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At a glance commentary

Scientific knowledge on the subject:

Matrix metalloproteinases have been strongly implicated in the pathogenesis of emphysema, but less
is known about the contributions of proteinases to other key COPD phenotypes including small
airway fibrosis and mucus hyper-secretion. The contributions of proteinases with a disintegrin and a

metalloproteinase domain (ADAMs) to the pathogenesis of COPD have not been explored.
What this study adds to the field:

ADAMO staining is increased in lung epithelial cells and macrophages in smoker lungs, and even
more so in COPD lungs, and correlates directly with pack-year smoking history and inversely with
airflow obstruction and FEV; % predicted. ADAM9 gene expression is increased in bronchial
brushing cells from COPD patients versus controls and correlates directly with pack-year smoking
history. In mice exposed to cigarette smoke, Adam9 promotes the development of several key
COPD-like phenotypes (emphysema, small airway fibrosis, and mucus cell metaplasia). Adam9
promotes emphysema development by increasing lung inflammation and inducing alveolar septal
cell apoptosis by shedding growth factor receptors from cell surfaces. Thus, ADAMY is a
multifarious culprit in COPD that could be targeted therapeutically to limit disease progression and

ameliorate symptoms associated with several COPD phenotypes.

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

online at www.atsjournals.org
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Abstract
Introduction: Proteinases with a disintegrin and a metalloproteinase domain (ADAMs) have not
been well studied in COPD. We investigated whether ADAM9 is linked to COPD in humans and
mice.
Methods: ADAMSO blood and lung levels were measured in COPD patients versus controls, and
air- versus cigarette smoke (CS)-exposed wild-type (WT) mice. WT and Adam9”" mice were

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

Results: ADAM9 staining was increased in lung epithelial cells and macrophages in smokers and
even more so in COPD patients and correlated directly with pack-year smoking history and inversely
with airflow obstruction and/or FEV, % predicted. Bronchial epithelial cell ADAM9 mRNA levels
were higher in COPD patients than controls and correlated directly with pack-year smoking history.
Plasma, BALF and sputum ADAM9 levels were similar in COPD patients and controls. CS exposure
increased Adam9 levels in WT murine lungs. Adam9” mice were protected from emphysema

development, small airway fibrosis, and airway mucus metaplasia. CS-exposed Adam9”" mice had

reduced lung macrophage counts, alveolar septal cell apoptosis, lung elastin degradation, and
shedding of VEGFR2 and EGFR in BALF samples. Recombinant ADAM9 sheds EGF and VEGF
receptors from epithelial cells to reduce activation of the Akt pro-survival pathway and increase
cellular apoptosis.

Conclusions: ADAMY levels are increased in COPD lungs and linked to key clinical variables.
Adam9 promotes emphysema development, and large and small airway disease in mice. Inhibition of

ADAMO could be a therapeutic approach for multiple COPD phenotypes.

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

Abstract word count: 246
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Introduction
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death
worldwide'. The main risk factor for COPD is exposure to cigarette smoke (CS). Pulmonary
emphysema develops following CS-induced injury to alveolar septal cells® and proteinase-mediated
injury to the lung extracellular matrix®. CS exposure also induces small airway fibrosis*, and mucus

. . . . . 3,5
hyper-secretion, and proteinases have been implicated in these processes™.

Among the proteinase culprits implicated in COPD, most is known about the contributions of
serine and cysteine proteinases and matrix metalloproteinases (MMPs)’. Little is known about the
contributions of the ADAMs subfamily of metalloproteinases to the pathogenesis COPD. ADAMs
are type-I multi-domain transmembrane proteinases that can contain: 1) a pro-domain which
maintains latency of the catalytic domain; 2) a metalloproteinase domain; 3) a disintegrin domain
that can bind to integrins; 4) a cysteine-rich domain; 5) an epidermal growth factor (EGF)-like
domain; 6) a membrane-spanning domain; and 7) a cytoplasmic tail which may regulate cellular
signalingé. There is only one prior study that measured the expression of an ADAM in COPD
samples. This study reported that sputum ADAMS levels were higher in COPD patients than healthy

controls’.

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

epithelial cells®°

, and contains all of the domains listed above. Although ADAMY9 promotes injury
to the alveolar-capillary barrier during acute lung injury in mice® little else is known about its
contributions to lung diseases. We tested the hypotheses that: 1) ADAMO levels are increased in
blood and/or lung samples from COPD patients, and CS-exposed mice; and 2) ADAMY promotes the

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

Copyright © 2018 by the American Thoracic Society



AJRCCM Articlesin Press. Published on 04-June-2018 as 10.1164/rccm.201711-23000C

Materials and Methods
See Online Supplement for details.
Human Subjects

Human studies were approved by institutional review boards in the USA and UK. Four cohort
types were studied (lung immunostaining, sputum, plasma, and bronchoscopy cohorts). Tables 1-2

and E1-E3 and ES show the demographic and clinical data on these cohorts.

Immunostaining of lung sections for ADAM9: Lung sections from COPD patients and controls
were double immunostained in red for markers of alveolar macrophages (CD163) or epithelial cells
(pancytokeratin; PanCK), and in green for ADAM9. Lung sections were double immunostained for

ADAMO and EGFR or VEGFR2.

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

Online Supplement.

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

(sADAMDY) levels were measured with an ELISA.

Animal and In Vitro Experiments
Studies of mice were approved by the local Institutional Animal Care and Use Committee.

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

CS for 2 h/day on 6 days/week for 1-6 months'".

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

or an ELISA.

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

were measured on lung sections using morphometry methods'".
6
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Airway Muc5ac staining and a-smooth muscle actin (a-SMA): Murine lung sections were

immunostained for airway epithelial Muc5ac'? and a-SMA (a myofibroblast marker).

Lung inflammation: BAL leukocytes were counted and pro- and anti-inflammatory mediators and
tissue inhibitor of metalloproteinases-3 (Timp-3) protein levels were measured in lung samples

using ELISAs.

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

Adam9”" mice were immunostained for active caspase-3.

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

and sera using an ELISA.
Alveolar septal cell death: Lung sections were immunostained for TUNEL-positive cells.

Active caspase-3 levels in lung epithelial cells and bone marrow-derived macrophages
(BMDMs): WT and Adam9™" alveolar epithelial cells or BMDMs were exposed to 7.5% or 20%
cigarette smoke extract (CSE), respectively. Intracellular active caspase-3 levels were quantified'

(see Online Supplement).

ADAMY9-mediated shedding of epidermal growth factor receptor (EGFR) and vascular
endothelial growth factor receptor-2 (VEGFR2): Soluble EGFR (sEGFR) and sVEGFR2 levels
were measured in BALF and sera from mice using ELISAs. EGFR and VEGFR2 levels on
alveolar septal cell surfaces were measured in lung sections using immunostaining. Human
bronchial epithelial cell (HBECs) were incubated for 4 h with or without 10-60 nM active
thADAMY, with or without 10 uM GM6001 (a non-selective metalloproteinase inhibitor). Soluble
EGFR and sVEGFR2 levels were measured in supernatants using ELISAs, and EGFR and

VEGFR2 levels on HBEC surfaces were quantified using immunostaining.

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

thADAMY with or without 10 pM GM6001. Intracellular active caspase-3 levels were quantified".
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Akt phosphorylation in murine lungs: See Online Supplement.

Statistics: Data are presented as box-plots showing medians and 25" and 75" percentiles and
whiskers showing 10™ and 90™ percentiles (non-parametric data), or mean + SD (parametric data), or
scatter plots.

Human studies: Non-parametic data were analyzed using a One-Way ANOVA with Dunnett
corrections for multiple comparisons. A multivariate regression model, with 4ADAM9 gene
expression as the dependent variable, identified clinical parameters for which to adjust ADAM9
expression in correlation analyses. ADAM9 expression was 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 age
correlated weakly with ADAMY9 expression. Contrasts were performed against the relevant group,
and results reported as the posterior probability of no effect.

Murine studies: Data were analyzed with One-Way ANOVAs followed by pair-wise
comparisons using Student’s t-tests and Bonferroni corrections (parametic data), or Kruskal-Wallis
One-Way ANOVA followed by pair-wise comparisons using Mann-Whitney U-tests with Bonferroni

corrections (non-parametric data).
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Results

Human studies:

ADAMY expression is increased in COPD Iungs: Table 1 shows the demographic and clinical
characteristics of the lung immunostaining cohort. COPD patients had greater ADAMY staining in
alveolar (Fig. 1A and 1D) and bronchial epithelial cells (Fig. 1B and 1E) than smokers. Smokers
had greater ADAMDO staining in both cell types than non-smokers. After correcting correlations for
differences in age, sex, pack-year smoking history, and current smoker status, ADAM?9 staining in
both epithelial cell types correlated directly with pack-year smoking history (Figs. E1A-E1B) and
inversely with FEV/FVC (Figs. E1C-E1D). ADAMO staining in bronchial epithelial cells (but

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

ADAMY gene expression was quantified in bronchial brushings from a bronchoscopy cohort
(most of whom were current smokers [Table 2]) using a microarray assay. ADAM9 transcript
levels were higher in bronchial brushings from COPD patients and symptomatic patients without
airflow obstruction (GOLD 0) than non-smokers and smokers but were not related to GOLD stage
(Fig. 2A). Real-time quantitative RT-PCR (qPCR) analysis confirmed that ADAMY transcript
levels were higher in COPD versus control bronchial brushings (Fig. 2B and Table E1). There
were significant direct correlations between ADAM9 mRNA levels and MUCS5AC staining in endo-
bronchial biopsies, pack-year smoking history and quality-of-life scores (Figs. 2C-2G); and
significant inverse correlations between 4DAM9 mRNA levels and FEV,/FVC, FEV; percent
predicted and MEF,s (Figs. 2H-2J). However, after adjusting P values for differences in age and
pack-year smoking history between the groups (Table 2), ADAMY9 mRNA levels correlated

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

COPD patients had greater ADAMS9 staining in alveolar macrophages (Fig. 1C and Fig.
1F) than smokers. Smokers had greater ADAMY staining in alveolar macrophages than non-
smokers. After correcting correlations for differences in age, sex, pack-year smoking history, and

current smoker status, ADAMO staining in alveolar macrophages correlated directly with pack-year
9
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smoking history (Fig. E2A) and inversely with FEV/FVC and FEV, percent predicted (Fig. E2B-
2C). ADAMOY staining was detected in PMNs in COPD and smoker Iungs (not shown), but this
staining was not quantified as no/few PMNs were detected in non-smoker lungs. There were no
significant differences in plasma, BALF, or sputum sADAMS9 levels between COPD patients and

controls (Figs. E3A-E3C and Tables E2 and E3).
Murine studies:

Adam9 deficiency decreases multiple key COPD-like lung pathologies in CS-exposed mice:
Exposing WT mice to CS increased both Adam9 transcript and protein lung levels within 1 month,
and levels increased further after 2 and 6 months of CS exposure (Figs. 3A-3B). As Timp-3 is the
only Timp that inhibits Adam9'?, lung Timp-3 protein levels were measured in WT mice. CS
exposure increased lung Timp-3 levels, but levels peaked after 1 month of CS exposure (Fig. 3C)

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

Unchallenged Adam9”" mice have no abnormal phenotype'”. When exposed to CS for 6
months, Adam9”" mice were protected from emphysema development (Figs. 4A-4B), small airway
fibrosis (Figs. 4C-4D), and had fewer a-SMA-positive myofibroblasts around their small airways
(Fig. 4E). Adam9”" mice were also protected from CS-induced airway mucus cell metaplasia (Figs.

4F-4G).

Lung inflammation: Lung inflammation was measured in WT and Adam9”" mice as this
process promotes emphysema development, small airway remodeling, and mucus metaplasia'®2’.
Compared with WT mice, Adam9”" mice had lower BAL total leukocyte and macrophage (Figs. SA-
5B) counts detectable after 1 month of CS exposure, lower PMN counts after 6 months CS exposure

18. , but similar mphocyte counts (Kig. . -eXpose am9” mice had lower
(Fig. 5C), but similar BAL lymphocy (Fig. 5D). CS-exposed Adam9”" mice had 1

macrophage counts in lung sections than WT mice (Figs. SE-SF).

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

activation, and survival (Ccl-2, Ccl-3, Ccl-5, Cxcl-1, Cxcl-2, Tnf-q, 11-6, 11-1B, Gm-csf, M-csf, and

10
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G-csf), and anti-inflammatory mediators (I1-10 and Tgf-B) were measured in WT and Adam9” mice
exposed to air or CS for 1 month. Lung levels of Ccl-2, 1I-1B, 11-10, G-csf, and active Tgf-p were
similar in CS-exposed WT and Adam9” mice (Fig. E4). Lung levels of Gm-csf, M-csf, Ccl-3, and
Cxcl-2 were lower in CS-exposed Adam9” versus WT mice (Figs. 6A-6D). Thus, Adam9 deficiency
may decrease lung macrophage counts, in part, by reducing lung levels of mediators that promote

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

Surprisingly, lung levels of Tnf-a, 11-6, Ccl-5 and Cxcl-1 (the murine ortholog of IL-8) were
higher in CS-exposed Adam9”" than WT mice (Figs. 6E-6H). However, it is unlikely that Adam9’s
metalloproteinase domain degrades these mediators in the lung, as active human ADAM?9 did not

degrade human CCL-5, IL-8, IL-6, or TNF-a in vitro (Figs. ESA-ESE).

To investigate whether Adam9 deficiency reduces lung macrophage counts by increasing
macrophage apoptosis rates, intracellular levels of active caspase-3 were measured in alveolar
macrophages isolated from air- versus CS-exposed WT and Adam9” mice. CS-exposed Adam9”
mice had higher rates of alveolar macrophage apoptosis than WT mice (Fig. 7A). Macrophages
isolated from unchallenged WT and Adam9”" were induced to undergo apoptosis in vitro by exposing
them to CS extract (CSE). Intracellular active caspase-3 levels were similar in CSE-treated WT and
Adam9™" cells (Fig. E6). Thus, macrophage-derived Adam9 is unlikely to regulate CS-induced

macrophage apoptosis.

Proteinase-mediated elastin degradation promotes emphysema development. ADAM9
degrades elastin in vitro®. BALF and serum levels of desmosine (a measure of elastin degradation)
were lower in CS-exposed Adam9”" mice versus WT mice (Figs. 7B-7C). Thus, Adam9 may

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

Alveolar septal cell death: Alveolar septal cell death contributes to emphysema development’.
CS-exposed Adam9”" mice had reduced alveolar septal cell death rates (assessed as fewer TUNEL-
positive alveolar septal cells) compared with WT mice (Figs. 7D-7E). CSE induced lower rates of

apoptosis in lung epithelial cells isolated from naive Adam9”" versus WT mice (Fig. 7F).
11
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Signaling of ligands via EGFR and VEGFR2 promotes the survival of alveolar septal

cells®"*

. Blocking VEGFR2 signaling in rats induces alveolar septal cell death and emphysema
development’. To determine whether Adam9 promotes alveolar septal cell death by shedding their
EGFR and/or VEGFR2, BALF soluble EGFR (sEGFR) and sVEGFR?2 levels were measured. CS-
exposed Adam9”" mice had lower BALF sEGFR (Fig. 8A) and sVEGFR2 (Fig. 8D) levels than
WT mice. Residual surface EGFR (Figs. 8B-8C) and VEGFR2 (Figs. 8E-8F) levels were higher

on alveolar septal cells in CS-exposed Adam9”" mice versus WT lungs.

Incubating HBECs from healthy subjects with active thADAMS in vitro decreased their
surface EGFR (Figs. 9A-9B), and VEGFR2 (Figs. 10A-10B) staining, and increased sEGFR (Fig.
9C) and sVEGFR2 (Fig. 10C) levels in culture supernatants. A non-selective small-molecule
metalloproteinase inhibitor (GM6001) blocked ADAM9-mediated shedding of both receptors from
HBECs (Figs. 9D-9E, 10D-10E). Incubating HBECs with rhADAMS increased intracellular active

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

HBECs from COPD patients had greater ADAMO surface staining, but lower EGFR and
VEGFR2 surface staining than HBECs from controls (Figs. 11A-11D; and Table E4). The greater
ADAMO staining detected in bronchial and alveolar epithelial cells in COPD versus control lung
sections was associated with lower staining for EGFR and VEGFR2 in the same cells (Fig. E7; and

Table E5).

Signaling through EGFR and VEGFR2 activates (phosphorylates) intracellular
phosphoinositide 3-kinase (PI3K) and Akt inducing downstream activation of pro-survival
signaling pathways23 . Incubating HBECs with active thADAMY9 reduced phospho-Ser473Akt
levels. Inhibiting ADAM9 with GM6001 rescued activation (phosphorylation) of Akt (Fig. 12A-
12B). HBECs from COPD patients had lower phospho-Ser*”*Akt levels than cells from controls
(Figs. 12C-12D). Total Akt lung levels were similar but phospho-Ser**Akt levels were higher in

CS-exposed Adam9”" versus WT lungs (Fig. 12E-12F). Thus, ADAMS9 proteolytically inactivates

12
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EGFR- and VEGFR2-triggered Akt pro-survival signaling in alveolar septal cells to promote

emphysema development.

13
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Discussion

This study identifies ADAMY9 as new culprit in COPD, and the first proteinase linked to five
key COPD-like pulmonary pathologies (lung inflammation, alveolar septal cell apoptosis,
emphysema, small airway fibrosis, and mucus cell metaplasia,) in CS-exposed mice. ADAM9
immunostaining was increased in lung epithelial cells and macrophages in smokers and even more so
in COPD patients. ADAMY gene expression was increased in bronchial brushings from COPD
patients. ADAMO expression in the human lung correlated directly with pack-year smoking history
and/or inversely with pulmonary function parameters. Our study provides novel mechanistic insights
into Adam9’s contributions to COPD, as Adam9” mice have reduced CS-induced lung
inflammation, elastin degradation, and alveolar septal cell apoptosis. Adam9 is also the first
sheddase of EGFR and VEGFR?2 identified in a murine model of COPD. Thus, strategies that reduce
ADAMY lung levels may limit the progression of emphysema, small airway disease, and chronic

bronchitis.

Although ADAMY expression is increased in lung macrophages in mice with acute lung
injury®**, CS exposure increased lung levels of Adam9 and also Timp-3 (the only Timp family
member that inhibits Adam9'*) in WT murine lungs. However, chronic CS exposure increased lung
Adam9:Timp-3 protein ratios, suggesting that active Adam9 is available in the lung to degrade
elastin and cleave VEFGR2 and EGFR from alveolar septal cell surfaces.

ADAM? expression has not been studied previously in patients with COPD or other chronic
lung diseases. Increases in ADAMY expression in lung macrophages and epithelial cells, and
bronchial brushings were related to the presence of COPD but not COPD severity. ADAMY protein
and transcript levels correlated directly with pack-year smoking history. ADAMY9 protein levels in
macrophages and epithelial cells correlated inversely with airflow obstruction and percent predicted
FEV, albeit in a small cohort. Gene expression in COPD lungs is generally most strongly correlated
with current smoker status®. However, there was no relationship between current smoker status and
ADAMO expression as: 1) smokers (predominantly current smokers) in the bronchial brushings

cohort had similar ADAM9 gene expression levels as non-smokers; and 2) smokers in our lung
14
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immunostaining cohort (predominantly former smokers) had higher ADAM9 staining in epithelial
cells and macrophages than non-smokers. Pro-inflammatory mediators increase ADAM9 expression
in cell cultures®, and pro-inflammatory signals generated in the lungs of former smokers with and
without COPD may drive the increased ADAM9 immunostaining detected in their lungs.

Genetic and/or epigenetic processes may promote the increased ADAMY expression in
COPD lungs. Single-nucleotide polymorphisms in the ADAMY locus are associated with cone-rod
dystrophy?®, but have not been linked to COPD. Although hyper-methylation of the ADAM?Y locus is
linked to malignant transformation of mesenchymal stem cells®’, the methylation status of the
ADAMY locus has not been examined in COPD lungs. MicroRNAs (miRNAs) regulate gene
transcription in COPD lungs®®. Expression of miR-126 is reduced in COPD lung epithelial cells™,
and ADAM?Y is a key target of miR-126°". Future studies will determine whether reduced miRNA-

126 expression regulates ADAM9 expression in COPD lungs.

SADAMD9 isoforms have not been reported previously in plasma or lung samples, but have
been detected in cell cultures®™" and are likely generated by shedding of ADAMY from leukocytes or
epithelial cells®. The SADAMY isoforms we detected in COPD plasma, BALF, and sputum samples
are unlikely to be a useful biomarker for COPD development or progression as SADAMS9 levels were

similar in COPD patients and controls.

Emphysema: Adam9 likely promotes emphysema development in mice by several
mechanisms (Fig. 13). Adam9 may directly degrade lung elastin to cause loss of the alveolar walls,
as human ADAMY degrades elastin in vitro', and CS-exposed Adam9” mice had reduced lung
elastin degradation. Adam9 may also promote emphysema development by increasing lung
macrophage accumulation as: 1) lung macrophage counts were lower in CS-exposed Adam9” mice
than WT mice; 2) macrophages are required for emphysema development in CS-exposed mice'®'’;
and 3) lung inflammation contributes to lung injury in COPD patients®>. Macrophage-derived

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

monocyte trans-endothelial migration as Adam9 is not essential for monocyte migration into the

15
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lungs in other models®; or 2) inhibiting macrophage apoptosis as CSE-induced similar rates of
apoptosis in WT and Adam9”~ macrophages in vitro. Adam9 may increase lung macrophage
accumulation by: 1) increasing lung levels of cytokines that promote monocyte chemotaxis (Ccl-3);
and 2) reducing macrophage apoptosis by increasing lung levels of growth factors that promote

macrophage survival as Gm-csf, M-csf levels were lower in CS-exposed Adam9”" lungs.

Adam9 may also promote emphysema development by increasing alveolar septal cell
apoptosis. Apoptosis of alveolar epithelial and endothelial cells is driven by loss of signaling via
EGFR and VEGFs and their receptors™*2. Pharmacologic blockade of VEGF receptors induces
alveolar septal cell apoptosis and emphysema in rodents”, but EGFR inhibitors have not been studied
in rodent emphysema models. VEGFR2 levels are decreased in COPD lungs®’, but the mechanisms
involved were not identified. Herein, we identify ADAM9 as a VEGFR2 and EGFR sheddase in
vitro and in CS-exposed mice. It is noteworthy that there was increased ADAMY staining associated
with decreased VEGFR2 and EGFR staining in alveolar septal cells in COPD lungs. EGFR and
VEGFR?2 signaling promote cellular survival by activating the PI3K-Akt pathway®*, and increased
activation of this pathway was detected in CS-exposed Adam9”" versus WT lungs. Although MMPs
cleave the EGFR and VEGFR2 in other models®*~®, ADAMO is the first proteinase identified that

sheds EGFR and VEGFR2 in CS-exposed mice.

Small airway fibrosis: Small airway fibrosis contributes significantly to airflow obstruction
and FEV, decline in COPD patients’, and it is noteworthy that bronchial epithelial cell ADAM9
staining correlated inversely with airflow obstruction and % predicted FEV,. Activation of growth
factors that drive deposition of interstitial collagen by airway myofibroblasts is linked to small
airway fibrosis®’. Although other proteinases proteolytically activate latent Tgf—B38’39, CS-exposed
Adam9”" mice were protected from small airway fibrosis in a Tgf-B-independent fashion, as CS-
exposed WT and Adam9”" mice had similar lung levels of active Tgf-p. Adam9 may promote small
airway fibrosis by activating fibroblasts as ADAM9 is expressed by fibroblasts and regulates

fibroblast adhesion®, and reduced numbers of a-SMA-positive myofibroblasts were detected around

16
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the small airways of CS-exposed Adam9”" mice.

Adam9 may also promote small airway fibrosis in CS-exposed mice by increasing lung
inflammation as macrophage products (including MMPs) promote small airway fibrosis in CS-

5,19

exposed rodents Adam9 may also induce M2 polarization of macrophages to promote small

. . 41
airway fibrosis™ .

Mucus metaplasia: Mucus metaplasia occurs in the large airways of COPD patients and
contributes to the chronic bronchitis phenotype which is associated with high morbidity, poorer
quality-of-life scores, increased rate of decline in FEV;, more frequent exacerbations, and higher
mortality rates*. ADAM9 may promote the chronic bronchitis phenotype as: 1) CS-exposed Adam9
" mice had reduced mucus cell metaplasia; and 2) ADAMY expression bronchial brushings was
higher in smokers with symptoms of cough and sputum (GOLD stage 0) than asymptomatic
smokers. Future studies will measure ADAMY9 expression in samples from patients with chronic

bronchitis.

Mucin synthesis and goblet cell hyperplasia are induced by EGFR ligands activating this
receptor”. ADAM-10 and -17 increase EGFR activation in epithelial cells in vitro by shedding (and

thereby activating) EGFR ligands***

. Adam9 likely regulates mucin synthesis by an EGFR-
independent mechanism as Adam9 sheds the EGFR from epithelial cell surfaces. Mucin synthesis is
also induced by TNF-o and IL-1p signaling®*’, and other ADAMs and MMPs shed and activate

latent pro-TNF-o from macrophage surfaces and activate pro-IL-1p**.

However, lung levels of
these cytokines were not reduced in CS-exposed Adam9” mice. Thus, it is unlikely that Adam9

induces mucin expression by proteolytically activating these mediators.

Limitations of this study: Small cohorts of COPD patients and controls were studied, and we
may not have identified all possible confounding factors. Studies of larger COPD cohorts enriched
for individual COPD phenotypes are needed to confirm our results. ADAM9 activity was not
measured in clinical samples, due to the lack of available substrates that are selectively cleaved by

ADAMDY, and inhibitors that selectively inhibit ADAM9. Our murine studies employed only a loss-
17
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of-function approach. Some of our findings could be due to compensatory changes in lung levels of
other proteinases in Adam9” mice, rather than direct effects of Adam9. We did not fully elucidate

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

Conclusions: Herein, we identify ADAMY as a novel proteinase culprit in COPD. Unlike
other proteinases studied in murine models to date, Adam9 promotes the development of airspace,
and large and small airway disease. Strategies to inhibit ADAMS9 activity or reduce its expression in
the lung could limit the progression of several key COPD phenotypes that are associated with high

morbidity and mortality.
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Figure legends

Figure 1: ADAMY expression is increased in epithelial cells and alveolar macrophages (AMs) in
COPD lungs: A-C show representative lung sections from non-smoker controls, smokers without
COPD, and COPD patients (GOLD stages I-II and III-IV) that were double immunostained with a
red fluorophore (left panels) for markers of airway epithelial cells (pan-cytokeratin; pan-CK in A and
B) or a marker of macrophages (CD163 in C), and with a green fluorophore for ADAMY (middle
panels in A-C). Nuclei in the sections were counterstained 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, B, and C (magnification in A and B is x 400, in C is x 1000). Lung sections from a
non-smoker were stained with a red fluorophore and non-immune murine (Ms) IgG or non-immune
rat IgG and with a green fluorophore and non-immune rabbit (Rb) IgG as controls (bottom panels).
The images shown are representative of 6-9 subjects/group. In D and E, ADAM9-positive cells were
quantified in alveolar (D) and bronchial (E) epithelial cells using MetaMorph software. In F, the
percentage of alveolar macrophages that were positively stained for ADAM9 was quantified in 10
randomly acquired microscopic fields. The boxes show the medians and 25" and 75" percentiles,
and the whiskers show the 10™ and 90" percentiles. In D-F, data were analyzed using a One-Way
ANOVA followed by Dunnett corrections for multiple comparisons. In D-F, *, P < 0.05; **, P <

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

Figure 2: Correlations between ADAMY gene expression in human bronchial brushing cells and
clinical parameters: In A, ADAM9 mRNA levels were measured using a microarray assay in
bronchial brushing cells from non-smoker controls (n = 12), smoker controls (n = 17), and GOLD
stage 0 (n = 18), GOLD stage I (n = 10), and GOLD stage II-IV (n = 13) COPD patients. The bars
show the mean (+ SD). Data were analyzed using a Bayesian linear regression adjusting for age and
pack-year smoking history. *, Posterior Probability of no effect (PP) < 0.05; **, PP < 0.001 versus
non-smoker controls or the group indicated. In B, ADAMY steady state mRNA levels were measured
in bronchial brushing cells from 14 non-smoker controls, 15 smoker controls, and 17 GOLD stage 0,

8 GOLD stage I, and 13 GOLD stage II-IV COPD patients in the bronchoscopy cohort using real-
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time quantitative RT-PCR. The boxes in the box-plots show the medians and 25" and 75"
percentiles, and the whiskers show the 10" and 90™ percentiles. Data were analyzed using a Bayesian
linear regression adjusting for differences in age and pack-year smoking history. *, PP <0.05 and **,
PP < 0.001 versus non-smoker controls or the group indicated (PP is the posterior probability of no
effect). C- I show correlations between 4DAMY gene expression in human bronchial brushing cells
and clinical parameters including: MUCS5AC mucin staining in endo-bronchial biopsies from the
same subjects (C; n = 50); pack-year smoking history (D; n = 67); St George’s respiratory
questionnaire (SGQR) quality-of-life total, symptom, and activity scores (E-G; n = 52); mean
expiratory flow at 25% FVC (MEF,s; H, n = 62); FEV, percent predicted (I, n = 62) and FEV/FVC
(J, n = 62). Data were analyzed using multivariate linear regression with ADAM9 gene expression in
human bronchial brushing cells as dependent variable and corresponding clinical parameter as well
as relevant correction parameters (pack-year smoking history and age) as independent variables. P <

0.05 was considered to be statistically significant.

Figure 3: CS exposure induces the expression of Adam9 in murine lungs: In A, Adam9 mRNA
levels were measured in lungs from WT mice exposed to air (n = 20) or CS for 1 month (n = 10), 2
months (n = 10), or 6 months (n = 9) using real time RT-PCR. In B, Adam9 protein levels were
measured in lungs from WT mice exposed to air (n = 22) or CS for 1 month (n = 11), 2 months (n =
14), or 6 months (n = 9) using an ELISA. In C, Timp-3 protein levels were measured in lungs from
WT mice exposed to air (n = 8) or CS for 1 month (n = 8), 2 months (n = 9), or 6 months (n = 9)
using an ELISA. In D, Adam9: Timp-3 protein ratios that were analyzed on the same lungs from WT
mice exposed to air (n = 8) or CS for 1 month (n = 8), 2 months (n = 9), or 6 months (n = 9) were
calculated. The boxes in the box-plots show the medians and 25™ and 75™ percentiles, and the
whiskers show the 10™ and 90"™ percentiles. Data were analyzed using a Kruskal-Wallis One-Way
ANOVA followed by pair-wise testing with Mann-Whitney U tests and Bonferroni corrections. *, P

< 0.01; **, P <0.001 versus air-exposed controls or the group indicated.

20

Copyright © 2018 by the American Thoracic Society



Page 21 of 99

AJRCCM Articlesin Press. Published on 04-June-2018 as 10.1164/rccm.201711-23000C

Figure 4: Adam?9 deficiency decreases emphysema development, small airway fibrosis, and mucus
cell metaplasia in CS-exposed mice: In A-G, adult Adam9”" mice and WT mice were exposed to air
or CS 6 days-a-week for 6 months. A: Images of Gill’s-stained inflated lung sections from mice
(magnification X 200). B: Box-plots of alveolar chord lengths as a measure of airspace enlargement.
The boxes show the medians and 25™ and 75" percentiles, and the whiskers show the 10™ and 90"
percentiles for 6-11 air-exposed mice per group and 10-11 CS-exposed mice per group. Data were
analyzed using a Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann
Whitney U tests and Bonferroni corrections. *, P < 0.017 versus the same genotype exposed to air or
the group indicated. C shows representative images of extracellular matrix (ECM) deposition around
small airways (300-699 pum in diameter) in Masson Trichrome-stained lung sections from WT and
Adam9”" mice exposed to air or CS for 6 months. D: The thickness of the ECM protein layer
deposited around small airways was quantified, as described in the Online Supplement. Boxes in the
box-plots show the median values and 25™ and 75" percentiles, and whiskers show the 10™ and 90™
percentiles from 8-10 air-exposed mice/group and 8-9 CS-exposed mice/group. Data were analyzed
using a Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests
with Bonferroni corrections. *, P < 0.017 versus air-exposed mice belonging to the same genotype
or the group indicated. E: Scatter-plots of a-smooth muscle actin (a-SMA) staining that was
quantified per unit area of airway wall on airways having a luminal diameter of 300-699 um using
MetaMorph software (4-5 air-exposed mice/group and 7-8 CS-exposed mice/group. Data were
analyzed using a Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann-
Whitney U tests and Bonferroni corrections. *, P < 0.017 versus air-exposed mice belonging to the
same genotype or the group indicated. F: Images of immunofluorescence staining for bronchial
epithelial Muc5ac (stained in green) in the lungs of CS-exposed WT and Adam9” mice that are
representative of 5-7 mice/group. A section of lung from a CS-exposed WT mouse stained with a
non-immune murine (Ms) IgG is shown (right panel). Air-exposed WT and Adam9” mice had
minimal staining for Muc5ac in bronchial epithelial cells (data not shown). G: Muc5ac staining was
quantified per unit area of bronchial epithelium using MetaMorph software. Boxes in the box-plots
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show the median values and 25" and 75" percentiles, and whiskers show the 10™ and 90™ percentiles
for mice exposed to air (n = 5/group) or CS (n =7/group) for 6 months. Data were analyzed using a
Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests with
post-hoc Bonferroni corrections. *, P < 0.017 versus air-exposed mice belonging to the same

genotype or the group indicated.

Figure 5: Lung inflammation is decreased in CS-exposed Adam9”" mice: WT and Adam9” mice
were exposed to air or CS for 1-6 months. Absolute numbers of all leukocytes (A), macrophages (B),
PMNs (C), and lymphocytes (D) were counted in bronchoalveolar lavage (BAL) samples. Boxes in
the box-plots show the median values and 25" and 75" percentiles, and whiskers show the 10™ and
90" percentiles for 8-9 air-exposed mice/group, 10-12 mice exposed to CS for 1 month per group,
15-22 mice exposed to CS for 2 months per group, 5-9 mice exposed to CS for 3 months per group,
and 5 mice exposed to CS for 6 months per group. Data were analyzed using a Kruskal-Wallis One-
Way ANOVA followed by pair-wise testing with Mann-Whitney U tests with Bonferroni corrections
for multiple comparisons. *, P < 0.008; and **, P < 0.001 versus the group indicated. E: Images of
lung sections from WT and Adam9”" mice that were exposed to air or CS for 6 months that were
immunostained with a green fluorophore for CD68 (a marker of macrophages). The images shown
are representative of 6-7 mice/group. A section of lung from a CS-exposed WT mouse stained with a
non-immune primary murine (Ms) IgG is shown (right panel). In F, CD68 staining was quantified
per unit area of alveolar wall using MetaMorph software. The bars show the mean (= SD) for 6 mice
that were exposed to air per group, and 7 mice that were exposed to CS for 6 months per group. Data
were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests and
Bonferroni corrections for multiple comparisons. *, P < 0.017 versus air-exposed mice belonging to

the same genotype or the group indicated.

Figure 6: Lung levels of cytokines and chemokines in air- versus CS-exposed WT and Adam9”
mice: WT and Adam9” mice were exposed to air or CS for 1 month, and lung levels of Gm-csf (A; n

= 6-13 mice/group), M-csf (B; n = 8-12 mice/group), Ccl-3 (C; n = 13-17 mice/group), Cxcl-2 (D; n
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= 8-12 mice/group), Tnf-a (E; n = 10-11 mice/group), 11-6 (F; n = 10-11 mice/group), Ccl-5 (G; n =
8-9 mice/group), and Cxcl-2 (H; n = 8-10 mice/group) were measured in homogenates of lung
samples using ELISA kits. Data were normalized to total protein levels measured on the same
samples. Boxes in the box-plots show the median values and 25" and 75™ percentiles, and whiskers
show the 10™ and 90™ percentiles. Data were analyzed using a Kruskal-Wallis One-Way ANOVA
followed by pair-wise testing with Mann-Whitney U tests with Bonferroni corrections for multiple
comparisons. *, P < 0.025; and **, P < 0.001 versus air-exposed mice belonging to the same

genotype or the group indicated.

Figure 7: CS-exposed Adam 97 mice have higher alveolar macrophage apoptosis rates, but lower
lung elastin degradation, and alveolar septal cell death rates than CS-exposed WT mice: In A-E,
WT and Adam9”" mice were exposed to air or CS for 1-6 months. A: Alveolar macrophages were
isolated from the lungs of WT and Adam9” mice that had been exposed to air or CS for 1 month
using BAL. Immediately afterwards, the alveolar macrophages were fixed and then immunostained
for intracellular active caspase-3. Staining was quantified, as described in the Online Supplement (n
= 3 separate experiments). Data are mean = SD. 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 the group indicated. B: Desmosine levels were
measured in bronchoalveolar lavage fluid (BALF) samples from WT and Adam9”" mice exposed to
air (n = 5-6 mice/group), or CS for 1 month (n = 15 mice/group) or 3 months (n = 6 mice/group)
using an ELISA. Boxes in the box-plots show the median values and 25" and 75™ percentiles, and
whiskers show the 10" and 90" percentiles. Data were analyzed using a Kruskal-Wallis One-Way
ANOVA followed by pair-wise testing with Mann-Whitney U test and Bonferroni corrections for
multiple comparisons. *, P < 0.017; and **, P < 0.001 versus the group indicated. C: Desmosine
levels were measured in serum samples from WT and Adam9” mice exposed to air (n = 5
mice/group) or CS (n = 11-12 mice/group) for 6 months using an ELISA. Data are mean + SD. Data
were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests and
Bonferroni corrections for multiple comparisons. *, P < 0.025 versus the group indicated. D shows

23

Copyright © 2018 by the American Thoracic Society



AJRCCM Articlesin Press. Published on 04-June-2018 as 10.1164/rccm.201711-23000C
Page 24 of 99

representative images of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining on formalin-fixed lung sections from WT and Adam9”" mice exposed to air or CS for 6
months. E: Alveolar septal cell death was measured as the number of TUNEL-positive alveolar
septal cells per unit alveolar wall area. Data shown are mean (= SD) values from 3-6 mice/group.
Data were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests
and Bonferroni corrections for multiple comparisons. *, P < 0.017 versus air-exposed mice
belonging to the same genotype or the group indicated. F: Type-II alveolar epithelial cells were
isolated from unchallenged WT and Adam9”" mice, and exposed to 7.5% CSE for up to 48 h.
Intracellular levels of active caspase-3 were measured using a quenched fluorogenic substrate, as
described in the Online Supplement. Data are mean + SD from 8 separate cell preparations. Data
were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests and
Bonferroni corrections for multiple comparisons. *, P < 0.01; **, P <0.001 versus the time points

indicated.

Figure 8: Adam9 sheds EGFR and VEGFR?2 in the lungs of CS-exposed mice: WT and Adam9”"
mice were exposed to air or CS for 1-3 months. Soluble EGFR levels (A; n= 5-12 mice/group) and
soluble VEGFR?2 levels (D; n= 5-15 mice/group) were quantified in bronchoalveolar lavage fluid
(BALF) samples using ELISA. The boxes in the box-plots show the median values and 25" and 75™
percentiles, and whiskers show the 10™ and 90® 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 < 0.017; and **, P < 0.001 versus the group indicated. In
B residual EGFR levels expressed on alveolar septal cell surfaces were assessed by immunostaining
lung sections from WT and Adam9” mice exposed to air or CS for 6 months with a green
fluorophore for EGFR. Nuclei were counterstained blue with DAPI. As a control, lung sections were
stained with a non-immune rabbit (Rb) IgG (bottom panel). The merged images shown in B are
representative of 3-5 mice per group. C: Scatter plots of residual surface EGFR staining that was
quantified in alveolar septal cells in mice that were exposed to air (3-4 mice/group) or CS (4-5
mice/group) for 6 months using MetaMorph software. Data were analyzed using a Kruskal-Wallis
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One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests and Bonferroni
corrections for multiple comparisons. *, P < 0.025; and **, P < 0.001 versus the group indicated. In
E residual VEGFR2 levels expressed on alveolar septal cell surfaces were assessed by
immunostaining lung sections from WT and Adam9” mice that were exposed to air or CS for 6
months with a green fluorophore for VEGFR2. Nuclei were counterstained blue with DAPI. As a
control, lung sections were stained with a non-immune Rb IgG (bottom panel). The merged images
shown in E are representative of 4-6 mice per group. F: Scatter plots of residual surface VEGFR2
staining quantified in alveolar septal cells in sections of lungs from mice that had been exposed to air
(4-5 mice/group) or CS (5-6 mice/group) for 6 months. Data were analyzed using a Kruskal-Wallis
One-Way ANOVA followed by pair-wise testing with Mann-Whitney U test and Bonferroni

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

Figure 9: ADAMY sheds EGFR from human bronchial epithelial cell (HBEC) surfaces: A:
HBECs from control subjects without COPD were grown to confluence on chamber slides and
incubated with or without 10-60 nM active recombinant human (rh)ADAMY for 4 h at 37°C. HBECs
were fixed and immunostained with a green fluorophore for cell surface-associated EGFR. As a
control, cells not incubated with rhADAM9 were stained with a non-immune rabbit (Rb) IgG (right
panel). DAPI counter-stained cells were examined using an epi-fluorescence microscope. The
merged images shown in A are representative of 4 separate experiments. In B, residual levels of
EGFR on the surface of HBECs were quantified, as described in the Online Supplement. The boxes
in the box-plots show the median values and 25" and 75" percentiles, and whiskers show the 10®
and 90™ percentiles (n = 4 separate experiments). Data were analyzed using a Kruskal-Wallis One-
Way ANOVA followed by pair-wise testing with Mann-Whitney U tests. *, P < 0.029; and **, P <
0.001 versus no rhADAMS9 control or the group indicated. C shows soluble EGFR levels in cell-free
supernatant samples from the same preparations shown in A-B measured using an ELISA. The boxes
in the box-plots show the median values and 25" and 75" percentiles, and whiskers show the 10"
and 90™ percentiles (n = 5 separate experiments). Data were analyzed using a Kruskal-Wallis One-
Way ANOVA followed by pair-wise testing with Mann-Whitney U tests. *, P < 0.019; ** P <0.001
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versus the group indicated. D: Images showing residual EGFR staining on the surface of HBECs that
were incubated with or without 60 nM thADAM9 with or without 2 pM or 10 pM GM6001 (a non-
selective metalloproteinase inhibitor) for 4 h at 37°C. The right panel shows cells incubated without
rthADAMO that were stained with a non-immune rabbit (Rb) IgG. In E, residual EGFR levels on the
surface of HBECs were quantified, as described in the Online Supplement. Data are mean = SD from
3 separate experiments. Data were analyzed using a One-Way ANOVA followed by pair-wise testing

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

Figure 10: ADAMY sheds VEGFR?2 from human bronchial epithelial cell (HBEC) surfaces: A:
HBECs from control subjects without COPD were grown to confluence on chamber slides and
incubated with or without 10-60 nM active recombinant human (rh)ADAM? for 4 h at 37°C. HBECs
were fixed and immunostained with a green fluorophore for cell surface-associated VEGFR2. As a
control, cells not incubated with thADAM?9 were stained with a non-immune murine (Ms) IgG (right
panel). The merged images shown in A are representative of 4 separate experiments. In B, residual
levels of VEGFR2 on the surface of HBECs were quantified, as described in the Online Supplement.
The boxes in the box-plots show the median values and 25" and 75" percentiles, and whiskers show
the 10" and 90™ percentiles (n = 4 separate experiments). Data were analyzed using a Kruskal-Wallis
One-Way Analysis followed by pair-wise testing with Mann-Whitney U tests. *, P < 0.029; **, P <
0.001 versus no thADAMS9 control or the group indicated. C: Soluble VEGFR2 levels in cell-free
supernatant samples from the same preparations shown in A-B were measured using an ELISA. The
boxes in the box-plots show the median values and 25™ and 75™ percentiles, and whiskers show the
10™ and 90™ percentiles (n = 5 separate experiments). Data were analyzed using a Kruskal-Wallis
One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests. *, P < 0.011; ** P <
0.001 versus the group indicated. D: Images of surface VEGFR2 staining on HBECs that were
incubated with or without 60 nM rthADAM?9 with or without 2 uM or 10 uM GM6001 (a non-
selective small-molecule metalloproteinase inhibitor) for 4 h at 37°C. The right panel shows cells
incubated without hADAMY that were stained with a non-immune murine (Ms) IgG. E: Residual
EGFR levels on the surface of HBECs were quantified as described in the Online Supplement. Data
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are mean £+ SD from 3 separate experiments. Data were analyzed using a One-Way ANOVA
followed by pair-wise testing with Students t-tests. *, P < 0.012; and **, P < 0.001 versus the group
indicated. In F, HBECs were grown to confluence on tissue culture plates and incubated with or
without 60 nM active thADAMY at 37°C for 4 h in the presence or absence of 10 uM GM6001 (a
non-selective metalloproteinase inhibitor). Intracellular levels of active caspase-3 were measured
using a quenched fluorogenic substrate, as described in the Online Supplement. Data are mean + SD
from 4 separate cell preparations. Data were analyzed using a One-Way ANOVA followed by pair-

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

Figure 11: Human bronchial epithelial cells (HBECs) from COPD patients have higher surface
staining for ADAMY and lower surface staining for EGFR and VEGFR2 than HBECs from
controls. In A-D, primary HBECs from 3 COPD patients and 3 controls were grown to confluence
on chamber slides. HBECs were fixed and immunostained with a green fluorophore for cell surface-
associated ADAM9, EGFR, or VEGFR2, and the nuclei were counterstained blue with DAPI.
Control cells were also stained with a primary non-immune rabbit (Rb) IgG or murine (Ms) IgG
(right panels). The merged images shown in A are representative of 3 subjects/group. Cell surface
levels of ADAMY (in B), EGFR (in C), and VEGFR2 (in D) on HBECs were quantified on cells as
described in the Online Supplement. Data are mean = SD and data were analyzed using a One-Way

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

Figure 12: ADAMDY reduces activation (phosphorylation) of Akt. In A-B, HBECs were grown to
confluence on tissue culture plates and incubated with or without 10-60 nM active ThADAM9 at
37°C for 4 h in the presence or absence of 10 uM GM6001 (a non-selective metalloproteinase
inhibitor). Phosphorylated Akt (p-Akt-Ser*”®), total Akt (Akt), and a housekeeping control (B-Actin)
were quantified in cell extracts using Western blotting and densitometry. The images of Western

473

blots shown in A are representative of 5 separate experiments. B: The p-Akt-Ser’’” signals were

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

show means + SD (n = 5 separate experiments). Data were analyzed using a One-Way ANOVA
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followed by pair-wise testing with Student’s t-tests. *, P < 0.05; and **, P < 0.001 versus no
thADAMO control or the group indicated. In C-D, primary HBECs from COPD patients and

controls were grown to confluence on tissue culture plates. Phosphorylated Akt (p-Akt-Ser*”

), total
Akt (Akt), and a housekeeping control (B-Actin) were quantified in cell extracts using Western
blotting and densitometry. The images of Western blots shown in C are representative of 3 separate
experiments conducted from cells on 3 different controls and 3 different COPD patients. D: The p-
Akt-Ser*” signals were normalized to total Akt levels and expressed as a % of the control result.
The bars show means = SD (3 cell preparations/group). Data were analyzed using a One-Way
ANOVA followed by pair-wise testing with Student’s t-tests. *, P < 0.05 versus control cells. In E-
F, WT and Adam9” mice were exposed to air or CS for 3 months. Phosphorylated Akt (p-Akt-
Ser*”), total Akt (Akt), and a housekeeping control (B-Actin) were quantified in homogenates of

lung samples using Western blotting and densitometry. The p-Akt-Ser*”

signals were normalized to
total Akt levels and expressed as a % of the values for WT mice exposed to air. The images shown
in E are representative of 6 mice per group. F: The bars show means + SD (n = 6 mice/group). Data
were analyzed using a One-Way ANOVA followed by pair-wise testing with Student’s t-tests and

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

mice belonging to the same genotype or the group indicated.

Figure 13: Cartoon illustrating the potential contributions of ADAMY to different COPD
Pphenotypes.

1. Inhaling cigarette smoke increases the expression of ADAM9 in lung macrophages and bronchial
and alveolar epithelial cells either directly, or indirectly by generating pro-inflammatory mediators in
the lungs that induce ADAM9 expression by these cells. 2. ADAM9 may directly degrade lung
elastin to promote emphysema development. 3. Increases in lung macrophage counts increases lung
elastin degradation further (by increasing the lung burden of macrophage-derived matrix
metalloproteinases [MMPs]) to contribute to emphysema development. Increase in lung macrophage
counts may also contribute to lung inflammation and injury by increasing the lung burden of
macrophage-derived oxidants (that injure alveolar septal cells) and macrophage-derived pro-
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inflammatory mediators that amplify macrophage recruitment and activation (CCL-3) and survival
(GM-CSF and M-CSF). 4. ADAM?Y expressed by alveolar epithelial cells sheds EGFR and VEGFR2
from lung epithelial cells to promote alveolar septal cell death and emphysema development by
reducing activation of the PI3K/Akt pro-survival pathway in alveolar septal cells. 5. Adam9 also
promotes small airway fibrosis, in part, by increasing a-smooth muscle actin-positive fibroblasts in
the small airways, or possibly by increasing airway inflammation. 6. Adam9 increases airway mucus
cell metaplasia via mechanisms that remain to be elucidated. The scissors indicate processes in
which ADAM9’s metalloproteinase domain is likely to be involved. Abbreviations used: EGFR,
epidermal growth factor receptor; GM-CSF, granulocyte-macrophage colony stimulating factor; M-
CSF, macrophage colony stimulating factor; MMPs, matrix metalloproteinases; PI3K, phospho-

inositide 3-kinase; VEGFR2, vascular endothelial growth factor receptor-2.
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Table 1: Demographic and clinical characteristics of the human immunostaining cohort.

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 |
4 (10- 4 (20- 42 (25- <0.
smoking 0 34 (10-60) 54 (20-86) (25-60) | P<0.001
Number of current
0(0 1(12.5 0(0 2 (25
smokers (%) (0) (12.5) (0) (25) NS
FEV, (% of §
. t 97 £23 81+ 16 77 £15 28 + 12 P<0.001
predicted)
1- 2-112 42- 44 (22- .
predicted)’ 76 (71-80) | 83 (7 ) 58 (42-66) (22-66) | P<0.001

Page 30 of 99

The table shows the demographic and clinical characteristics of the COPD patients, smokers without
COPD, and non-smoker controls who underwent either a lung biopsy, lung volume reduction
surgery, or lung transplantation (see Online Supplement). COPD patients were sub-divided

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

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

parametric data.

"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 biopsy or

surgery, or former smokers who had stopped smoking < 1 year before the biopsy or surgery.
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fAll COPD patients had forced expiratory volume in 1 second/ forced vital capacity ratio

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

*Categorical variables were analyzed with Chi-Square tests. Statistical analyses included One-Way
ANOVA tests for continuous variables (age, FEV; % predicted, FEV,/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 GOLD stage I-II and GOLD stage III-IV COPD groups
were not significantly different from those of the smoker group (P = 0.2 for both comparisons). The
pack/year smoking histories of the GOLD stage I-II and GOLD stage III-IV COPD groups and the

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

YThe FEV, of the GOLD stage III-IV COPD group was significantly lower than that of the smoker
and non-smoker groups (P < 0.001 for both comparisons). The FEV; of the GOLD stage I-II COPD
group was not significantly different from that of the smoker and non-smoker groups (P = 0.7 and P

=0.1).

Y The FEV/FVC ratios of the GOLD stage I1I-IV COPD group were significantly lower than those
of the smoker and non-smoker groups (P = 0.002 and P = 0.001, respectively). The FEV/FVC ratios
of the GOLD stage I-Il COPD group were significantly lower than those of the smoker and non-

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

NS: not significant.
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Table 2: Demographic and clinical characteristics of the bronchoscopy (bronchial brushings)

cohort for microarray assays.

Number of
6 (50) 7 (41.2) 7 (38.9) 6 (60) 9(69.2) NS
males (%)
Age (years) 54+8 44+10 51+7 59+6 54+7 P <0.001'
Pack-yrs. of
0 33(10-59) | 46 (19-160) | 38(0-53) 60 (30-86) | P<0.001"
smoking
Number of
current 0 (0) 17 (100) 18 (100) 7 (70) 11 (85) P <0.0017
smokers (%)
FEV; (% of
110 (92-120) | 105 (88-130) | 95 (76-130) | 95 (85-100) | 67 (25-79) | P <0.001%
predicted)
FEV,/FVC
(% of 74 (70-83) 80 (72-90) 76 (70-82) | 68 (60-70) | 59 (30-69) | P<0.001%
predicted)

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 and

endobronchial biopsies for analysis of ADAMY9 mRNA levels and MUCSAC staining in epithelial

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

mean = SD for parametric data.
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’ Subjects were classified as non-smoker controls, smoker controls without COPD, and smokers with
COPD. Only those smokers with normal lung function and a high resolution computed tomography
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 = 18)]; GOLD stage I COPD, with or without cough and
sputum production and with FEV; > 80% of predicted but FEV/FVC to <70% (n = 10); and GOLD
stage II-IV COPD, with or without cough and sputum production but FEV, between 25% and 79%

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

' Categorical variables were analyzed with Chi-Square tests. Statistical analyses included One-Way
ANOVA tests for continuous variables (age, FEV % predicted, FEV/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 ages of the COPD GOLD stages II-IV, GOLD stage I, and GOLD stage 0 groups were not
significantly different from those of the non-smokers. The ages of the COPD GOLD stages II-1V,
GOLD stage I and GOLD stage 0 groups were significantly older than those of the smokers (P <

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

" The pack/year smoking histories of the COPD GOLD stages II-IV, GOLD stage I, GOLD stage 0
and the smoker groups were significantly higher than those of the non-smokers by design. The
smokers and GOLD 0 and GOLD I COPD patients were matched for pack-year smoking history.
The GOLD stage II-IV COPD patients had a significantly greater pack-year smoking history than the

smoker controls.

IThe proportions of current smokers in the smoker and COPD GOLD stage 0, I, and II-IV groups
were significantly higher than that of the non-smoker group. However, the proportion of current

smokers was similar in the smoker, and COPD GOLD stages 0, I, and II-IV groups.
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YThe FEV, 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 FEV; of the COPD GOLD stage |
group was also significantly lower than that of the smoker and non-smoker groups (P < 0.05 for both
comparisons). The FEV, of the COPD GOLD stage 0 group was not significantly different from that

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

SThe FEV/FVC ratio of the COPD GOLD stages [I-IV group was significantly lower than that of
the smoker and non-smoker groups (P < 0.001 for both comparisons). The FEV/FVC ratio of the
COPD GOLD stage I group was significantly lower than that of the smoker and non-smoker groups
(P <0.001 and P < 0.05, respectively). The FEV/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 = 0.235).

NS: not significant.
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Table 3: Correlations between ADAMY gene expression in bronchial brushings and clinical

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

Clinical Parameters B (SE)* B 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=043
Pulmonary MEF,s -0.001 (0.003) -0.045 P=0.75
FEV, 0.002 (0.003) 0.086 P=0.55
FEV,/FVC 0.005 (0.006) 0.116 P=0.39

Bronchoscopies were performed on COPD patients, smokers without COPD, and never-smokers to
obtain bronchial brushing samples for ADAM?9 gene expression analysis and endobronchial biopsies
to immunostain airway epithelial cells for MUCSAC as described in the Online Supplement (n = 70

subjects).

Data were analyzed using R v3.4 for Windows (The R Foundation for Statistical Computing, Vienna,
Austria). To identify the relevant clinical parameters to correct for, and a multivariate regression
model was run with ADAMY gene expression as the dependent variable and all of the clinical
parameters. Variable selection was performed by optimization of the Akaike Information Criterion
(AIC). The final model retained only 6 clinical variables of which pack-year smoking history had the
highest significance. Thus, subsequent analyses were corrected for differences in pack-year smoking

history and also to difference in age.
TSGRQ; St. George’s Respiratory Disease Questionnaire.

¥ MUCS5AC immunoperoxidase staining was quantified in the endobronchial biopsies from the same
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COPD patients, smokers without COPD, and never-smokers from whom the bronchial brushings

were obtained, as described in the Online Supplement.

) B coefficient and standard error (SE).

"B is the standardized regression coefficient which evaluates the relative significance of each

independent variable in multiple linear analyses.
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Figure 4
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Figure 11
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Figure 12
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Figure 13
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ONLINE SUPPLEMENT

MATERIALSAND METHODS

Materials: ELISA kits to measure human ADAM9, murine interleukin-6 (IL-6), murine Rantes
(Ccl5), murine interleukin-10 (1I-10), murine interleukin-1 betal @); murine Je (Ccl2), murine

tumor necrosis facto«Tnf-a)), and murine transforming growth fact® T gf-p) 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
proteinda (Mip-1a), 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
ADAMO9 gene expression data were extracted. The results of the study of gene expression in the
epithelium have been reported previously (1J.ables 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) stagely/]; 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@able 1 and Table ES Patients with a post-bronchodilator
FEVY/FVC ratios < 70% were considered to be COPD cases, and those with a post-

bronchodilator FEVFVC 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.
ADAMO 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 Ilung sections for ADAMGO:

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

2

Copyright © 2018 by the American Thoracic Society



Page 59 of 99

AJRCCM Articlesin Press. Published on 04-June-2018 as 10.1164/rccm.201711-23000C

lung. The sections were incubated with a rabbit anti-ADAM9 IgG (Abcam, Cambridge, MA) or
nonimmune rabbit 1gG, followed by Alexa 488-conjugated goat anti-rabbit F(&bj)itrogen,
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.

Tripleimmunofluorescence staining of human lung sectionsfor 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)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, Cambridge, MA) followed by
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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).

ADAMO9 steady state mRNA levelsin primary human bronchial brushing cells: Airway brushing

cells were obtained from clinically-stable COPD patients, non-smokers, and smokers without
COPD (sef able 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, nhon-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 png 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, stairsd,scanned according to the manufacturer’s

standard procedures (1).

A whole genome microarray data-set was generated from WRIéM9 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
Tagman probe and primer sets for ADAM9 and 18S ribosomal RNA as the housekeeping gene
(Thermo Fischer Scientific Corp), and the comparative threshold method.

4
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I mmunostaining of human endobronchial biopsiesfor 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 MUCS5AC. Immunoreactivity was quantified using computer-assisted image

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

Soluble ADAMO9 protein levelsin 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-Il and IlI-1V) using commercially-available ELISAs (R&D Systems,

Minneapolis, MN). Se&able E1 for the demographic and clinical data on the subjects studied.

Human BAL fluid (BALF) sample processing and quantification of soluble ADAM9 protein
levelsin BALF samples: Bronchoscopy was performed on 28 clinically-stable COPD patients and

7 smokers without COPD in the Manchester, UK cohdeb(e E2). The bronchoscope was
wedged in the bronchus and a maximum of 4 x 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 um 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 aliquot€at -80
for further analysis. BALF ADAM9 levels were quantified using a commercially-available ELISA

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

Soluble ADAMO protein sputum levels: Sputum was obtained from smokers without COPD, and
clinically-stable COPD patients (GOLD Stages I-1l and 1lI-1V). Seble E2 for clinical and

demographic data on the subjects studied. Sputum was spontaneously expectorated into a sterile
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pot. Following expectoration, sputum plugs were separated from saliva using sterile forceps, with
onethird 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 pl were stored at -80°C for
subsequent batch processing. Sputum ADAMS9 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 andAdam9” 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 levelsin murinelungs. 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

commercially-available ELISA kit (CUSABIO, College Park, MD). Adam9 protein levels were
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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
guantified 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 ug 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 8
actin as the housekeeping genes {sa#e E6 for primer sequences), the comparative threshold

method, and an AriaMx Real-time PCR machine (Agilent technologies, Santa Clara, CA).

M easurements of emphysema and small airway fibrosis: WT andAdam9”- mice were exposed to

air or CS for 6 months, and serum samples were obtained post-euthéaaght ventricular
puncture. Lungs were inflated to 25 cmHpressure 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 809-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).

I mmunofluorescence staining of murinelung sectionsfor a-smooth muscle actin (a-SMA): WT
and Adam9” mice were exposed to air or CS for 6 months. Lungs were inflated to 25%@m H

pressure and fixed in 10% buffered formalin. The lung sections were deparaffinized, and antigen
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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 a-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 antimurine 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.

I mmunofluorescence staining of murine lung sections for Mucbac: To identify the Mucbac-
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 Mucbac (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-mBfib&), or Alexa
546-conjugated rabbit anti-murifiéab’). (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).

Lung inflammation: All leukocytes, macrophages, PMNs, and lymphocytes were counted in
BAL samples from WT anddam9’ mice exposed to air or CS for 1-6 months (5). In other

cohorts of WT andhdam9”- 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

8
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(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.

I mmunofluorescence staining of murine lung sections for a marker of macrophages. Lung
sections from WT anddam9’ 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-murineH{atvijrogen,
Carlsbad, CA). The slides were washed in PBS, and nuclei were counterstained-@ith 4
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
incubated at 37°C in duplicate for up to 18 h with 10 uM Fluorogenic Substrate 11l (R&D System,
Minneapolis, MN), a sensitive substrate for ADAM9 (6). Cleavage of the substrate was
measured using fluorimetry (Ex A 320nm and Em A 504nm) exactly as described previously (6).

I ncubation of active human recombinant ADAM9 (rhADAM9) with cytokines and chemokines:

To test whether the active metalloproteinase domain of ADAM9 cleaves or degrades cytokines or

9
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chemokinesn vitro, cytokines that were elevated in the lungs of CS-expadaah9”’- 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-

a (1149 nM) were incubated in a total volume of 20 pL of assay buffer (25 mM Tris containing
2.5 UM ZnC} and 0.05% Briji-35; pH 9.0) with or without active 0.3 uM rhADAM9 either with

or without 1 mM 1,10-phenanthroline (a non-selective inhibitor of metalloproteinases that inhibits
ADAMs) for 18 h at 37C 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 versusAdam9”- mice were exposed to air or CS for

1 or 3 months. Serum was collected post-eutham@siaght ventricular puncture, and the lungs
were lavaged with 750 pl 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 apoptasigvo, WT
andAdam9”- mice were exposed to air or CS for 1 month. Alveolar macrophages were isolated
from the lungs using BAL, and immediately fixed with PBS containing 3% paraformaldehyde
and 0.25% glutaraldehyde (pH 7.4) for 3 min & .4To obtain sufficient cells for analysis in

each of 3 separate experiments, BAL macrophages were pooled from 4 air-exposed WT mice, 5
air-exposedddam9’ mice, 3 CS-exposed WT mice, and 3-4 CS-expadsim9’ mice. The

pooled cells were permeabilized by incubating them in 100% ice-cold methanol for 20 min at 4
°C. 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

10
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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). Images of the immunostained cells were acquired using a Leica microscope and a digital
camera. Intracellular immunofluorescence staining (in arbitrary fluorescence units) was
guantified 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/Ad@n9’- 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 BiosystemBuffalo 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).

CSextract (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.

11

Copyright © 2018 by the American Thoracic Society



AJRCCM Articlesin Press. Published on 04-June-2018 as 10.1164/rccm.201711-23000C
Page 68 of 99

Intracellular active caspase-3 levels in CSE-treated lung epithelial cells: Murine type-ll
alveolar epithelial cells were isolated from naive WT 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 | 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). Atintervals 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), affldorimetry (Ex 400 A and Em A 490) as described

previously (8).

Intracellular active caspase-3 levels in CSE-treated bone marrow-derived macrophages
(BMDMs): BMDMs were isolated from naive WT aridlam9’ 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
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 murinelungs: WT andAdam9’- mice were exposed to air or CS for

1, 3, or 6 months. BAL was performed (using 750 ul of PBS/mouse), and cell-free BALF was
frozen in aliquots to -80°C. Lungs were inflated to 25 ci® Hressure and fixed in 10% buffered

12
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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 1gG (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 E(@hyitrogen, Charlestown,

MA). Images were captured using a high-speed 5 megapixel microscope camera (AxioCam,
Zeiss, Oberkochen, Germany), a N-Achroplan 20x/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 rhADAMO:

To determine whether ADAM9 sheds EGFR and/or VEGFR2 from lung epithelial cells, primary
HBECSs (Lonza, Allendale, NJ) were cultured in 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 then incubated with or without up to
60 nMactive rhADAMO for 4 h at 3%C in assay buffer (25 mM Tris containing 2.5 uM ZxCl

pH 7.4) in the presence or absence of 2 UM or 10 uM GM@0h-selective metalloproteinase

inhibitor (Sigma, St. Louis, MO). Soluble EGFR and soluble VEGFR2 levels were measured in

13
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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 1gG (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(aly (Invitrogen, Charlestown, MA) or Alexa 488-conjugated goat anti-murine
F(ab) (Invitrogen, Charlestown, MA). Images were captured using a high-speed 5 megapixel
microscope camera (AxioCam, Zeiss, Oberkochen, Germany), a N-Achroplan 20x%/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).

ADAMO9 induces apoptosis in primary HBECs: To determine ADAM9 promotes apoptosis of
HBECSs, 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) 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°G7for 4 h in the presence or
absence of 10 uM GM60da 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
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(R&D, Minneapolis, MN), andluorimetry (Ex 400 A and Em A 490) exactly as described

previously (8).

ADAMY9, 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’@ with PBS containing 1% albumin

and 50 pg/ml goat IgG to block non-specific binding of antibodies. Cells in different wells in
the chamber-slides were then incubated®@twiith either rabbit anti-human ADAM9 (Abcam,
Cambridge, MA), rabbit anti-human EGFR 1gG (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-rabbii (Riatt)ogen,
Charlestown, MA) or Alexa 488-conjugated goat anti-murine E(&bjitrogen, Charlestown,

MA). Images were captured using a high-speed 5 megapixel microscope camera (AxioCam,
Zeiss, Oberkochen, Germany), a N-Achroplan 20x/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).
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ADAMO9 reduces activation (phosphorylation) of Akt: To determine whether ADAM9 alters the
phosphorylation status of the pro-survival phosphatidylinositol 3 kinase (PI13K)-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 aG7or 4 h in the presence and
absence of 10 uM GM60d# 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 (86 was performed as described previously (11).

Forin vivo experiment, WT anédam9’ 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
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 arftiSer
phospho-Akt IgG (Cell Signaling Technology, Danvers, MA), or rabbit watttin 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).
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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-Akf’{Beras

performed as described previously (11).

Statistical analyses: Non-parametic data are presented as box-plots showing medians'anmti25
75" percentiles and whiskers showing™#nd 9" 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.
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
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correlated weakly wittARDAM9 gene expression. Contrasts were performed against the relevant
group, and results are reported as the posterior probability of no effect.

Murine data were analyzed usisigmaPlot™ (Systat Software, San Jose, CA). Parametric
data were analyzed with One-Way ANOVAs followed by paise 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-timequantitative PCR analysisof ADAM9 gene expression.

Number of
9 (64) 7 (47) 6 (35) 6 (75) 9 (69) NS
males (%)
Age (years) 50+ 9 45 +10 50+7 58 +6 54 +7 NS
Pack-yrs. of
0 33(10-59) | 46 (19-160)| 38 (0-53) | 60 (30-86)| P <0.001'
smoking
Number of
current smokers 0 (0) 15 (100) 17 (100) 6 (75) 11 (85) | P<0.001"
(%)
FEV1 (% of
110 (84-121)| 110 (88-130)| 97 (76-130)| 92 (85-100)| 61 (25-79)| P < 0.0018
predicted)
FEVY/FVC (%
78 (70-86) | 80 (72-90) | 76 (70-81) | 68 (60-70) | 59 (30-69)| P < 0.001%
of predicted)

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
for analysis oADAM9 steady-state MRNA levels in the brushing cells and endobronchial biopsies
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to quantify MUCS5AC staining in bronchial epithelial cells. Data are presented as median

(interquartile range) for non-parametric data or me&D 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 | COPD, with or without cough and sputum
production and with FEV> 80% of predicted but FEV1/FVC < 70% (n = 8), and GOLD stage II-

IV COPD, with or without cough and sputum production but with FB&tween 25% and 79% of

predicted and FEVMFVC < 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, kB¥predicted, FEVFCV, and pack/years)
followed by pair-wise comp&ons using Student’s t-tests (for parametric data) or Mann-Whitney

U tests (for non-parametric data).

TThe pack/year smoking histories of the COPD GOLD stages II-IV, GOLD stage |, 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 | COPD patients were matched for pack-year smoking
histories. The GOLD stage Il-IV COPD patients had a significantly greater pack-year smoking

history than the smoker group.
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TThe proportion of current smokers in the smoker group and COPD GOLD stage O, 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.

8The FEM of the COPD GOLD stages II-IV group was significantly lower than that of the smoker
and non-smoker groupP € 0.001 for both comparisons). The FEM the COPD GOLD stage |
group was also significantly lower than that of the smoker and non-smoker groas(® for

both comparisons). The FEgf the COPD GOLD stage 0 group was significantly lower than that
of the non-smoker group (®0.05), but not significantly different from that of the smoker group

(P= 0.055).

85The FEM/FVC ratio of the COPD GOLD stages II-IV group was significantly lower than that
of the smoker and non-smoker groups<(0.001 for both comparisons). The FEAWC ratio of

the COPD GOLD stage | group was significantly lower than that of the smoker and non-smoker
groups P < 0.001 for both comparisons). The FEEWVC ratio of the COPD GOLD stage 0 group
was significantly lower than that of the smoker groug (R05), but was not significantly different

from that of the non-smoker grou € 0.206).

NS: Not significant.
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Table E2: Demographic and clinical characteristics of the subjectsin the plasma cohort.

Males (%) 19 (68) 18 (43) 32 (69) 36 (65) NS
Age (yrs.) 68 (46-77) | 62 (43-75) | 66 (53-83) | 69 (37-82) NSt
Pack-yrs. of I
, 0 31 (12-96) | 46 (16-160) | 63 (21-160) | P < 0.001
smoking
Current 0 9 (21) 17 (36) 10 (18) | P=0.002"
smokers (%) S
FEV, (% of
1,( * % | 92 (80-141)| 93 (80-119)| 59 (50-99) | 38 (10-49.7) | P <0.001¢
predicted)
FEV1/FVC (%
76 (70-86) | 77 (71-87.8)| 49 (37.8-67)| 38 (24.759) | P <0.001%
of predicted)’ ( ) ( ) ( ) ( )

The table shows the demographic and clinical characteristics of the COPD patients, smokers
without COPD, and non-smokers included in the analysis of soluble ADAMY9 protein levels in

plasma samples. Data are presented as median (interquartile range) ar3ean

“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

smoler who had stopped smoking < 1 year before the sampling.
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'All COPD patients had forced expiratory volume in 1 second/ forced vital capacity ratio
(FEVY/FVC) < 0.7 whereas smokers without COPD and non-smoker controls hadFEBA>

0.7.

Categorical variables were analyzed with Chi-Square tests. Statistical analyses included One-Way
ANOVA tests for continuous variables (age, RE% predicted, and FENFCV % predicted)

followed by pairwise comparisons using Student’s t-tests or Mann-Whitney U tests.

"' The pack/year smoking histories of the GOLD stages I-1l and GOLD stages llI-IV COPD groups
and the smoker group were significantly different from that of the non-smoker group by &esign (
< 0.001 for both comparisons). The pack/year smoking histories of the COPD GOLD stages I-lI,
and GOLD stages llI-1V COPD groups were significantly different from that of the smoker group

(P =0.008 and R 0.001, respectively).

TThe proportion of current smokers in the smoker and GOLD stage I-1l, and GOLD stage IlI-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-Il, and COPD

GOLD stages IlI-1V groups.

$The FEM of the GOLD stages llI-IV COPD group was significantly lower than that of the smoker
and non-smoker groups @ 0.001 for both comparisons). The FEM the GOLD stages |-l
COPD group was significantly lower than that of the smoker and non-smoker girogiisq01

for both comparisons).

85The FEM/FVC ratio of the GOLD stages llI-IV COPD group was significantly lower than that

of the smoker and non-smoker groups<(0.001 for both comparisons). The FAWC ratio of
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the GOLD stages I-Il COPD group was also significantly lower than that of the smoker and non-

smoler groups® < 0.001 for both comparisons).

NS: Not significant.
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Table E3: Demographic and clinical characteristics of the subjectsin the BALF and
sputum cohort.

predicted)’

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<0.05"
Current smokers (%) 7 (100) 9 (45) 3 (38) P <0.05
FEV1 (% of predicted) | 103 +11 62+ 7 46 +5 P <0.0018
FEVJPVC (% of 7914 50+ 6 35+6 | P<0001%

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 measD.

“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.
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TAll COPD patients had forced expiratory volume in 1 second/ forced vital capacity ratio
(FEVY/FVC) < 0.7 whereas smokers without COPD and non-smoker controls hatFeEAS

0.7.

Categorical variables were analyzed with Chi-Square tests. Statistical analyses included one-
way ANOVA tests for continuous variables (age, k¥ predicted and FENYFCV) followed by

pair-wise comparisons using Student’s t-tests or Mann-Whitney U tests.

"The pack-year of smoking histories of the GOLD stages IlI-IV COPD group was significantly
different from those of the smoker group< 0.001). The pack/year smoking histories of the
GOLD stages I-Il 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-1l, and GOLD stage -1V

groups were significantly lower than that of the smoker group.

$The FEM values of the GOLD stages lll-IV COPD group and GOLD stages I-Il COPD group

were significantly different from those of the smoker grdag 0.001 for both comparisons).

85The FEM/FVC ratios of the GOLD stages Ill-IV COPD group and GOLD staged I-Il COPD
group were significantly different from those of the smoker gréup Q.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.

Males (%) 1(33) 1 (33) NS

Age (years) 65 +9 64 +12 NS
Pack-year s smoking N/A 42(5)

Ever smoker (%) 2 (67) 3 (100)* NS

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 m8Bn

t Pack-year smoking histories were not available (N/A) for the control subjects.

NS: not significant.
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Table E5: Demographic and clinical characteristics of subjectsin the ADAMY9, EGFR, and

VEGFR2 immunostaining cohort.

Non- COPD GOLD | COPD GOLD
Smoker s*
Characteristics smokers* stages I-11 stages I11I-1V P valuet
(N =3) (N=3) (N=3) (N=3)
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
. 0 (0) 30 (25- 40)| 30 (25- 80) 35 (30- 120) | P=0.002!
smoking
Current smokers
0 100 0 0 N
(%) S
FEV, (% of
. 102+ 7 102 +11 59 +3 32+9 P = 0.007ff
predicted)
FEV1/FVC
77 £5 78 £3 49 +6 44 +7 P < 0.05%
(% of predicted)’

Page 84 of 99

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

ADAMY9, 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.

TAll COPD patients had a forced expiratory volume in 1 second/ forced vital capacityRFEY

ratio < 0.7 whereas smokers without COPD and non-smoker controls had/&E¥Vatio > 0.7.
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i Categorical variables were analyzed with Chi-Square tests. Continuous variables YFEV
predicted and FEVFCV) are presented as mean + SEM and analyzed using One-Way ANOVAs
followed by pair-wise comyrisons 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.

" The pack/year smoking histories of the smoker group was significantly higher than that of the
non-smoker group (B 0.002). The pack/year smoking histories of the GOLD stages IlI-IV and
GOLD stages I-Il COPD groups were not significantly different from that of the non-smoker group
(P = 0.051 and® = 0.06, respectively). The pack/year smoking histories of the GOLD stages lllI-
IV and GOLD stages I-1l COPD groups were not significantly different from that of the smoker

group @ = 0.4 andP = 0.5, respectively).

" The FEV1 % predicted values of the GOLD stages I1I-IV COPD group were significantly lower
than those of the GOLD stages I-11 COPD, smoker, and non-smoker groups (P = 0.04, 0.007, 0.01,
respectively). The FEVi % 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 FEM/FVC ratios ofthe GOLD stages III-IV and GOLD stages I-Il 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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MurinePpia | GAGCTGTTTGCAGACAAAGTTC| CCCTGGCACATGAATCCTGG
Murineg-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 measuradam9 steady state mMRNA levels in the lungs of WT mice exposed to air or

smoke for 1 or 2 months or 6 months.
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Figurelegends

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 cef3 ¢r bronchial epithelial cellB)

and pack-years of smoking historyC-D: Correlations between ADAM9 immunostaining in
alveolar epithelial cellsG) or bronchial epithelial celldY) and FEM/FVC. E-F: Scatter plots of
ADAM9 immunostaining in alveolar epithelial cell&)( or bronchial epithelial cellsF) and

percent predicted FEV 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
parametersin the human lung immunostaining cohort: A-C show correlations between ADAM9
immunostaining in alveolar macrophages and pack-year smoking hidloiEV/FVC (B); and

FEV:1 percent predictedd). All data were analyzed using the linear regression model with the
ADAMO9 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 subjects including non-smokers,
smokers, and COPD patients in all the figurd3.< 0.05 was considered to be statistically
significant.
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Figure E3: Soluble ADAM9 (sADAMY9) 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-Il patients (n = 46 subjects) and COPD GOLD stages llI-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 dhar2b 7% percentiles, and the
whiskers show the 0and 9" percentiles. Data were analyzed using a Kruskal-Wallis One-Way
ANOVA followed by pair-wise testing with Mann-Whitney U tedss. 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-1l patients (GOLD
I-11, n = 20 subjects) and COPD GOLD stages llI-1V patients (GOLD llI-IV, n = 8 subjects). The
boxes in the box-plots show the medians ariti@t 74" percentiles, and the whiskers show the

10" and 98" percentiles. Data were analyzed using a Bayesian linear regression adjusting for
difference in age and pack-years of smoking history between the g@upADAM9 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-1l patients (GOLD I-1I; n = 20 subjects) and COPD GOLD stages llI-IV patients
(GOLD lII-IV; n = 8 subjects). The boxes in the box-plots show the medians &han2s7%'
percentiles, and the whiskers show thd Bdd 98" percentiles. Data were analyzed using a

Kruskal-Wallis One-Way ANOVA followed by pair-wise testing with Mann-Whitney U tests.
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Figure E4: Lung levels of cytokines and chemokinesin CS-exposed WT and Adam9”/-mice. WT

and Adam9”- mice were exposed to air or CS for 1 month, and lung levels of Qgj-8<7-9
mice/group), II-1B(B; n = 10 mice/group), G-csf (Gh = 8-12 mice/group), II-100; n = 10
mice/group), and active T@-(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"sartiZA' percentiles, and

the whiskers show the $@Gnd 98" 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 a@nz. Recombinant

human cytokines including 3200 nM CCL48)( 2750 nM IL-8 C), 900 nM IL-6 D) and 1145

nM TNF-a (E) were incubated with or without 300 nM active rhADAMS9 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 cytoldres.

shows representative images of 4 separate experiments for each mediator. Note the lack of
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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 afdhm9” 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 cellsthan non-smoker and smoker controls: A and

B show representative lung sections from non-smokers, smokers without COPD, and COPD
patients (GOLD stages I-1l and 11I-IV) that were triple immunostained with a red fluorophore (left
panels) for a marker of airway epithelial cells (pan-cytokeratin; pan-@KandB), with a green
fluorophore for ADAM9 (second panelsAnand B and with a cyanine fluorophore (white color)

for EGFR or VEGFR2 (third panels i andB, 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 panAlsand 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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Figure E3
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Figure E4
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Figure E6
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Figure E7
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