 were measured 636 

using a quenched fluorogenic substrate, as described in the Online Supplement. Data are mean ± SD 637 

from 4 separate cell preparations. Data were analyzed using a One-Way ANOVA followed by pair-638 

wise testing with Student’s t-tests. *, P < 0.029 versus no rhADAM9 control or the group indicated. 639 

Figure 11: Human bronchial epithelial cells (HBECs) from COPD patients have higher surface 640 

staining for ADAM9 and lower surface staining for EGFR and VEGFR2 than HBECs from 641 

controls. In A-D, primary HBECs from 3 COPD patients and 3 controls were grown to confluence 642 

on chamber slides. HBECs were fixed and immunostained with a green fluorophore for cell surface-643 

associated ADAM9, EGFR, or VEGFR2, and the nuclei were counterstained blue with DAPI. 644 

Control cells were also stained with a primary non-immune rabbit (Rb) IgG or murine (Ms) IgG 645 

(right panels).  The merged images shown in A are representative of 3 subjects/group.  Cell surface 646 

levels of ADAM9 (in B), EGFR (in C), and VEGFR2 (in D) on HBECs were quantified on cells as 647 

described in the Online Supplement. Data are mean ± SD and data were analyzed using a One-Way 648 

ANOVA followed by pair-wise testing with Students t-tests. *, P < 0.05 versus control. 649 

Figure 12:  ADAM9 reduces activation (phosphorylation) of Akt. In A-B, HBECs were grown to 650 

confluence on tissue culture plates and incubated with or without 10-60 nM active rhADAM9 at 651 

37oC for 4 h in the presence or absence of 10 µM GM6001 (a non-selective metalloproteinase 652 

inhibitor). Phosphorylated Akt (p-Akt-Ser473), total Akt (Akt), and a housekeeping control (β-Actin) 653 

were quantified in cell extracts using Western blotting and densitometry. The images of Western 654 

blots shown in A are representative of 5 separate experiments. B: The p-Akt-Ser473 signals were 655 

normalized to total Akt levels and expressed as a % of the no rhADAM9 control result.  The bars 656 

show means ± SD (n = 5 separate experiments). Data were analyzed using a One-Way ANOVA 657 
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followed by pair-wise testing with Student’s t-tests. *, P < 0.05; and **, P < 0.001 versus no 658 

rhADAM9 control or the group indicated.  In C-D, primary HBECs from COPD patients and 659 

controls were grown to confluence on tissue culture plates. Phosphorylated Akt (p-Akt-Ser473), total 660 

Akt (Akt), and a housekeeping control (β-Actin) were quantified in cell extracts using Western 661 

blotting and densitometry. The images of Western blots shown in C are representative of 3 separate 662 

experiments conducted from cells on 3 different controls and 3 different COPD patients. D: The p-663 

Akt-Ser473 signals were normalized to total Akt levels and expressed as a % of the control result.  664 

The bars show means ± SD (3 cell preparations/group).  Data were analyzed using a One-Way 665 

ANOVA followed by pair-wise testing with Student’s t-tests.  *, P < 0.05 versus control cells.  In E-666 

F, WT and Adam9
-/- mice were exposed to air or CS for 3 months. Phosphorylated Akt (p-Akt-667 

Ser473), total Akt (Akt), and a housekeeping control (β-Actin) were quantified in homogenates of 668 

lung samples using Western blotting and densitometry.  The p-Akt-Ser473 signals were normalized to 669 

total Akt levels and expressed as a % of the values for WT mice exposed to air.   The images shown 670 

in E are representative of 6 mice per group. F: The bars show means ± SD (n = 6 mice/group). Data 671 

were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests and 672 

Bonferroni corrections for multiple comparisons. *, P < 0.0125; **, P < 0.001 versus air-exposed 673 

mice belonging to the same genotype or the group indicated. 674 

Figure 13:  Cartoon illustrating the potential contributions of ADAM9 to different COPD 675 

phenotypes.  676 

1. Inhaling cigarette smoke increases the expression of ADAM9 in lung macrophages and bronchial 677 

and alveolar epithelial cells either directly, or indirectly by generating pro-inflammatory mediators in 678 

the lungs that induce ADAM9 expression by these cells.  2. ADAM9 may directly degrade lung 679 

elastin to promote emphysema development. 3. Increases in lung macrophage counts increases lung 680 

elastin degradation further (by increasing the lung burden of macrophage-derived matrix 681 

metalloproteinases [MMPs]) to contribute to emphysema development.  Increase in lung macrophage 682 

counts may also contribute to lung inflammation and injury by increasing the lung burden of 683 

macrophage-derived oxidants (that injure alveolar septal cells) and macrophage-derived pro-684 
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inflammatory mediators that amplify macrophage recruitment and activation (CCL-3) and survival 685 

(GM-CSF and M-CSF). 4. ADAM9 expressed by alveolar epithelial cells sheds EGFR and VEGFR2 686 

from lung epithelial cells to promote alveolar septal cell death and emphysema development by 687 

reducing activation of the PI3K/Akt pro-survival pathway in alveolar septal cells.  5. Adam9 also 688 

promotes small airway fibrosis, in part, by increasing α-smooth muscle actin-positive fibroblasts in 689 

the small airways, or possibly by increasing airway inflammation.  6. Adam9 increases airway mucus 690 

cell metaplasia via mechanisms that remain to be elucidated. The scissors indicate processes in 691 

which ADAM9’s metalloproteinase domain is likely to be involved. Abbreviations used: EGFR, 692 

epidermal growth factor receptor; GM-CSF, granulocyte-macrophage colony stimulating factor; M-693 

CSF, macrophage colony stimulating factor; MMPs, matrix metalloproteinases; PI3K, phospho-694 

inositide 3-kinase; VEGFR2, vascular endothelial growth factor receptor-2. 695 

  696 
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Table 1: Demographic and clinical characteristics of the human immunostaining cohort.  697 

 698 

The table shows the demographic and clinical characteristics of the COPD patients, smokers without 699 

COPD, and non-smoker controls who underwent either a lung biopsy, lung volume reduction 700 

surgery, or lung transplantation (see Online Supplement). COPD patients were sub-divided 701 

according to Global Initiative for Obstructive Lung Disease (GOLD) criteria. 702 

Data are presented as median (interquartile range) for non-parametric data or mean  SD for 703 

parametric data. 704 

*Non-smokers were all never-smokers. Smokers were defined as subjects that had > 10 pack-year 705 

smoking history. Current smokers were defined as active smokers at the time of the biopsy or 706 

surgery, or had stopped smoking < 1 year before the biopsy or surgery.  707 

 

Characteristics 

 

Non-
smokers* 

(N = 9) 

Smokers* 

(N = 8) 

COPD 
GOLD stages 

I-II 

(N = 6) 

COPD 
GOLD 

stages III-
IV 

(N = 8) 

P value‡ 

Number of males 
(%) 

2 (22) 3 (37.5) 4 (67) 5 (62.5) NS 

Age (years) 64 (35-82) 69 (54-79) 65 (52-77) 64 (58-71) NS‡ 

Pack-yrs. of 
smoking 

0 34 (10-60) 54 (20-86) 42 (25-60) P < 0.001ll 

Number of current 
smokers (%) 

0 (0) 1 (12.5) 0 (0) 2 (25) NS 

FEV1 (% of 
predicted)† 

97  23 81  16 77  15 28  12 P < 0.001§ 

FEV1/FVC (% of 
predicted)† 

76 (71-80) 83 (72-112) 58 (42-66)  44 (22-66) P < 0.001§§ 
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†All COPD patients had forced expiratory volume in 1 second/ forced vital capacity ratio 708 

(FEV1/FVC) < 0.7 whereas smokers without COPD and non-smoker controls had FEV1/FCV > 0.7.   709 

‡Categorical variables were analyzed with Chi-Square tests. Statistical analyses included One-Way 710 

ANOVA tests for continuous variables (age, FEV1 % predicted, FEV1/FCV, and pack/years) 711 

followed by pair-wise comparisons using Student’s t-tests for parametric data or Mann-Whitney U 712 

tests for non-parametric data.  713 

ll The pack/year smoking histories of the GOLD stage I-II and GOLD stage III-IV COPD groups 714 

were not significantly different from those of the smoker group (P = 0.2 for both comparisons). The 715 

pack/year smoking histories of the GOLD stage I-II and GOLD stage III-IV COPD groups and the 716 

smoker group were significantly different from those of the non-smoker group by design.  717 

§ The FEV1 of the GOLD stage III-IV COPD group was significantly lower than that of the smoker 718 

and non-smoker groups (P < 0.001 for both comparisons). The FEV1 of the GOLD stage I-II COPD 719 

group was not significantly different from that of the smoker and non-smoker groups (P = 0.7 and P 720 

= 0.1).  721 

§§ The FEV1/FVC ratios of the GOLD stage III-IV COPD group were significantly lower than those 722 

of the smoker and non-smoker groups (P = 0.002 and P = 0.001, respectively). The FEV1/FVC ratios 723 

of the GOLD stage I-II COPD group were significantly lower than those of the smoker and non-724 

smoker groups (P = 0.007 and P = 0.002, respectively). 725 

NS: not significant. 726 

  727 
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Table 2: Demographic and clinical characteristics of the bronchoscopy (bronchial brushings) 728 

cohort for microarray assays. 729 

 731 

The table shows the demographic and clinical characteristics of the COPD patients, smokers without 732 

COPD, and never-smokers that underwent a bronchoscopy to obtain bronchial brushings and 733 

endobronchial biopsies  for analysis of ADAM9 mRNA levels and MUC5AC staining in epithelial 734 

cells, respectively. Data are presented as median (interquartile range) for non-parametric data or 735 

mean  SD for parametric data. 736 

 

Characteristi

cs 

 

Non-

smokers* 

(N = 12) 

Smokers* 

(N = 17) 

COPD 

GOLD 

stage 0* 

(N = 18) 

COPD 

GOLD 

stage I* 

(N = 10) 

COPD 

GOLD 

stages II-

IV* 

(N = 13) 

P value‡ 

Number of 

males (%) 
6 (50) 7 (41.2) 7 (38.9) 6 (60) 9 (69.2) NS 

Age (years) 54  8 44  10 51  7 59  6 54  7 P < 0.001ǂ 

Pack-yrs. of 

smoking 
0 33 (10-59) 46 (19-160) 38 (0-53) 60 (30-86) P < 0.001† 

Number of 

current 

smokers (%) 

0 (0) 17 (100) 18 (100) 7 (70) 11 (85) P < 0.001¶ 

FEV1 (% of 

predicted) 
110 (92-120) 105 (88-130) 95 (76-130) 95 (85-100) 67 (25-79) P < 0.001§ 

FEV1/FVC 

(% of 

predicted) 

74 (70-83) 80 (72-90) 76 (70-82) 68 (60-70) 59 (30-69) P < 0.001§§ 
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* Subjects were classified as non-smoker controls, smoker controls without COPD, and smokers with 737 

COPD. Only those smokers with normal lung function and a high resolution computed tomography 738 

thoracic scan showing no evidence of emphysema were included in the smoker group. The COPD 739 

subjects were further classified according to the criteria of the Global Initiative for Obstructive Lung 740 

Disease (GOLD) into three groups: GOLD stage 0 COPD [having a chronic cough and sputum 741 

production but normal spirometry (n = 18)]; GOLD stage I COPD, with or without cough and 742 

sputum production and with FEV1 ≥ 80% of predicted but FEV1/FVC to <70% (n = 10); and GOLD 743 

stage II-IV COPD, with or without cough and sputum production but FEV1 between 25% and 79% 744 

of predicted and FEV1/FVC<70% (n = 13).  745 

‡ Categorical variables were analyzed with Chi-Square tests. Statistical analyses included One-Way 746 

ANOVA tests for continuous variables (age, FEV1% predicted, FEV1/FCV, and pack/years) followed 747 

by pair-wise comparisons using Student’s t-tests (for parametric data) or Mann-Whitney U tests (for 748 

non-parametric data).  749 

ǂ The ages of the COPD GOLD stages II-IV, GOLD stage I, and GOLD stage 0 groups were not 750 

significantly different from those of the non-smokers. The ages of the COPD GOLD stages II-IV, 751 

GOLD stage I and GOLD stage 0 groups were significantly older than those of the smokers (P < 752 

0.05, P < 0.001, and P < 0.05, respectively). 753 

† The pack/year smoking histories of the COPD GOLD stages II-IV, GOLD stage I, GOLD stage 0 754 

and the smoker groups were significantly higher than those of the non-smokers by design.  The 755 

smokers and GOLD 0 and GOLD I COPD patients were matched for pack-year smoking history.  756 

The GOLD stage II-IV COPD patients had a significantly greater pack-year smoking history than the 757 

smoker controls. 758 

¶The proportions of current smokers in the smoker and COPD GOLD stage 0, I, and II-IV groups 759 

were significantly higher than that of the non-smoker group.  However, the proportion of current 760 

smokers was similar in the smoker, and COPD GOLD stages 0, I, and II-IV groups.  761 
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§ The FEV1 of the COPD GOLD stages II-IV group was significantly lower than that of the smoker 762 

and non-smoker groups (P < 0.001 for both comparisons). The FEV1 of the COPD GOLD stage I 763 

group was also significantly lower than that of the smoker and non-smoker groups (P < 0.05 for both 764 

comparisons). The FEV1 of the COPD GOLD stage 0 group was not significantly different from that 765 

of the smoker and non-smoker groups (P= 0.054 and P= 0.098, respectively).  766 

§§The FEV1/FVC ratio of the COPD GOLD stages II-IV group was significantly lower than that of 767 

the smoker and non-smoker groups (P < 0.001 for both comparisons). The FEV1/FVC ratio of the 768 

COPD GOLD stage I group was significantly lower than that of the smoker and non-smoker groups 769 

(P < 0.001 and P < 0.05, respectively). The FEV1/FVC ratio of the COPD GOLD stage 0 group was 770 

significantly lower than that of the smoker group (P < 0.05), but was not significantly different from 771 

that of the non-smoker group (P = 0.235). 772 

NS: not significant. 773 

  774 



 35 

Table 3: Correlations between ADAM9 gene expression in bronchial brushings and clinical 775 

parameters after adjusting the P values for differences in age and pack-years of smoking. 776 

Clinical Parameters (SE)
*
 

† P value 

Pack-years of smoking 0.007 (0.002) 0.438 P < 0.001 

SGRQ symptom score¶ 0.005 (0.003) 0.264 P = 0.10 

SGRQ activity score¶ 0.005 (0.003) 0.211 P = 0.18 

SGRQ total score¶ 0.005 (0.004) 0.165 P = 0.30 

MUC5AC§ -0.005 (0.006) -0.129 P = 0.43 

Pulmonary MEF25 -0.001 (0.003) -0.045 P = 0.75 

FEV1 0.002 (0.003) 0.086 P = 0.55 

FEV1/FVC 0.005 (0.006) 0.116 P = 0.39 

 777 

Bronchoscopies were performed on COPD patients, smokers without COPD, and never-smokers to 778 

obtain bronchial brushing samples for ADAM9 gene expression analysis and endobronchial biopsies 779 

to immunostain airway epithelial cells for MUC5AC as described in the Online Supplement (n = 70 780 

subjects). 781 

Data were analyzed using R v3.4 for Windows (The R Foundation for Statistical Computing, Vienna, 782 

Austria). To identify the relevant clinical parameters to correct for, and a multivariate regression 783 

model was run with ADAM9 gene expression as the dependent variable and all of the clinical 784 

parameters. Variable selection was performed by optimization of the Akaike Information Criterion 785 

(AIC). The final model retained only 6 clinical variables of which pack-year smoking history had the 786 

highest significance.  Thus, subsequent analyses were corrected for differences in pack-year smoking 787 

history and also to difference in age. 788 

¶ SGRQ; St. George’s Respiratory Disease Questionnaire. 789 

§ MUC5AC immunoperoxidase staining was quantified in the endobronchial biopsies from the same 790 
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COPD patients, smokers without COPD, and never-smokers from whom the bronchial brushings 791 

were obtained, as described in the Online Supplement. 792 

 
* 
β coefficient and standard error (SE). 793 

† β is the standardized regression coefficient which evaluates the relative significance of each 794 

independent variable in multiple linear analyses. 795 
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ONLINE SUPPLEMENT 

MATERIALS AND METHODS 

Materials:  ELISA kits to measure human ADAM9, murine interleukin-6 (IL-6), murine 

Rantes (Ccl5), murine interleukin-10 (Il-10), murine interleukin-1 beta (Il-1β), murine Je 

(Ccl2), murine tumor necrosis factor-α (Tnf-α), and murine transforming growth factor-β (Tgf-

β) were obtained from R & D Systems (Minneapolis, MN). ELISA kits to quantify murine 

granulocyte colony stimulating factor (G-csf), murine granulocyte macrophage colony-

stimulating factor (Gm-csf), murine macrophage colony-stimulating factor (M-csf), murine 

macrophage inflammatory protein-1α (Mip-1α), murine Mip-2, and murine keratinocyte-

derived chemokine (Kc) were purchased from Peprotech (Rocky Hill, NJ). The ELISA kit for 

quantifying murine Adam9 was obtained from CUSABIO (College Park, MD). Recombinant 

human ADAM9 was purchased from R&D System (Minneapolis, MN). 

Human Subjects Studies 

Four cohorts were studied: 1) a lung immunostaining cohort (Boston, USA); 2) bronchoscopy 

cohorts from which bronchoalveolar lavage fluid (BALF) samples (Manchester cohort, UK), 

and/or bronchial brushings (Southampton, UK and Manchester cohort, UK), or endobronchial 

biopsies (Southampton, UK) were obtained; 3) a sputum cohort (Manchester cohort, UK); and 4) 

a plasma cohort (Boston, USA and Manchester, UK).  None of the human cohort studies was 

registered as a clinical trial.  All studies of human subjects were approved by local institutional 

and regional review boards in the US and UK, respectively (Partners Healthcare Institutional 

Review Board #2014P001255; And the NRES Committee North West - Greater Manchester 

Central; reference code 06/Q1403/156; Southampton University and the General Hospitals ethics 
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committee: LREC 276/99 RHM MED 0657: Epithelial gene expression in COPD).  The 

Southampton bronchial brushing samples yielded a whole genome microarray data set from 

which ADAM9 gene expression data were extracted. The results of the study of gene expression 

in the epithelium have been reported previously (1).  Tables 1-2 and E1-E3 and E5 show the 

demographic and clinical data on the subjects studied.  

Lung immunostaining cohort: We studied current or former smokers with COPD [Global 

Initiative for Obstructive Lung Disease (GOLD) stages I–IV]; smoker controls without COPD, 

and non-smokers.  Current smokers were defined as active smokers at the time of the study or 

smokers that had stopped smoking less than 1 year prior to the study.  The characteristics of all 

the subjects studied are described in Table 1 and Table E5.  Patients with a post-

bronchodilator FEV1/FVC ratios < 70% were considered to be COPD cases, and those with a 

post-bronchodilator FEV1/FVC ratios ≥ 70% were considered to be controls for all of the 

cohorts listed below. Sections of lung were obtained from lung biopsies obtained from subjects 

with benign tumors or lobectomies for lung cancer (2 COPD cases, 2 smokers, and 1 non-

smoker).  In the lung cancer cases, lung tissue for study was taken > 10 cm from the cancer 

margin. ADAM9 staining was similar in the cancer and non-cancer cases in each group (data 

not shown).  COPD lung tissue was also obtained from lung volume reduction surgeries, or 

from explanted lungs from COPD patients undergoing lung transplantation.  Lung sections 

were provided by NHLBI-sponsored Lung Tissue Research Consortium (www.ltrcpublic.com), 

or the Department of Pathology at Brigham and Women’s Hospital, Boston.  None of the 

subjects studied had evidence of respiratory tract infection at the time of lung tissue sampling. 

Double immunofluorescence staining of human lung sections for ADAM9: 

Immunofluorescence staining for ADAM9 was performed on formalin-fixed sections of human 

https://owa.partners.org/cvpn/aHR0cHM6Ly9wcm94eS1vd2EucGFydG5lcnMub3Jn/owa/redir.aspx?C=HPYbs9koReM__rxgbADb4s1N7npSZbKNoUla1vSZ_wHrAo2GeCTVCA..&URL=http%3a%2f%2fwww.ltrcpublic.com%2f
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lung. The sections were incubated with a rabbit anti-ADAM9 IgG (Abcam, Cambridge, MA) or 

non-immune rabbit IgG, followed by Alexa 488-conjugated goat anti-rabbit F(ab)2 (Invitrogen, 

Charlestown, MA). Sections were double stained with either: 1) rat anti-human CD163 IgG 

(Santa Cruz, Dallas, TX) followed by Alexa 546-conjugated goat anti-rat IgG; or 2) murine anti-

human pancytokeratin (PanCK) (Sigma, St. Louis, MO) followed by Alexa 546-conjugated goat 

anti-murine IgG. All the secondary antibodies were obtained from Invitrogen (Charlestown, MA). 

Lung sections were also immuno-stained with appropriate isotype-matched non-immune control 

antibodies. Representative images were captured using a confocal microscope (Olympus 

corporations, Center Valley, PA).  Images were captures using an epi-fluorescence microscope 

(Leica Biosystems, Buffalo Grove, IL).  MetaMorph software (Molecular Devices, Sunnyvale, 

CA) was used to quantify immunostaining in epithelial cells which was normalized per unit of 

area of the alveolar or bronchial wall.   To quantify ADAM9 expression in alveolar macrophages, 

the percentage of ADAM9-positively stained cells in 10 randomly acquired images per lung 

section was counted. 

Triple immunofluorescence staining of human lung sections for ADAM9 and EGFR/ 

VEGFR2: Triple immunofluorescence staining for pancytokeratin, ADAM9, and EGFR or 

VEGFR2 was performed on formalin-fixed sections of human lung. The sections were incubated 

with murine anti-human PanCK (Sigma, St. Louis, MO) followed by Alexa 546-conjugated goat 

anti-murine IgG (Invitrogen, Charlestown, MA).  The sections were then stained with a goat 

anti-ADAM9 IgG (R & D Systems, Minneapolis, MN) or non-immune goat IgG, followed by 

Alexa 488-conjugated rabbit anti-goat F(ab)2 (Invitrogen, Charlestown, MA). The sections were 

then stained with either: 1) rabbit anti-human EGFR IgG (Abcam, Cambridge, MA) followed by 

cyanine5 cross-adsorbed goat anti-rabbit IgG; or 2) rabbit anti-human VEGFR2 (Abcam, 
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Cambridge, MA) followed by cyanine5 cross-adsorbed goat anti-rabbit IgG. All of the secondary 

antibodies were obtained from Invitrogen (Charlestown, MA).  Lung sections were also immuno-

stained with appropriate isotype-matched primary non-immune control antibodies. Images were 

captured using a confocal microscope (Olympus corporations, Center Valley, PA).  

ADAM9 steady state mRNA levels in primary human bronchial brushing cells: Airway 

brushing cells were obtained from clinically-stable COPD patients, non-smokers, and smokers 

without COPD (see Table 2 for demographic and clinical data) by performing bronchoscopy and 

collecting bronchial brushings and endobronchial biopsies, as described previously (1).  Total 

RNA was extracted from the brushed cells from COPD patients, non-smokers, and healthy 

smokers using TRIZOL® (Invitrogen, Paisley, UK) and stored in liquid nitrogen for subsequent 

microarray analysis of gene expression using Affymetrix GeneChip® arrays (Affymetrix, Santa 

Clara, California, USA). The RNA yield was determined spectrophotometrically and RNA 

integrity was evaluated by measuring the absorbance ratio (A260/A280) and running an aliquot 

on a 1% agarose gel. Ten μg of total RNA per sample was used to prepare the hybridization 

probes following the manufacturer’s recommendations. Human Genome U133 GeneChip® 

arrays (Affymetrix, Santa Clara, CA, USA) were hybridized, washed, stained, and scanned 

according to the manufacturer’s standard procedures (1).   

A whole genome microarray data-set was generated from which ADAM9 gene expression 

data were extracted. The results of the study of gene expression in the brushings samples have 

been reported previously (1).  To validate the results of the microarray assay, real-time 

quantitative RT-PCR was performed on the samples (when there was sufficient quantify) using 

commercial Taqman probe and primer sets for ADAM9 and 18S ribosomal RNA as the 

housekeeping gene (Thermo Fischer Scientific Corp), and the comparative threshold method. 
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Immunostaining of human endobronchial biopsies for MUC5AC: Endobronchial biopsies from 

the bronchoscopy population were embedded in glycol methacrylate resin and stained, as 

previously described (2). In brief, two micron sections were cut and stained 

immunohistochemically by the streptavidin biotin-peroxidase technique, with diamino benzidine 

visualisation, for MUC5AC. Immunoreactivity was quantified using computer-assisted image 

analysis as percentage area staining within the epithelium (3). 

Soluble ADAM9 protein levels in plasma samples: Soluble ADAM9 protein levels were 

measured in plasma samples from never-smokers without COPD, smokers without COPD, and 

COPD patients (GOLD Stages I-II and III-IV) using commercially-available ELISAs (R&D 

Systems, Minneapolis, MN).  See Table E1 for the demographic and clinical data on the subjects 

studied.  

Human BAL fluid (BALF) sample processing and quantification of soluble ADAM9 protein 

levels in BALF samples: Bronchoscopy was performed on 28 clinically-stable COPD patients 

and 7 smokers without COPD in the Manchester, UK cohort (Table E2). The bronchoscope was 

wedged in the bronchus and a maximum of 4 × 60 ml aliquots of pre-warmed sterile 0.9% NaCl 

solution were instilled into the right and/or left upper lobes. The aspirated BAL sample was 

stored on ice, and then filtered using a 100 μm filter (Becton Dickenson, UK). The filtrate was 

centrifuged (at 400 g for 10 min at 4°C) and the BALF sample was removed and stored in 

aliquots at -80oC for further analysis.  BALF ADAM9 levels were quantified using a 

commercially-available ELISA kit (R&D Systems, Minneapolis, MN). 

Soluble ADAM9 protein sputum levels: Sputum was obtained from smokers without COPD, and 

clinically-stable COPD patients (GOLD Stages I-II and III-IV).  See Table E2 for clinical and 
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demographic data on the subjects studied.  Sputum was spontaneously expectorated into a sterile 

pot. Following expectoration, sputum plugs were separated from saliva using sterile forceps, 

with one-third being taken for culture analysis when there was sufficient quantity. The remaining 

sputum was weighed and suspended in nine times the volume of standard isotonic phosphate-

buffered saline (PBS). Glass beads were added to this suspension which was then homogenized 

by vortexing for 15 seconds, rocking for 15 min (IKA Vibrax VXR, Staufen, Germany), and 

additional vortexing was performed for 15 seconds. Aliquots of 500 µl were stored at -80ºC for 

subsequent batch processing.  Sputum ADAM9 levels were quantified using a commercially-

available ELISA kit (R&D Systems, Minneapolis, MN). 

Animal Experiments 

Animals: All studies conducted on mice were approved by the Institutional Care and Use 

Committee at Brigham and Women’s Hospital. Adam9-/- mice in a pure C57BL/6 background 

were obtained from Carl Blobel (Hospital for Special Surgery, New York, NY). C57BL/6 

wild-type (WT) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice 

were housed in a barrier facility under specific pathogen-free conditions, and their genotype 

was confirmed using PCR protocols performed on DNA extracted from tail biopsies. 

CS exposures: Adult WT and Adam9-/- mice (males and females, aged 8-12 weeks old) were 

randomized to the experimental groups and exposed to air or mixed mainstream and side-

stream CS from 3R4F Kentucky Research cigarettes for 2 h/day 6 days-a-week in Teague TE 

10z chambers for 1-6 months (4). 

Adam9 protein levels in murine lungs:   Adam9 protein levels were measured in homogenates 

of lung samples from WT mice exposed to air or CS for 1 or 2 or 6 months using a 
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commercially-available ELISA kit (CUSABIO, College Park, MD).  Adam9 protein levels were 

normalized to total protein levels measured in the same samples using a commercial kit 

(Thermo-Fisher Scientific, Rockford, IL).  

Adam9 steady state mRNA levels in murine lungs: Adam9 steady-state mRNA levels were 

quantified in whole lung samples from WT mice exposed to air or CS for 1, 2 , or 6 months. 

Total RNA was isolated from lung samples using a SurePrep TrueTotal RNA Purification Kit 

(Fisher Scientific, Fair Lawn, NJ), following the manufacturer’s instructions, and 1 μg of RNA 

was reverse transcribed into cDNA using High-Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific, Carlsbad, CA). SYBR green-based real-time RT-PCR was used to 

measure Adam9 gene expression using primers from Invitrogen (Charlestown, MA) Ppia and 

β-actin as the housekeeping genes (see Table E6 for primer sequences), the comparative 

threshold method, and an AriaMx Real-time PCR machine (Agilent technologies, Santa Clara, 

CA).  

Measurements of emphysema and small airway fibrosis: WT and Adam9-/- mice were exposed 

to air or CS for 6 months, and serum samples were obtained post-euthanasia via right ventricular 

puncture.  Lungs were inflated to 25 cm H2O pressure and fixed in 10% buffered formalin.  

Airspace size was measured as alveolar chord length on Gill's-stained and inflated lung sections 

from mice exposed to air or CS for 6 months using morphometric methods (4).  Fibrosis around 

small airways having a mean diameter of 300-699 microns was quantified on Masson’s 

Trichrome-stained and inflated lung sections from mice exposed to air or CS for 6 months using 

morphometric methods (4). 
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Immunofluorescence staining of murine lung sections for α-smooth muscle actin (α-SMA): 

WT and Adam9-/- mice were exposed to air or CS for 6 months. Lungs were inflated to 25 cm 

H2O pressure and fixed in 10% buffered formalin.  The lung sections were deparaffinized, and 

antigen retrieval was performed by heating the slides in a microwave in 10 mM citrate buffer 

(pH 6.0) for 10 min. The sections were incubated at 4°C overnight with a murine IgG to α-SMA 

(diluted 1:20, Sigma, St. Louis, MO) or non-immune murine IgG at the same concentration.  

After washing the lung sections with PBS, the sections were incubated for 1 h at 37°C with 

Alexa 488-conjugated rabbit anti-murine F(ab’)2. Images were captured using a digital camera. 

MetaMorph software (Molecular Devices, Sunnyvale, CA) was used to quantify immunostaining 

around small airways having a mean diameter of 300-699 microns which was normalized per 

unit of area of the bronchial wall.    

Immunofluorescence staining of murine lung sections for Muc5ac: To identify the Muc5ac-

positive cells in bronchial epithelial cells, immunofluorescence staining was performed on lung 

sections from mice exposed to air versus CS for 6 months. Briefly, the lung sections were 

deparaffinized, and antigen retrieval was performed by heating the slides in a microwave in 10 

mM citrate buffer (pH 6.0) for 10 min. The sections were incubated at 4°C overnight with a 

murine IgG to Muc5ac (diluted 1:20; ThermoFisher Scientific, Waltham, MA) or non-immune 

murine IgG applied at the same concentration.  After washing the lung sections with PBS, the 

sections were incubated for 1 h at 37°C with Alexa 488-conjugated rabbit anti-murine F(ab’)2 or 

Alexa 546-conjugated rabbit anti-murine F(ab’)2 (Invitrogen, Carlsbad, CA). Images were 

captured using a digital camera.  The number of Muc5ac-positive cells was counted and 

normalized to the bronchial epithelial cell area measured using Metamorph (Molecular Devices, 

Sunnyvale, CA). 
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Lung inflammation: All leukocytes, macrophages, PMNs, and lymphocytes were counted in 

BAL samples from WT and Adam9-/- mice exposed to air or CS for 1-6 months (5). In other 

cohorts of WT and Adam9-/- mice exposed to air or CS for 1 month, lungs were removed, and 

homogenized in lysis buffer (PBS containing 0.5% Triton, 1 mM 

phenylmethanesulfonylfluoride (PMSF), 1 mM 1,10 phenanthroline, and 1% Sigma 

Mammalian Protease Inhibitor Cocktail). Pro- and anti-inflammatory mediators were measured 

in homogenates of lung samples using commercially-available ELISAs, and lung levels of 

mediators were normalized to lung total protein levels.   

Immunofluorescence staining of murine lung sections for a marker of macrophages: Lung 

sections from WT and Adam9-/- mice that had been exposed to air or CS for 6 months were 

immunostained for a marker of macrophages (CD68).  Briefly, the lung sections were de-

paraffinized, and antigen retrieval was performed by heating the slides in a microwave oven in 

10 mM citrate buffer (pH 6.0) for 10 min.  The sections were incubated at 4°C for 18 h with a 

murine polyclonal IgG to CD68 diluted 1:50 (Abcam, Cambridge, MA) or a non-immune 

murine IgG added at the same concentration.  After washing the lung sections with PBS, the 

sections were incubated for 1 h at 37°C with Alexa 488-conjugated goat anti-murine F(ab’)2 

(Invitrogen, Carlsbad, CA).  The slides were washed in PBS, and nuclei were counterstained 

with 4’,-6-diamidino-2-phenylindole (DAPI).  Images of the stained lung sections were 

captured using a digital camera. The number of CD68-positive cells was counted and 

normalized to the alveolar area measured using Metamorph (Molecular Devices, Sunnyvale, 

CA). 

Activity assay of recombinant human ADAM9 protein (rhADAM9): To confirm that the 

rhADAM9 preparation (R&D System, Minneapolis, MN) was active, 20 nM ADAM9 was 
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incubated at 37°C in duplicate for up to 18 h with 10 µM Fluorogenic Substrate III (R&D 

System, Minneapolis, MN), a sensitive substrate for ADAM9 (6).  Cleavage of the substrate 

was measured using fluorimetry (Ex λ 320nm and Em λ 504nm) exactly as described 

previously (6). 

Incubation of active human recombinant ADAM9 (rhADAM9) with cytokines and 

chemokines: To test whether the active metalloproteinase domain of ADAM9 cleaves or 

degrades cytokines or chemokines in vitro, cytokines that were elevated in the lungs of CS-

exposed Adam9-/- versus CS-exposed WT mice were incubated with and without active 

rhADAM9. Preliminary experiments optimized the concentrations of mediators that were needed 

to produce signals on silver-stained Tris-tricine gels. Human interleukin (IL)-6 (900 nM), CCL5 

(3200 nM), IL-8 (2750 nM), or TNF-α (1149 nM) were incubated in a total volume of 20 µL of 

assay buffer (25 mM Tris containing 2.5 µM ZnCl2 and 0.05% Briji-35; pH 9.0) with or without 

active 0.3 µM rhADAM9 either with or without 1 mM 1,10-phenanthroline (a non-selective 

inhibitor of metalloproteinases that inhibits ADAMs) for 18 h at 37oC temperature. Reaction 

products were separated on Tris-tricine gels and visualized using a silver staining kit (Thermo 

Fisher Scientific).    

Degradation of lung elastin by Adam9: WT versus Adam9-/- mice were exposed to air or CS 

for 1 or 3 months.  Serum was collected post-euthanasia via right ventricular puncture, and the 

lungs were lavaged with 750 µl of PBS.  Desmosine (a marker of elastin degradation) was 

quantified in cell-free BALF and serum samples using a commercially-available ELISA kit 

(CUSBIO, College Park, MD).   

Apoptosis of alveolar macrophages:  To quantify alveolar macrophages apoptosis in vivo, WT 

and Adam9-/- mice were exposed to air or CS for 1 month. Alveolar macrophages were isolated 
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from the lungs using BAL, and immediately fixed with PBS containing 3% paraformaldehyde 

and 0.25% glutaraldehyde (pH 7.4) for 3 min at 4oC. To obtain sufficient cells for analysis in 

each of 3 separate experiments, BAL macrophages were pooled from 4 air-exposed WT mice, 

5 air-exposed Adam9-/- mice, 3 CS-exposed WT mice, and 3-4 CS-exposed Adam9-/- mice. The 

pooled cells were permeabilized by incubating them in 100% ice-cold methanol for 20 min at 4 

oC.  Intracellular levels of active caspase-3 were measured by blocking the cells with PBS 

containing 1% albumin and 5% normal goat serum, and then incubating the cells with rabbit 

anti-cleaved caspase-3 IgG (Cell Signaling, Danvers, MA) diluted 1:50 or the same 

concentration of non-immune rabbit IgG followed by Alexa-488-conjugated goat anti-rabbit 

F(ab)2.  Images of the immunostained cells were acquired using a Leica microscope and a 

digital camera. Intracellular immunofluorescence staining (in arbitrary fluorescence units) was 

quantified in 300 cells per group using MetaMorph software (Molecular Devices, LLC) (10).  

Data were corrected for non-specific staining in the presence of the non-immune control 

antibody as described previously (10). 

Alveolar septal cell death: To quantify alveolar septal cell death in murine lungs, we double 

immune-stained fixed and inflated lung sections from WT and Adam9-/- mice exposed to air or 

CS for 6 months using an Apoalert DNA Fragmentation Detection Kit (Clontech, Mountain 

View, CA) to stain injured cells green, followed by a murine anti-pan-cytokeratin IgG (Abcam), 

followed by Alexa 546-conjugated goat anti-murine IgG (H+L) (Invitrogen, Carlsbad, CA) to 

label epithelial cells red. Images of the stained sections were captured using an epifluorescence 

microscope (Leica Biosystems, Buffalo Grove, IL). The number of TUNEL-positive alveolar 

septal cells was counted and normalized to the area of the alveolar walls which was measured 

using MetaMorph software (Molecular Devices, Sunnyvale, CA). 
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CS extract (CSE): CSE was prepared by allowing smoke from two 1R3F cigarettes (University 

of Kentucky, Lexington, KY) to bubble through 10 ml of DMEM medium to yield a 100% CSE 

solution. CSE was filtered and immediately added to cell cultures to yield the stated final 

concentration of CSE for each experiment. Preliminary dose-response and time-course 

experiments confirmed that the concentration of CSE chosen and the time points studied were 

optimal for inducing apoptosis for each cell type studied. 

Intracellular active caspase-3 levels in CSE-treated lung epithelial cells: Murine type-II 

alveolar epithelial cells were isolated from naïve WT and Adam9-/- mice as described 

previously (7).  Monolayers of the cells were cultured on tissue culture dishes (Corning, New 

York, NY) that had been coated with Matrigel and type I collagen (Corning, New York, NY). 

The purity of these cells (> 95%) was confirmed by immunostaining the cells for pulmonary-

associated surfactant protein-C (SP-C). After culturing the cells for 7 days in BEBM medium 

(Lonza, Allendale, NJ) containing BEGM growth supplement (Lonza, Allendale, NJ), the cells 

were incubated with or without 7.5% cigarette smoke extract (CSE) prepared as described 

previously (5).  At intervals up to 48 h, the cells were lyzed in caspase-3 lysis buffer, and 

intracellular levels of active caspase-3 were measured using a fluorogenic substrate that is 

specific for caspase-3 (BD Biosciences, Franklin Lakes, NJ), standards of known 

concentrations of recombinant caspase-3 (R&D, Minneapolis, MN), and fluorimetry (Ex 400 λ 

and Em λ 490) as described previously (8).  

Intracellular active caspase-3 levels in CSE-treated bone marrow-derived macrophages 

(BMDMs): BMDMs were isolated from naïve WT and Adam9-/- mice as described previously 

(9). BMDMs were cultured in L929-conditioned medium for 7 days, and then the media were 

changed to normal complete medium. Cells were incubated with or without 20% CSE, at 
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intervals up to 48 h, cells were lyzed in caspase-3 lysis buffer, and intracellular levels of active 

caspase-3 were measured (8).  

Shedding of epidermal growth factor receptor (EGFR) and vascular endothelial growth 

factor receptor-2 (VEGFR2) in murine lungs:  WT and Adam9-/- mice were exposed to air or 

CS for 1, 3, or 6 months.  BAL was performed (using 750 µl of PBS/mouse), and cell-free 

BALF was frozen in aliquots to -80°C. Lungs were inflated to 25 cm H2O pressure and fixed in 

10% buffered formalin. Levels of soluble EGFR and soluble VEGFR2 were measured in cell-

free BALF and serum samples using commercially-available ELISA kits (R&D Systems, 

Minneapolis, MN and MyBiosource, San Diego, CA, respectively).  

 Residual EGFR and VEGFR2 expressed on alveolar epithelial cell surfaces were 

measured in the formalin-fixed inflated lung sections using immunostaining. Briefly, lung 

sections were incubated with rabbit anti-EGFR IgG (Santa Cruz, Dallas, TX), rabbit anti-

VEGFR2 IgG (Abcam, Cambridge, MA), or non-immune rabbit IgG (Dako, Santa Clara, CA), 

followed by Alexa 488-conjugated goat anti-rabbit anti-goat F(ab)2 (Invitrogen, Charlestown, 

MA).  Images were captured using a high-speed 5 megapixel microscope camera (AxioCam, 

Zeiss, Oberkochen, Germany), a N-Achroplan 20×/0.45 objective lens (Zeiss, Oberkochen, 

Germany), and a software package (AxioVision, Zeiss, Oberkochen, Germany). MetaMorph 

software (Molecular Devices, Sunnyvale, CA) was used to measure the mean cell-associated 

EGFR or VEGFR2 fluorescence (in arbitrary fluorescence units) as described previously (10). 

Shedding of epidermal growth factor receptor (EGFR) and vascular endothelial growth 

factor receptor-2 (VEGFR2) from human bronchial epithelial cell (HBECs) surfaces by 

rhADAM9:  To determine whether ADAM9 sheds EGFR and/or VEGFR2 from lung epithelial 

cells, primary HBECs (Lonza, Allendale, NJ) were cultured in 8-well chamber slides (Corning, 
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New York, NY) in BEBM medium (Lonza, Allendale, NJ) containing BEGM growth 

supplement (Lonza, Allendale, NJ) until they were confluent. The HBECs were then incubated 

with or without up to 60 nM active rhADAM9 for 4 h at 37oC in assay buffer (25 mM Tris 

containing 2.5 µM ZnCl2; pH 7.4) in the presence or absence of 2 µM or 10 µM GM6001, a 

non-selective metalloproteinase inhibitor (Sigma, St. Louis, MO).  Soluble EGFR and soluble 

VEGFR2 levels were measured in the cell-free supernatants using commercially-available 

ELISA kits (Aviscera Bioscience, Santa Clara, CA and R&D System, Minneapolis, MN, 

respectively).   

 The HBECs were fixed and residual EGFR and VEGFR2 expressed on HBEC surfaces 

were measured using immuno-staining. Briefly, the slides were incubated with rabbit anti-

human EGFR IgG (Abcam, Cambridge, MA), murine anti-human VEGFR2 IgG (OriGene 

Technologies, Rockville, MD), or non-immune rabbit IgG (Dako, Santa Clara, CA), or non-

immune murine IgG (Dako, Santa Clara, CA) followed by either Alexa 488-conjugated goat 

anti-rabbit F(ab)2 (Invitrogen, Charlestown, MA) or Alexa 488-conjugated goat anti-murine 

F(ab)2 (Invitrogen, Charlestown, MA). Images were captured using a high-speed 5 megapixel 

microscope camera (AxioCam, Zeiss, Oberkochen, Germany), a N-Achroplan 20×/0.45 

objective lens (Zeiss, Oberkochen, Germany), and a software package (AxioVision, Zeiss, 

Oberkochen, Germany). MetaMorph software (Molecular Devices, Sunnyvale, CA) was used 

to measure cell-associated EGFR or VEGFR2 fluorescence (in arbitrary fluorescence units) as 

described previously (10). 

ADAM9 induces apoptosis in primary HBECs: To determine ADAM9 promotes apoptosis of 

HBECs, primary HBECs (Lonza, Allendale, NJ) were cultured in 6-well culture plate (Corning, 

New York, NY) in bronchial epithelial basal medium (BEBM; Lonza, Allendale, NJ) 
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containing BEGM growth supplements (Lonza, Allendale, NJ) until they were confluent. The 

HBECs were incubated with or without up to 60 nM active rhADAM9 at 37oC for 4 h in the 

presence or absence of 10 µM GM6001 (a non-selective metalloproteinase inhibitor that 

inhibits ADAM9; Sigma, St. Louis, MO). HBECs were lyzed in caspase-3 lysis buffer, and 

intracellular levels of active caspase-3 were measured using a fluorogenic substrate that is 

specific for caspase-3 (BD Biosciences, Franklin Lakes, NJ), standards of known 

concentrations of recombinant caspase-3 (R&D, Minneapolis, MN), and fluorimetry (Ex 400 λ 

and Em λ 490) exactly as described previously (8).  

ADAM9, EGFR, and VEGFR2 staining in primary HBECs derived from controls and 

COPD patients: Primary HBECs from COPD patients and controls without COPD were 

obtained from a commercial source (Lonza, Allendale, NJ).  HBECs were cultured on 8-well 

chamber slides (Corning, New York, NY) in BEBM medium (Lonza, Allendale, NJ) 

containing BEGM growth supplement (Lonza, Allendale, NJ) until they were confluent. The 

HBECs were fixed, and levels of ADAM9, EGFR, and VEGFR2 that expressed on HBEC 

surfaces were measured using immuno-staining.  Briefly, the cells were first incubated at 4oC 

with PBS containing 1% albumin and 50 µg/ml goat IgG to block non-specific binding of 

antibodies.  Cells in different wells in the chamber-slides were then incubated at 4oC with 

either rabbit anti-human ADAM9 (Abcam, Cambridge, MA), rabbit anti-human EGFR IgG 

(Abcam, Cambridge, MA), murine anti-human VEGFR2 IgG (OriGene Technologies, 

Rockville, MD), non-immune rabbit IgG (Dako, Santa Clara, CA), or non-immune murine IgG 

(Dako, Santa Clara, CA).  Cells were washed twice in PBS and then incubated with either 

Alexa 488-conjugated goat anti-rabbit F(ab)2 (Invitrogen, Charlestown, MA) or Alexa 488-

conjugated goat anti-murine F(ab)2 (Invitrogen, Charlestown, MA). Images were captured 
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using a high-speed 5 megapixel microscope camera (AxioCam, Zeiss, Oberkochen, Germany), 

a N-Achroplan 20×/0.45 objective lens (Zeiss, Oberkochen, Germany), and a software package 

(AxioVision, Zeiss, Oberkochen, Germany). MetaMorph software (Molecular Devices, 

Sunnyvale, CA) was used to measure cell-associated ADAM9, EGFR, or VEGFR2 

fluorescence (in arbitrary fluorescence units) corrected for non-specific staining as described 

previously (10). 

 

ADAM9 reduces activation (phosphorylation) of Akt: To determine whether ADAM9 alters 

the phosphorylation status of the pro-survival phosphatidylinositol 3 kinase (PI3K)-Akt 

pathway, primary HBECs from subjects without COPD (Lonza, Allendale, NJ) were cultured 

on 6-well culture plate (Corning, New York, NY) in BEBM medium (Lonza, Allendale, NJ) 

containing BEGM growth supplement (Lonza, Allendale, NJ) until they were confluent. The 

HBECs were incubated with or without up to 60 nM active rhADAM9 at 37oC for 4 h in the 

presence and absence of 10 µM GM6001 (a non-selective metalloproteinase inhibitor that 

inhibits ADAMs; Sigma, St. Louis, MO). Cells were lyzed in radioimmunoprecipitation assay 

(RIPA) buffer containing 1 mM phenylmethanesulfonylfluoride, 1 mM 1,10 phenanthroline, 1% 

Sigma Mammalian Protease Inhibitor Cocktail, and PhosSTOP (Sigma, St. Louis, MO). 

Western Blot analysis for total Akt and phospho-Akt (Ser473) was performed as described 

previously (11).  

For in vivo experiment, WT and Adam9-/- mice exposed to air or CS for 3 months, lungs 

were removed, and homogenized in RIPA buffer containing 1 mM 

phenylmethanesulfonylfluoride, 1 mM 1,10 phenanthroline, 1% Sigma Mammalian Protease 

Inhibitor Cocktail and PhosSTOP (Sigma, St. Louis, MO). The total protein concentration was 
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determined using a BCA protein assay kit (Thermo-Fisher Scientific, Rockford, IL). Protein 

lysates were separated on 12% SDS-PAGE gels, transferred to PVDF membranes, and then 

incubated with rabbit anti-Akt IgG (Cell Signaling Technology, Danvers, MA), rabbit anti-

Ser473 phospho-Akt IgG (Cell Signaling Technology, Danvers, MA), or rabbit anti-β-actin IgG 

(Santa Cruz, Dallas, TX).  Membranes were then incubated with goat anti-rabbit IgG-

conjugated to horse raddish peroxidase (Bio-Rad, Hercules, CA), and signals were developed 

using a chemiluminescence kit. Western blot images were captured and analyzed using a 

Chemidoc (Bio-Rad, Hercules, CA). 

Phospho-Akt levels in HBECs derived from controls and COPD patients: Primary HBECs 

from control subjects without COPD (n = 3) and COPD patients (n = 3) were obtained from a 

commercial source (Lonza, Allendale, NJ).  The cells were plated on 6-well culture plate 

(Corning, New York, NY) in BEBM medium (Lonza, Allendale, NJ) containing BEGM 

growth supplements (Lonza, Allendale, NJ), and cultured until confluent. Cells were lyzed in 

radioimmunoprecipitation assay (RIPA) buffer containing 1 mM 

phenylmethanesulfonylfluoride, 1 mM 1,10 phenanthroline, 1% Sigma Mammalian Protease 

Inhibitor Cocktail, and PhosSTOP (Sigma, St. Louis, MO). Western Blot analysis for total Akt 

and phospho-Akt (Ser473) was performed as described previously (11).  

 

Statistical analyses: Non-parametic data are presented as box-plots showing medians and 25th 

and 75th percentiles and whiskers showing 10th and 90th percentiles or scatter plots.  Parametric 

data are presented as means ± SD or SEM.  

 Human studies were analyzed using R v3.4 for Windows. Non-parametic data were 

analyzed using a One-Way ANOVA followed by Dunnett corrections for multiple comparisons. 
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For correlation analyses, a multivariate regression model with ADAM9 positively stained cells 

per unit area of alveolar epithelium, or bronchial epithelium, or the number of ADAM9 

positively stained macrophages per 10 micropic fields as the dependent variable, to identify the 

clinical parameters for which to adjust ADAM9 staining in each case. For group comparisons of 

ADAM9 gene expression in bronchial brushings, data were analyzed using a Bayesian regression 

model with informative normal priors on the correcting variables (age and pack-year smoking 

history).  A more restrictive prior distribution was set on age as the multivariate analysis showed 

that age correlated weakly with ADAM9 gene expression. Contrasts were performed against the 

relevant group, and results are reported as the posterior probability of no effect.  

 Murine data were analyzed using SigmaPlot™ (Systat Software, San Jose, CA). 

Parametric data were analyzed with One-Way ANOVAs followed by pair-wise comparisons 

using Student’s t-tests and Bonferroni corrections. Non-parametric data were analyzed with 

Kruskal-Wallis One-Way ANOVAs followed by pair-wise comparisons using Mann-Whitney U-

tests with Bonferroni corrections.  
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Table E1: Demographic and clinical characteristics of the bronchoscopy (bronchial 

brushings) cohort studied in real-time quantitative PCR analysis of ADAM9 gene 

expression. 

 

The table shows the demographic and clinical characteristics of the COPD patients, smokers 

without COPD, and never-smokers that underwent a bronchoscopy to obtain bronchial brushings 

 

Characteristics 

 

Non-

smokers* 

(N = 14) 

Smokers* 

(N = 15) 

COPD 

GOLD 

stage 0* 

(N = 17) 

COPD 

GOLD  

stage I* 

(N = 8) 

COPD 

GOLD 

stages II-

IV* 

(N = 13) 

P value‡ 

Number of 

males (%) 
9 (64) 7 (47) 6 (35) 6 (75) 9 (69) NS 

Age (years) 50  9 45  10 50  7 58  6 54  7 NS‡ 

Pack-yrs. of 

smoking 
0 33 (10-59) 46 (19-160) 38 (0-53) 60 (30-86) P < 0.001† 

Number of 

current smokers 

(%) 

0 (0) 15 (100) 17 (100) 6 (75) 11 (85) P < 0.001¶ 

FEV1 (% of 

predicted) 
110 (84-121) 110 (88-130) 97 (76-130) 92 (85-100) 61 (25-79) P < 0.001§ 

FEV1/FVC (% 

of predicted) 
78 (70-86) 80 (72-90) 76 (70-81) 68 (60-70) 59 (30-69) P < 0.001§§ 
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for analysis of ADAM9 steady-state mRNA levels in the brushing cells and endobronchial 

biopsies to quantify MUC5AC staining in bronchial epithelial cells. Data are presented as 

median (interquartile range) for non-parametric data or mean  SD for parametric data. 

* Subjects were classified as non-smokers, smokers without COPD, and COPD patients. Only 

those smokers with normal lung function and a high-resolution computed tomographic thoracic 

scan showing no evidence of emphysema were included in the smoker group. The COPD 

subjects were further classified according to the criteria of the Global Initiative for Obstructive 

Lung Disease (GOLD) into three groups: GOLD stage 0 COPD [having a chronic cough and 

sputum production but normal spirometry (n = 17)]; GOLD stage I COPD, with or without 

cough and sputum production and with FEV1 ≥ 80% of predicted but FEV1/FVC < 70% (n = 8), 

and GOLD stage II-IV COPD, with or without cough and sputum production but with FEV1 

between 25% and 79% of predicted and FEV1/FVC < 70% (n = 13).  The subject groups were 

matched for age.  

‡ Categorical variables were analyzed with Chi-Square tests. Statistical analyses included One-

Way ANOVA tests for continuous variables (age, FEV1 % predicted, FEV1/FCV, and pack/years) 

followed by pair-wise comparisons using Student’s t-tests (for parametric data) or Mann-

Whitney U tests (for non-parametric data).  

† The pack/year smoking histories of the COPD GOLD stages II-IV, GOLD stage I, GOLD stage 

0 groups and the smoker group were significantly higher than that of the non-smokers by design.  

The smokers and GOLD 0 and GOLD I COPD patients were matched for pack-year smoking 

histories.  The GOLD stage II-IV COPD patients had a significantly greater pack-year smoking 

history than the smoker group. 
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¶The proportion of current smokers in the smoker group and COPD GOLD stage 0, I, and II-IV  

group was significantly higher than that of the non-smoker group by design.  The proportion of 

current smokers was similar in the smoker group, and COPD GOLD stages 0, I, and II-IV groups.  

§ The FEV1 of the COPD GOLD stages II-IV group was significantly lower than that of the 

smoker and non-smoker groups (P < 0.001 for both comparisons). The FEV1 of the COPD 

GOLD stage I group was also significantly lower than that of the smoker and non-smoker groups 

(P < 0.05 for both comparisons). The FEV1 of the COPD GOLD stage 0 group was significantly 

lower than that of the non-smoker group (P < 0.05), but not significantly different from that of 

the smoker group (P= 0.055).  

§§The FEV1/FVC ratio of the COPD GOLD stages II-IV group was significantly lower than that 

of the smoker and non-smoker groups (P < 0.001 for both comparisons). The FEV1/FVC ratio of 

the COPD GOLD stage I group was significantly lower than that of the smoker and non-smoker 

groups (P < 0.001 for both comparisons). The FEV1/FVC ratio of the COPD GOLD stage 0 

group was significantly lower than that of the smoker group (P < 0.05), but was not significantly 

different from that of the non-smoker group (P = 0.206). 

NS: Not significant. 
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Table E2: Demographic and clinical characteristics of the subjects in the plasma cohort. 

 

The table shows the demographic and clinical characteristics of the COPD patients, smokers 

without COPD, and non-smokers included in the analysis of soluble ADAM9 protein levels in 

plasma samples. Data are presented as median (interquartile range) or mean  SD. 

* Non-smokers were all never-smokers. Smokers were defined as subjects that had > 10 pack-

year smoking history. Current smokers were defined as active smokers at the time of the 

sampling, or smoker who had stopped smoking < 1 year before the sampling.  

 

Characteristics 

of the plasma 
cohort 

Non-
smokers* 

(N = 28) 

Smokers* 

(N = 42) 

COPD 
GOLD 

stages I-II 

(N = 46) 

COPD 
GOLD 

stages III-IV  

(N = 55) 

P value‡ 

Males (%) 19 (68) 18 (43) 32 (69) 36 (65) NS 

Age (yrs.) 68 (46-77) 62 (43-75) 66 (53-83) 69 (37-82) NS‡ 

Pack-yrs. of 
smoking 

0 31 (12-96) 46 (16-160) 63 (21-160) P < 0.001ll 

Current 
smokers (%) 

0 9 (21) 17 (36) 10 (18) P = 0.002¶ 

FEV1 (% of 
predicted) 

92 (80-141) 93 (80-119) 59 (50-99) 38 (10-49.7) P < 0.001§ 

FEV1/FVC (% 
of predicted)† 

76 (70-86) 77 (71-87.8) 49 (37.8-67)  38 (24.7-59) P < 0.001§§ 
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†All COPD patients had forced expiratory volume in 1 second/ forced vital capacity ratio 

(FEV1/FVC) < 0.7 whereas smokers without COPD and non-smoker controls had FEV1/FCV > 

0.7.   

‡Categorical variables were analyzed with Chi-Square tests. Statistical analyses included One-

Way ANOVA tests for continuous variables (age, FEV1 % predicted, and FEV1/FCV % 

predicted) followed by pair-wise comparisons using Student’s t-tests or Mann-Whitney U tests.  

ll The pack/year smoking histories of the GOLD stages I-II and GOLD stages III-IV COPD 

groups and the smoker group were significantly different from that of the non-smoker group by 

design (P < 0.001 for both comparisons). The pack/year smoking histories of the COPD GOLD 

stages I-II, and GOLD stages III-IV COPD groups were significantly different from that of the 

smoker group (P = 0.008 and P < 0.001, respectively). 

¶The proportion of current smokers in the smoker and GOLD stage I-II, and GOLD stage III-IV 

COPD groups was significantly higher than that of the non-smoker group.  However, the 

proportion of current smokers was similar in the smoker, and COPD GOLD stages I-II, and 

COPD GOLD stages III-IV groups.  

§The FEV1 of the GOLD stages III-IV COPD group was significantly lower than that of the 

smoker and non-smoker groups (P < 0.001 for both comparisons). The FEV1 of the GOLD 

stages I-II COPD group was significantly lower than that of the smoker and non-smoker groups 

(P < 0.001 for both comparisons).  

§§The FEV1/FVC ratio of the GOLD stages III-IV COPD group was significantly lower than that 

of the smoker and non-smoker groups (P < 0.001 for both comparisons). The FEV1/FVC ratio of 
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the GOLD stages I-II COPD group was also significantly lower than that of the smoker and non-

smoker groups (P < 0.001 for both comparisons). 

NS: Not significant. 
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Table E3: Demographic and clinical characteristics of the subjects in the BALF and 
sputum cohort. 

 

The table shows the demographic and clinical characteristics of the COPD patients and smokers 

without COPD included for the analysis of soluble ADAM9 protein levels in sputum and BALF 

that were obtained from the same subjects (Manchester, UK cohorts). Data are presented as 

median (interquartile range) or mean  SD. 

*Smokers were defined as subjects that had > 10 pack-year smoking history. Current smokers 

were defined as active smokers at the time of the sampling, or former smokers who had stopped 

smoking < 1 year before the sampling.  

 

Characteristics 

of the BALF and 
sputum cohort 

Smokers* 

(N = 7) 

COPD 
GOLD stages 
I-II 

(N = 20) 

COPD 
GOLD stages 
III-IV  

(N = 8) 

P value‡ 

Males (%) 3 (43) 17 (75) 6 (75) NS 

Age (yrs.) 52  6 63  6 66  5 P < 0.001 

Pack-yrs. of smoking 26 (16-63) 41 (16-80) 47 (26-119) P < 0.05ll 

Current smokers (%) 7 (100) 9 (45) 3 (38) P < 0.05¶ 

FEV1 (% of predicted) 103  11 62  7 46  5 P < 0.001§ 

FEV1/FVC (% of 
predicted)† 79  4 50  6 35  6 P < 0.001§§ 
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†All COPD patients had forced expiratory volume in 1 second/ forced vital capacity ratio 

(FEV1/FVC) < 0.7 whereas smokers without COPD and non-smoker controls had FEV1/FCV > 

0.7.   

‡Categorical variables were analyzed with Chi-Square tests. Statistical analyses included one-

way ANOVA tests for continuous variables (age, FEV1 % predicted and FEV1/FCV) followed by 

pair-wise comparisons using Student’s t-tests or Mann-Whitney U tests.  

llThe pack-year of smoking histories of the GOLD stages III-IV COPD group was significantly 

different from those of the smoker group (P < 0.001). The pack/year smoking histories of the 

GOLD stages I-II COPD group were also significantly different from those of the smoker group 

(P < 0.05).  

¶The proportion of current smokers in the COPD GOLD stage I-II, and GOLD stage III-IV 

groups were significantly lower than that of the smoker group.   

§The FEV1 values of the GOLD stages III-IV COPD group and GOLD stages I-II COPD group 

were significantly different from those of the smoker group (P < 0.001 for both comparisons).   

§§The FEV1/FVC ratios of the GOLD stages III-IV COPD group and GOLD staged I-II COPD 

group were significantly different from those of the smoker group (P < 0.001 for both 

comparisons). 

NS: not significant. 
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Table E4: Demographic and clinical characteristics of the human bronchial epithelial cell 

(HBECs) donors. 

 

The table shows the demographic and clinical characteristics of the COPD and control donors 

from whom the HBEC cells were obtained. The HBECs were used to measure surface staining 

for ADAM9, EGFR, VEGFR2, and assays to measure intracellular levels of phospho-Akt, total 

Akt, and active caspase-3. The HBECs were obtained from a commercial source, and limited 

demographic and clinical data were available from this source.  Spirometry data were not 

available on any of the subjects studied. 

Data are presented as number (percentage) or mean  SD. 

‡ Pack-year smoking histories were not available (N/A) for the control subjects. 

NS: not significant. 

 

 

Characteristics 

of the HBECs cohort 

Controls* 

(N = 3) 

COPD 
Patients* 

(N = 3) 

P value 

Males (%) 1 (33) 1 (33) NS 

Age (years) 65  9 64  12 NS 

Pack-years smoking N/A 42(5)  

Ever smoker (%) 2 (67) 3 (100) ‡ NS 
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Table E5: Demographic and clinical characteristics of subjects in the ADAM9, EGFR, and 
VEGFR2 immunostaining cohort. 

 

The table shows the demographic and clinical characteristics of the COPD patients, smokers 

without COPD, and non-smokers in the Boston, USA lung immunostaining cohort (for analysis 

of ADAM9, EGFR, and VEGFR2 staining) who underwent a lung surgery or a lung biopsy. 

* Non-smokers were all never-smokers. Smokers were defined as subjects that had > 10 pack-

year smoking history. Current smokers were defined as active smokers at the time of the surgery 

or lung biopsy, or former smokers who had stopped smoking < 1 year before the surgery.  

† All COPD patients had a forced expiratory volume in 1 second/ forced vital capacity 

(FEV1/FVC) ratio < 0.7 whereas smokers without COPD and non-smoker controls had a 

 

Characteristics 

 

Non-
smokers* 

(N = 3) 

Smokers* 

(N = 3) 

COPD GOLD 
stages I-II 

(N = 3) 

COPD GOLD 
stages III-IV 

(N = 3) 

P value‡ 

Males (%) 1 (33) 2 (67) 3 (100) 1 (33) NS 

Age (years) 61 (44-77) 60 (53- 65) 64 (63- 65) 56 (55- 69) NS‡ 

Pack-years of 
smoking 

0 (0) 30 (25- 40) 30 (25- 80) 35 (30- 120) P = 0.002ll 

Current smokers 
(%) 

0 100 0 0 NS 

FEV1 (% of 
predicted) 

102  7 102  11 59  3 32  9 P = 0.007†† 

FEV1/FVC  

(% of predicted)† 
77  5 78  3 49  6  44  7 P < 0.05§ 
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FEV1/FCV ratio > 0.7.   

‡ Categorical variables were analyzed with Chi-Square tests. Continuous variables (FEV1 % 

predicted and FEV1/FCV) are presented as mean + SEM and analyzed using One-Way ANOVAs 

followed by pair-wise comparisons using Student’s t-tests. Non-continuous variables (age and 

pack-years) are presented as median (IQR) and analyzed using One-Way ANOVAs followed by 

pair-wise comparisons using Mann-Whitney tests. 

ll The pack/year smoking histories of the smoker group was significantly higher than that of the 

non-smoker group (P = 0.002). The pack/year smoking histories of the GOLD stages III-IV and 

GOLD stages I-II COPD groups were not significantly different from that of the non-smoker 

group (P = 0.051 and P = 0.06, respectively). The pack/year smoking histories of the GOLD 

stages III-IV and GOLD stages I-II COPD groups were not significantly different from that of 

the smoker group (P = 0.4 and P = 0.5, respectively).   

†† The FEV1 % predicted values of the GOLD stages III-IV COPD group were significantly lower 

than those of the GOLD stages I-II COPD, smoker, and non-smoker groups (P = 0.04, 0.007, 

0.01, respectively). The FEV1 % predicted values of the GOLD stages I-II COPD group was 

significantly lower than those of the smoker and non-smoker groups (P = 0.02 and 0.008, 

respectively).  

§ The FEV1/FVC ratios of the GOLD stages III-IV and GOLD stages I-II COPD groups were 

significantly lower than those of the smoker and non-smoker groups by design (P < 0.05 for all 

comparisons).   

NS: Not significant. 
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Table E6: Sequences of the primers used for Real-time PCR analysis of Adam9 gene 
expression in murine lung samples. 

Gene Forward primer Reverse primer 

Product 

Length 

(nucleotides) 

Murine Ppia GAGCTGTTTGCAGACAAAGTTC CCCTGGCACATGAATCCTGG 125 

Murine β-Actin AGTGTGACGTTGACATCCGT TGCTAGGAGCCAGAGCAGTA 120 

Murine Adam9 GGAAGGCTCCCTACTCTCTGA TCCAAAACTGGCATTCTCCAAA 148 

 

The Table shows the sequences of the primers that were used to perform quantitative real-time 

RT-PCR to measure Adam9 steady state mRNA levels in the lungs of WT mice exposed to air or 

smoke for 1 or 2 months or 6 months. 
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Figure legends 

Figure E1: Correlations between ADAM9 immunostaining in alveolar and bronchial 

epithelial cells and clinical parameters in the human lung immunostaining cohort: A-B: 

Correlations between ADAM9 immunostaining in alveolar epithelial cells (A) or bronchial 

epithelial cells (B) and pack-years of smoking history.  C-D: Correlations between ADAM9 

immunostaining in alveolar epithelial cells (C) or bronchial epithelial cells (D) and FEV1/FVC. 

E-F: Scatter plots of ADAM9 immunostaining in alveolar epithelial cells (E) or bronchial 

epithelial cells (F) and percent predicted FEV1. All data were analyzed using a linear regression 

model with ADAM9 staining parameters as the dependent variables, and the corresponding 

clinical parameters as the predictors. ADAM9 staining in alveolar epithelial cells was corrected 

for differences in age, current smoker status, and pack-year smoking histories between the 

groups.   ADAM9 staining in bronchial epithelial cells was corrected for differences in the 

proportions of males between the groups; n = 31 subjects in each sub-figure including non-

smokers, smokers, and COPD patients.  P < 0.05 was considered to be statistically significant. 

Figure E2: Correlations between ADAM9 staining in alveolar macrophages and clinical 

parameters in the human lung immunostaining cohort: A-C show correlations between 

ADAM9 immunostaining in alveolar macrophages and pack-year smoking history (A); 

FEV1/FVC (B); and FEV1 percent predicted (C).  All data were analyzed using the linear 

regression model with the ADAM9 staining parameter as the dependent variable, and the 

corresponding clinical parameters as the predictors. ADAM9 staining in alveolar macrophages 

was corrected for differences in the proportion of current smokers between the groups; n = 31 
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subjects including non-smokers, smokers, and COPD patients in all the figures.  P < 0.05 was 

considered to be statistically significant. 

Figure E3: Soluble ADAM9 (sADAM9) levels in BALF, plasma, and sputum samples from 

COPD patients, smokers, and non-smokers: A: Soluble ADAM9 (sADAM9) protein levels 

were measured in plasma samples from non-smokers (n = 28 subjects), smokers without COPD 

(n = 42 subjects), COPD GOLD stages I-II patients (n = 46 subjects) and COPD GOLD stages 

III-IV patients (n = 55 subjects) using an ELISA kit, and the results were log transformed 

(logarithm base 10 scale). The boxes in the box-plots show the medians and 25th and 75th 

percentiles, and the whiskers show the 10th and 90th percentiles. Data were analyzed using a 

Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests. B: 

sADAM9 protein levels were measured in BALF samples from smokers without COPD (n = 7 

subjects), and COPD patients (n = 28 subjects) using an ELISA kit, and the results were log 

transformed (logarithm base 10 scale).  The COPD patients were also sub-divided into COPD 

GOLD stages I-II patients (GOLD I-II, n = 20 subjects) and COPD GOLD stages III-IV patients 

(GOLD III-IV, n = 8 subjects).  The boxes in the box-plots show the medians and 25th and 75th 

percentiles, and the whiskers show the 10th and 90th percentiles. Data were analyzed using a 

Bayesian linear regression adjusting for difference in age and pack-years of smoking history 

between the groups. C: sADAM9 protein levels were measured in spontaneously expectorated 

sputum samples from smokers without COPD (n = 7 subjects), and COPD patients (n = 28 

subjects) using an ELISA kit, and the results were log transformed (logarithm base 10 scale).  

The COPD patients were also sub-divided into COPD GOLD stages I-II patients (GOLD I-II; n 

= 20 subjects) and COPD GOLD stages III-IV patients (GOLD III-IV; n = 8 subjects).  The 

boxes in the box-plots show the medians and 25th and 75th percentiles, and the whiskers show the 
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10th and 90th percentiles. Data were analyzed using a Kruskal-Wallis One-Way ANOVA 

followed by pair-wise testing with Mann-Whitney U tests.  

Figure E4: Lung levels of cytokines and chemokines in CS-exposed WT and Adam9-/- mice. 

WT and Adam9-/- mice were exposed to air or CS for 1 month, and lung levels of Ccl-2 (A; n= 7-

9 mice/group), Il-1β (B; n = 10 mice/group), G-csf (C; n = 8-12 mice/group), Il-10 (D; n = 10 

mice/group), and active Tgf-β (E; n = 6-10 mice/group) were measured in homogenates of lung 

samples using commercial ELISA kits. Data were normalized to total protein levels measured in 

the same samples. The boxes in the box-plots show the medians and 25th and 75th percentiles, 

and the whiskers show the 10th and 90th percentiles. Data were analyzed using a Kruskal-Wallis 

One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests and Bonferroni 

corrections for multiple comparisons.  *, P < 0.025 versus air-exposed mice belonging to the 

same genotype or the group indicated. 

Figure E5: ADAM9 metalloproteinase domain does not cleave cytokines or chemokines that 

were elevated in the lungs of CS-exposed Adam9-/- mice. A: Active rhADAM9 (20 nM) versus 

assay buffer alone (as a control) were incubated with a quenched fluorogenic substrate that is 

susceptible to cleavage by ADAM9.  Cleavage of the substrate was measured using fluorimetry.  

Data are mean + SD.  The data shown are representative of 5 separate experiments. These 

experiments confirmed that the ADAM9 enzyme preparation was active. B-D: Recombinant 

human cytokines including 3200 nM CCL-5 (B), 2750 nM IL-8 (C), 900 nM IL-6 (D) and 1145 

nM TNF-α (E) were incubated with or without 300 nM active rhADAM9 for 18 h with or 

without a non-selective metalloproteinase inhibitor (1-10 phenanthroline; 1, 10 phen) which 

inhibits ADAMs including ADAM9. Reaction products were separated on Tris-tricine gels and 

visualized with silver staining. Arrows indicate bands corresponding to ADAM9 and intact 
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cytokines. B-E shows representative images of 4 separate experiments for each mediator.   Note 

the lack of degradation of each of the intact mediators and the lack of generation of lower 

molecular mass cleavage products of each of the mediators. 

Figure E6: Adam9 does not regulate apoptosis of bone marrow-derived macrophages (BMDM) 

in vitro. BMDMs were isolated from unchallenged WT and Adam9-/- mice and exposed to 20% 

CSE for up to 48 h.  Intracellular levels of active caspase-3 were measured using a quenched 

fluorogenic substrate, as described in Methods. Data are mean ± SD; n = 6 separate cell 

preparations. Data were analyzed using a One-Way ANOVA followed by pair-wise testing with 

Student’s t-tests. There were no significant differences in intracellular active caspase-3 levels in 

WT or Adam9-/- cells at any time-point tested. 

Figure E7: COPD patients have higher ADAM9 staining but lower EGFR and VEGFR2 

staining in bronchial and alveolar epithelial cells than non-smoker and smoker controls: A 

and B show representative lung sections from non-smokers, smokers without COPD, and COPD 

patients (GOLD stages I-II and III-IV) that were triple immunostained with a red fluorophore 

(left panels) for a marker of airway epithelial cells (pan-cytokeratin; pan-CK in A and B), with a 

green fluorophore for ADAM9 (second panels in A and B) and with a cyanine fluorophore 

(white color) for EGFR or VEGFR2 (third panels in A and B, respectively). Nuclei in the lung 

sections were counter-stained blue using 4',6-diamidino-2-phenylindole (DAPI). The sections 

were examined using a confocal microscope. Merged images are shown in the right panels in A 

and B (magnification is x 400). Lung sections from a non-smoker were stained with a red 

fluorophore and non-immune murine (Ms) IgG, with a green fluorophore and non-immune goat 

(Goat) IgG, and with a cyanine fluorophore (white) and non-immune rabbit (Rb) IgG as controls 

(bottom panels). The images shown are representative of 3 subjects/group. 
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