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Background and Objective: The link between ADAM9 and airway remodeling and
emphysema severity in COPD patients has not been elucidated. Here, we investigated the
relationship between ADAMY levels in sputum and airway epithelium and the clinical
characteristics of COPD patients.

Methods: A sputum cohort and a lung tissue cohort were included in the study. Pulmonary
function and computed tomography data were analyzed in COPD patients, non-COPD
smokers, and non-smokers. Soluble ADAM9 and interleukin 8 (IL-8) levels in sputum
supernatants as well as surface ADAMY expression in airway epithelium were detected.
Emphysema scores were calculated by the percentage of low attenuation area (%LAA-950),
and airway remodeling was measured via airway thickening and loss of airway counts.
Results: Both soluble ADAMO levels in sputum and relative surface ADAMY expression in
airway epithelium were increased in COPD patients. Sputum ADAMO9 levels were negatively
correlated with forced expiratory volume in 1 s of predicted (FEV1% of predicted) and
positively correlated with sputum IL-8 levels, but not with CT measured emphysema nor
airway remodeling. The ADAM9 expression in airway epithelia was positively correlated with
%LAA-950 and airway wall thickening parameters (wall area percentage, WA%; the square
root of the wall area in a standard airway with a 10 mm internal perimeter, Pi-10), while
negatively correlated with airway counts derived from the 4th to 9th bronchial generations.
Conclusion: Airway ADAM9 levels in sputum and airway epithelium were both elevated in
COPD patients compared to non-COPD controls. Sputum ADAM9 seemed to be associated
with inflammatory responses in COPD, while epithelial ADAM9 was more correlated with
emphysema and airway remodeling.

Keywords: chronic obstructive pulmonary disease, proteinase with a disintegrin and
a metalloproteinase domain-9, computed tomography, emphysema, airway remodeling

Introduction

In China, chronic obstructive pulmonary disease (COPD) is highly prevalent in the
adult population, affecting 8.6% of the general population aged 20 years or older
and 13.7% of people aged 40 years or older.! Cigarette smoking, ambient air
pollution and other noxious particles are COPD risk factors, that result in persistent
airflow limitation and respiratory symptoms, including cough, sputum production
and dyspnea.’
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Small airway disease (SAD) and emphysema are two
key features of COPD, and both contribute to the devel-
opment of airflow obstruction and heterogenous clinical
phenotypes.> In COPD, the small airways undergo
marked remodeling, characterized by increased airway
wall thickness, which stems from epithelial reprogram-
ming, mucus hypersecretion, increased infiltration of
inflammatory cells, smooth muscle hyperplasia and
fibrosis.* Recent evidence has revealed that both the
narrowing of small airway lumens and the loss of
small airways could drive the formation of airflow
obstruction, and the loss of small airways is closely
related to increased severity of emphysema.’® These
studies indicate that small airway remodeling is linked
to emphysematous lesions in COPD, and similar under-
lying changes might occur in both disappearing airways
and damaged alveoli.

The balance of proteinases and anti-proteinases is
regulated precisely in healthy individuals, and the loss
of balance is a key factor in the pathogenesis of COPD.
A large volume of studies have demonstrated that multi-
ple matrix metalloproteinases (MMPs) levels, including
MMP-1, -8, =9 and —12, are increased in COPD
patients and participated in the pathogenesis of COPD,
especially in emphysema development.”® Proteinases
with a disintegrin and a metalloproteinase domain
(ADAMs), belonging to the metzincin superfamily,
show similar structural features to MMPs but have sev-
eral distinct domains, including a metalloproteinase
domain, a disintegrin domain and a cysteine-enriched
Multiple studies have shown that ADAM
including ADAMS, ADAMI17,
ADAM33 might participate in the pathogenesis of
COPD.'""?

ADAMO is normally expressed in epithelial cells,

domain.’
family members,

inflammatory cells, and smooth muscle cells in human
lung tissues.'* A murine study using an ADAM9 knock-
out mice model showed alleviated airspace enlargement
in response to cigarette smoking exposure, which indi-
cated its importance in emphysema.'' Despite this, the
link between ADAMY9 expression and airway remodel-
ing in COPD patients remains to be elucidated.

In this study, we compared soluble ADAMO levels in
sputum and surface ADAM9 expression in airway epithe-
lium in COPD patients, non-COPD smokers, and non-
smoking controls, and investigated its relationship with
airflow obstruction, inflammation, and CT measured air-
way remodeling and emphysema.

Methods
Study Population

Two subjects’ cohort were recruited in the present study,
including a sputum specimen cohort and a tissue specimen
cohort. All subjects underwent pulmonary function tests
and CT scans prior to recruitment. COPD was diagnosed
based on a postbronchodilator FEV1/FVC ratio of less
than 0.7 according to the guidelines of the Global
Initiative for Chronic Obstructive Lung Disease (GOLD).”

The sputum cohort consisted of non-smoking controls
(non-smokers, n=21), non-COPD smokers (smokers,
n=21), and stable COPD patients (n=42). The patients
had no acute exacerbation within the month prior to
recruitment and no long-term antibiotics/systemic steroids
use history. The non-COPD smokers had at least a 10
pack-year smoking history and no airflow limitation
defined by GOLD criteria. Non-smoking controls were
subjects with no smoking history nor airflow limitation.
Exclusion criteria consisted of asthma, bronchiectasis, pul-
monary abscess, interstitial lung disease, tuberculosis, cen-
tral lung mass, and systematic disease such as congestive
heart failure, autoimmune disease, or infection.

The tissue cohort consisted of non-smoking controls
(non-smokers, n=28), smoking controls (smokers, n=34),
and stable COPD patients (n=36). Lung tissue specimens
were collected from patients who underwent lobectomy or
pneumonectomy for peripheral lung masses or nodules.
The lung tissues used for analysis were resected >5 cm
away from the margins of pathological lesions (such as
tumors). COPD and smokers were defined using the same
criteria as the sputum cohort. Patients with asthma, diffuse
bronchiectasis, pulmonary infection, lung interstitial
abnormalities, cancer metastasis, and secondary pulmon-
ary changes from rheumatic diseases, etc., were excluded
from the study.

All the subjects in the study were recruited from Qilu
Hospital, Shandong University, Jinan, China. The study
was conducted in accordance with the declaration of
Helsinki. The project was approved by the ethics commit-
tee of Qilu Hospital, Shandong University (No. KYLL-
2018-316). Written informed consent was obtained from
each participant prior to recruitment.

Thoracic CT Acquisition

Thoracic CT scans were conducted through 64-slice spiral
CT (Philips the
Netherlands). Scans were obtained at the full inspiratory

scanners Brilliance, Amsterdam,
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phase with no intravenous contrast. The tube voltage was
120 kV, and the current ranged from 20 to 500 mA, with
a rotation time of 0.5 s. Exposure time was set at 0.5 s, and
consecutive images were reconstructed with a 1.0-mm slice

thickness. Imaging data were retrieved for further analysis.

Quantitative Analysis of Emphysema
Severity and Airway Remodeling

The imaging data were quantitatively analyzed via 3D
slicer software (www.slicer.org). Emphysema was defined
as the percentage of voxels below —950 Hounsfield units
(Hu) to total lung voxels (%LAA-950).>%13

Airway wall parameters were quantified using the
following parameters: wall thickness (WT), wall area
percentage (WA%), and the square root of wall area
with a 10 mm internal perimeter (Pi10). The right apical
bronchus (RB1), the right basal posterior bronchus
(RB10), the left apical bronchus (LB1), and the left
basal posterior bronchus (LB10) were identified as the
target airways. The upper middle 1/3 from the bronchial
origin to the bifurcation was chosen as the site for
measuring WT and WA. WA% was quantified as WA/
total bronchial areax100.'® The mean WT and WA%
were calculated as the average of four target bronchi
of the third, fourth, and fifth airway generation sepa-
rately. Pi10 was defined as the square root of WA of
a hypothetical airway with a 10 mm internal perimeter,
and this hypothetical airway was constructed from the
calculated WA above.'”

Airway counts were quantified via a visual inspec-
tion under the conditions of a window width of 1000 Hu
and a level of =500 Hu. Considering the perpendicular
direction of the airway, the right superior lobal bronchus
(RB1) was identified as the initial site of airway count-
ing and was designated as the 3rd airway generation.
Slice-by-slice examination was performed to identify the
bifurcation of the RB1. The daughter bronchi were
calculated and recorded based on Weibel’s model of
d.61518  The
expected number of daughter bronchi was calculated as

airway anatomy as previously describe

2"(n-2) where n represents the airway generation. For
a more accurate calculation of airway counts by CT,
airways before the 10th generation were calculated in
the study. Here, airway counts of the 4th to 9th and 6th
to 9th airways were summed to evaluate the loss of

airway counts.

Sputum ADAMS9 and IL-8 Analysis

Sputum was induced by hypertonic saline, following the
safe measurement protocol.'® Sputum samples were then
collected and processed within 2 h once harvested.
Dithiothreitol was added in a volume four times the
weight of the sputum samples. The samples were then
dissolved gently, filtered through sterile nylon mesh and
centrifuged at 800 x g and 4°C for 10 min. The super-
natants were then obtained and stored at —80°C. Soluble
ADAMY and IL-8 were measured using enzyme-linked
immunosorbent assay (ELISA) kits (Cusabio, Wuhan,
China) with detection sensitivity of 15.6 pg/mL and
7.110 pg/mL, seperately.

Table | Clinical Characteristics of Subjects in the Sputum

Cohort
Variables Non- Smokers COPD
Smokers
N 21 21 42
Age, years 56.9 + 8.62 62.38 64.4 + 9.05"
6.10*

Gender, (male/ 19/2 21/0 38/4

female)

Smoking year, years | 0 3119 27.14

13.03%* 12.55%

Smoking index, 0 36.67 3311 %

(pack-years) 25.85%* 24.79%#

BMI, kg/m? 2590 + 4.06 | 2426 + 3.6 | 24.84 £ 293

GOLD [-lIi/l-v - - 28/14

Pulmonary function

FVC, L 3.94 £ 0.77 3.81 £ 061 291 £
0.73%4

FEVI, L 3.17 £ 0.62 3.0l £0.54 1.47
0.58%

FEV1% of 110.57 108.72 £ 55.17 £

predicted, % +12.15 17.99 16,58

FEVI/FVC, % 80.68 +5.05 78.83 £ 5.44 | 50.09 =
12,06+

MMEF% of 80.77 76.63 19.31 £

predicted, % £26.45 33.63 114774

Notes: Data are presented as mean * SD. *P < 0.05 and **P < 0.0l in comparison
of non-smokers and smokers; P < 0.05 and #P < 0.01 in comparison of non-
smokers and COPD; *'P < 0.01 in comparison of smokers and COPD.
Abbreviations: BMI, body mass index; FEVI, forced expiratory volume in
one second; FVC, forced vital capacity; MMEF, maximal mid-expiratory flow.
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Immunohistochemistry Analysis for
ADAM9 Expression

Tissue sections with a 4-um thickness were made from
paraffin-embedded lung specimens. The sections were then
processed through dewaxing and antigen retrieval by citrate
buffer (pH 6.0) for 15 min with the temperature in the range
0f 92°C-98°C. The sections were incubated with the primary
antibody anti-ADAMO IgG of a rabbit (Abcam, Cambridge,
MA). Visualization was then performed with an EnVision
detection system and a DAB color development kit
(ZhongShan Golden Bridge Biotechnology,
China). The mean staining density of ADAMSY in the airway
epithelium was quantified using Image-Pro Plus 6.0 software
(Media Cybernetics, Rockville, MD, USA).

Beijing,

Statistical Analysis
Descriptive data are presented as the mean =+ standard
deviation (SD). SPSS 20.0 (IBM, Armonk, NY, USA)

Table 2 Clinical Characteristics of Subjects in the Lung Tissue
Cohort

Variables Non- Smokers COPD
Smokers
N 28 34 36
Age, years 60.5 +875 | 61.21 62.97 +7.10
847
Gender, (male/female) | 5/23 32/2%* 34/2%%
Smoking history, 0 377 3037 =
(pack-years) 27.17%* 28.01%#
BMI, kg/m? 2543 + 2547 + 24.12 + 2.45
397 3.63
Pulmonary function
FVC, L 299 +£059 | 410+ 3.53 + 0.71%
0.94**
FEV1% of predicted, % | 104.43 + 103.6 £ 68.04
12.31 15.94 22.66"
FEVI/FVC, % 78.89 77.95 58.19 =
592 534 9.30"#+
MMEF% of predicted, 66.80 7431 £ 30.30 £
% 15.19 25.67* 14.277#4

Notes: Data are presented as mean * SD. *P < 0.05 and **P < 0.0l in
comparison of non-smokers and smokers; *P < 0.05 and **P < 0.01 in comparison
of non-smokers and COPD; *P < 0.05 and *P < 0.01 in comparison of smokers
and COPD.

Abbreviations: BMI, body mass index; FEVI, forced expiratory volume in
one second; FVC, forced vital capacity; MMEF, maximal mid-expiratory flow.

was used for analysis. Comparison between continuous
variables in normal distribution was performed via
Student’s #-tests, while variables that were not normally
distributed were compared by Mann—Whitney U-tests.
Categorical variables were analyzed by Chi-square tests.
A correlation analysis for continuous variables in normal
distribution was performed by Pearson’s correlation ana-
lysis, otherwise by Spearman’s rank correlation coeffi-
cient. P < 0.05 was considered statistically significant.

Results

Demographic and Clinical Characteristics
Demographic and clinical characteristics of the subjects
from the sputum cohort and the tissue cohort are shown in

Tables 1 and 2, separately. In the sputum cohort, no

Table 3 Sputum ADAMSY, IL-8 Levels and CT Measurement of
Subjects in the Sputum Cohort

Variables Non- Smokers COPD
Smokers

N 21 21 ¥y)

ADAMY, pg/mL | 28.79 +26.43 | 29.43 + 40.04 117.70 +
263.09%#

GOLD HI/-V | - - 28/14

-l 150.71 +
312.30%#H

v 44.04 + 21217

IL-8, pg/mL 40.54 +37.36 | 16134 + 901.83 +

(n=38) 138.89%* 955.58"

Emphysema

scores

%LAA-950, % 1.58 + 1.73 139 + 1.74 16.00 + |4.55%#

Airway

parameters

G3-WA%, % 65.53 + 5.64 | 62.96 + 4.94 68.90 + 6.07%

G4-WA%, % 70.78 + 439 | 69.78 + 5.08 74.88 + 5.07

G5-WA%, % 74.14 + 436 | 75.73 + 4.74 77.47 + 4.40

PilO 593 + 0.49 6.11 055 6.44 + 0.63%

Notes: Data are presented as mean * SD. *P < 0.0] in comparison of non-
smokers and smokers; P < 0.05 and P < 0.01 in comparison of non-smokers
and COPD; *P < 0.0 in comparison of smokers and COPD.

Abbreviations: ADAM9, a disintegrin and metalloprotease domain-9; IL-8, interleu-
kin-8. %LAA-950, percentage of low attenuation area with voxels below =950 Hu; CT,
computed tomography; WAZ%, percentage of wall area; WT, wall thickness; G, airway
generation; Pil0, square root wall area of standardized bronchus with an internal
perimeter of 10 mm. Comparison was performed by Mann—-Whitney U-test.

submit your manuscript

3338

Dove

International Journal of Chronic Obstructive Pulmonary Disease 2020:15


http://www.dovepress.com
http://www.dovepress.com

v
S
2
o

Cui et al

A B
* 8 4_

£ 500 ] 2

2 —

Q_ R —

400- c i °

Cg —|— § 3 °

o 3004 G

¢ 1607 g

t S E 2

o> 120- < 35

S 2s

< 804 L c 1

< =2

8w ] g

(0]

S I I > o -
» o 1 2 3 4 5

Non-smoker  Smoker COPD — FVC (L)

C D
S 2.59 5 4
o ©
€ €

8 2,07 3 3 ° ®

S 5
O 15 o
= E S E 2-
32 10 32

S S 1-

3 =]
‘.5 0.5" o ) ..5,
» &

S 00 . : - . . , -
9 0 50 100 150 3 20 40 60 ) 80 100
FEV1 (% of predicted) FEV1/FVC (%)

m
M

(pg/ml)

Log10 Sputum ADAM9 Concentration
Log10 Sputum ADAM9 Concentration
(pg/ml)

0 T T T 1 0-0 1 L] 1
0 50 100 150 200 1 2 3 4
MMEF (% of predicted) Log10 Sputum IL-8 Concentration (pg/ml)
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(n=38). *P < 0.05 compared with COPD patients.
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significant difference was shown between COPD patients
and the non-COPD smokers in terms of age, gender,
smoking history, and BMI. The non-smokers were slightly
younger than the smokers and COPD patients in this study.
There were no obvious differences in gender composition
and BMI between non-COPD smokers and non-smokers.
Subjects with GOLD III-IV accounted for 14/42 of the
total COPD patients in this cohort.

In the tissue cohort, there were no significant differ-
ences in terms of age, gender ratio, smoking history and
BMI between the smokers and COPD patients (P > 0.05).
The non-smokers included more female subjects than the
smokers and COPD patients (P < 0.01), and no obvious
differences in age and BMI were found between the smo-
kers and the non-smokers. Considering thoracotomy sur-
gery tolerance, the majority of COPD patients enrolled in
the tissue cohort (29/36) suffered from mild-to-moderate
airflow obstruction.

Sputum ADAM9 Levels and Airway
Epithelial ADAM9 Expression Were
Increased in COPD Patients

The sputum ADAMO levels in sputum specimens were
compared between non-smokers, smokers, and COPD
patients (Table 3, Figure 1A). After adjustment for age,
gender, and BMI, the ADAM9 levels were significantly
higher in the sputum specimens of COPD patients than the

A Non-COPD

Non-smoker
o, S N A LA

P

3 N
NI O
'k

b

AN
\«‘“;‘: !
<53
32
!\ ’
.3‘

N

non-smokers (P = 0.036) and the smokers (P = 0.039),
while no significant difference was found between the
non-smokers and the smokers (P > 0.05).

In the tissue cohort, ADAMY protein could be found in
almost of all the subjects’ airways. Immunostaining of
surface ADAMY in the airway was mainly localized to
the apical side of epithelium, and could also be found in
the basal side of the pseudostratified epithelium (which
might be related to the basal cells of the epithelium),
mesenchymal cells and some inflammatory cells as well,
especially in the COPD patients (Figure 2A). Significantly
higher expressions of ADAM9 were observed in the air-
way epithelium of COPD patients than in smokers and
non-smokers, and the smokers furtherly showed higher
positivity of ADAMO9 than the non-smokers (P < 0.05 for
all; Table 4, Figure 2B).

Increased Sputum ADAM9 Levels Correlate
with Airflow Obstruction, Sputum IL-8
Levels, but Not with Emphysema Severity
nor Airway Remodeling

Since sputum ADAMY levels were increased in the COPD
patients, correlations of ADAMO levels and subjects’ clinical
characteristics were analyzed. This revealed a negative corre-
lation between log;o sputum ADAMO9 concentration and FVC
(r = —0.346, P = 0.001; Figure 1B), FEV1% of predicted
(r = —0.395, P < 0.001; Figure 1C), FEVI/FVC (r = —0.344,

*k
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o
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Figure 2 Comparison of airway epithelial ADAM9 expression in subjects of non-smokers, smokers, and COPD patients. (A) Immunohistochemistry staining for ADAM9
performed on sections from non-smokers (n=28), smokers (n=34), and COPD patients (n=36). Paired low (x100) and high (%x200) magnification images are shown for each
subject group to highlight localization of the staining. (B) Quantification of surface ADAM9 staining in lung sections from three subject groups. The boxes show the medians
and 25th and 75th percentiles, and the whiskers show the 5th and 95th percentiles. **P < 0.01.
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Table 4 Relative Expression of Airway Epithelial ADAM9 and CT
Measured Emphysema Scores and Airway Remodeling in Lung
Tissue Cohort

Variables Non- Smokers COPD
Smokers (n=34) (n=36)
(n=28)
Relative expression of | 0.033 £ 0.052 + 0.069 *
ADAM9 0.020 0.025%* 0.029%#4
GOLD I-li/-1v 29/7
-l - - 0.072
0.030%#4
-v 0.065 £
0.023%#
Emphysema scores
%LAA-950, % 1.08 £+ 1.85 | 1.82 +2.26 | 347 £
2.99%#
Airway parameters
G3-WA%, % 62.85 + 62.16 + 68.02 +
3.13 3.00 458"
G4-WA%, % 68.73 + 68.71 + 74.99
3.96 4.60 43554
G5-WA%, % 75.13 74.46 + 78.90 +
4.96 46l 437%4
PilO 586 +0.50 | 596 £ 033 | 638
0.49%#H
Airway counts (n=30)
4th to 9th airway 91.60 85.88 + 78.17
11.890 20.636 16.050%
6th to 9th airway 72.40 67.75 + 59.08
12.066 20.906 15.582%

Notes: Data are presented as mean * SD. **P < 0.01 in comparison of non-
smokers and smokers; *P < 0.05 and *#P < 0.0 in comparison of non-smokers
and COPD; *P < 0.05 and **P < 0.01 in comparison of smokers and COPD.
Abbreviations: ADAMY, a disintegrin and metalloprotease domain-9; %LAA-950,
percentage of low attenuation area with voxels below —950 Hu; CT, computed
tomography; WA%, percentage of wall area; WT, wall thickness; G, airway genera-
tion; Pil0, square root wall area of standardized bronchus with an internal peri-
meter of 10 mm.

P =0.001; Figure 1D) and MMEF% of predicted (r =—0.403,
P <0.001; Figure 1E). ADAMY levels in sputum were posi-
tively correlated with sputum inflammatory cytokine IL-8
levels (r=0.558, P < 0.001; Figure 1F). However, no obvious
correlation between log;, sputum ADAM9 concentration and
CT measured airway remodeling (WA% of 3rd-5th airway
generations and Pi10) and emphysema severity (Y%oLAA-950)
was shown (P > 0.05, Table 5).

Increased Airway Epithelial ADAM9
Expression Correlates with Subjects’
Clinical Characteristics, CT-Measured
Emphysema Scores and Airway

Remodeling

In the lung tissue cohort, the relative expression of ADAM9 in
the airway epithelium showed a positive correlation with sub-
jects” smoking exposure (r=0.281, P =0.006; Figure 3A) and
a negative correlation with airflow obstruction parameters,
including FEV1% of predicted (r = —0.271, P = 0.013;
Figure 3B), FEV1/FVC (r = —0.455, P < 0.001; Figure 3C)
and MMEF% of predicted (r =—0.256, P = 0.046; Figure 3D).

In the present study, the COPD patients showed increased
WA% as well as Pi10 than non-smokers and smokers (P <
0.05 for all; Table 4). Moreover, lower airway counts (4th to
9th) from RB1 were measured in the COPD patients when
compared to non-smokers (78.17 + 16.05 vs 91.60 + 11.89,
P <0.05).

There was a positive correlation between surface ADAM9
expression in airway epithelium and emphysema scores %
LAA-950 (r = 0.392, P = 0.001; Figure 4A). As for airway
remodeling, airway epithelium ADAMY9 expression showed
a positive correlation with airway wall thickening, including
WA% of the 3th, 4th and 5th bronchus (r=0.317, 0.418, 0.297,
P < 0.05 for all, Figure 4B), and Pi-10 (r = 0.243, P = 0.044,
Figure 4C). Furthermore, airway counts of the 4th to 9th and
6th to 9th airways were all inversely correlated with airway
epithelium ADAM9 expression (r =—0.508, —0.512, P <0.01
for all, Table 5, Figure 4D).

Discussion
In the present study, our results demonstrated that both
sputum ADAMY levels and airway epithelial ADAM9
expression were significantly increased in COPD patients
from two distinct cohorts. In the sputum cohort, the ele-
vated ADAMO levels showed a significant correlation with
inflammatory cytokine IL-8 concentration and decreased
airflow parameters, including FEV1% of predicted and
FEV1/FVC ratio. However, no obvious correlation was
shown between sputum ADAMSY levels and CT measured
emphysema severity nor airway wall thickening. In the
lung tissue cohort, in addition to airflow obstruction para-
meters, the increased ADAMY expression in airway
epithelium was positively correlated with subjects’ cigar-
ette smoking history and

emphysema  severity.

Furthermore, the expression of ADAMY9 was also
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Table 5 Correlation Analysis Between Sputum ADAM?9 Levels and Airway Epithelial ADAM9 Expression and Subjects’ Characteristics

Variables Sputum ADAMY9 Airway Epithelial ADAM9

Correlation Coefficients P value Correlation Coefficients P value
Age, years 0.114 0.303 0.086 0.401
Gender, male/female —0.143 0.194 0.429 <0.001
Smoking history, pack-years 0.122 0.269 0.281 0.006
BMI, kg/m? —0.026 0.812 —0.039 0.773
FVC, L —0.346 0.001 —0.243 0.059
FEVI1% of predicted, % —0.395 <0.001 —0.271 0.013
FEVI/FVC, % —0.344 0.001 —0.455 <0.001
MMEF% of predicted, % —0.403 <0.001 —0.256 0.046
%LAA-950, % 0.264 0.069 0.392 0.001
G3-WA%, % 0.198 0.172 0.317 0.008
G4-WA%, % 0.034 0.815 0.418 <0.001
G5-WA%, % —0.028 0.854 0.297 0.013
PilO 0.04 0.782 0.243 0.044
Airway counts (n=30)
4th to 9th airway counts - - —0.508 0.004
6th to 9th airway counts - - -0.512 0.004

Notes: Correlation coefficients were calculated through Pearson’s correlation coefficient and Spearman’s rank correlation coefficient. P < 0.05 was considered statistically significant.
Abbreviations: BMI, body mass index; FEVI, forced expiratory volume in one second; FVC, forced vital capacity; MMEF, maximal mid-expiratory flow; ADAM?9,
a disintegrin and metalloprotease domain-9; %LAA-910, percentage of low attenuation area with voxels below =910 Hu; %LAA-950, percentage of low attenuation area
with voxels below —950 Hu; CT, computed tomography; WA%, percentage of wall area; WT, wall thickness; G, airway generation; Pil0, square root wall area of standardized

bronchus with an internal perimeter of 10 mm.

correlated with airway wall thickening and airway counts
of the 4th to 9th bronchi.

ADAMs, together with secretory type ADAMs with
thrombospondin motifs (ADAMTS), are proteinases belong-
ing to the metzincin superfamily which also include MMPs.”
Ostridge et al*® investigated the roles of MMPs in airway
remodeling and showed that MMP-3, =7, =9, —10 and —12
were closely associated with SAD defined by the ratio of mean
lung density on expiration and inspiration (MLD E/I) but not
with markers of large airway thickness, indicating that MMPs
potentially participated in the destruction of the matrices sur-
rounding small airways during the pathogenesis of COPD.
This was further verified in a study by Eurlings et al in
which matrix remodeling in the small airway wall showed
similar changes, including decreased elastin and increased
hyaluronan and collagen deposition in alveolar walls.*!

Proteinases in the ADAM family share structural and
functional similarity with MMPs but exhibit key distinct
The

features. specific metalloproteinase domain and

disintegrin domain endow ADAMSs with not only catalytic
activity but also adhesive activity, allowing ADAMs to mod-
ulate cellular fates such as proliferation, differentiation, and
cell death.??>2* In COPD, several ADAMs could serve as
“molecular scissors”. These proteinases could cleave ectodo-
main of multiple cytokines, cytokine receptors, growth fac-
tors and adhesion proteins.zs’26 For example, ADAM17, also
known as TNF-a converting enzyme (TACE), can cleave
ectodomains of substrates such as IL-6 receptors, TNF-q,
amphiregulin (AREG) and heparin-binding EGF-like growth
factor (HB-EGF), which can activate downstream pathways
related to inflammation responses, collagen deposition and
myofibroblast proliferation.'* To explore the role of ADAM9
in the pathogenesis of COPD, Wang et al revealed that
ADAMDO knockout in mice could alleviate cigarette smoke-
induced emphysema by degrading elastin as well as promot-
ing apoptosis of alveolar septal cells.'' Despite the formation
of emphysema, the mechanisms of how ADAMO9 affects
airway

remodeling, including epithelial proliferation,
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Figure 3 Scatterplots for correlation between airway epithelial ADAM9 expression and subjects’ characteristics. Relative expression of airway epithelial ADAM9 with (A)
smoking history and (B-D) airflow obstruction, including (B) FEV1% of predicted, (C) FEVI/FVC, and (D) MMEF% of predicted.

differentiation and airway fibrosis largely remain to be
investigated.'"*’

In the present study, sputum ADAMY9 levels were
obviously elevated in COPD patients and were negatively
correlated with the severity of airflow limitation. The
main sources of ADAM9 in the sputum supernatants
are soluble forms of ADAMO released from polymorpho-
nuclear neutrophils (PMNs), epithelial cells and several
other cell types.”>*® The roles of soluble forms of
ADAMs in disease remain largely unknown. Fry and
Toker reported that soluble form ADAMY9 could promote
breast cancer cell migration while membrane-bound
ADAMO inhibited cell migration via enhancing cellular
adhesion.?’ This indicated that soluble ADAM9 might
play different roles in diseases when compared with
membrane-bound ADAMSY. Considering the relationship
between COPD and inflammation, we next investigated

the link between sputum ADAM9 and inflammatory cyto-
kines. IL-8 is one of the most studied chemokines
secreted by monocytes, macrophages, epithelial cells,
and endothelial cells.>* In COPD, IL-8 could participate
the pathogenesis of COPD via promoting inflammatory
infiltration in response to cigarette exposure, and the loss
of epithelial contacts.’ Our results revealed that sputum
ADAM?Y levels were closely correlated with IL-8 levels
but not with emphysema severity nor airway wall thick-
ening. A possible explanation for this is that soluble
ADAMY levels in sputum largely relied on the inflam-
matory cells, which also secreted cytokines such as IL-8.
Furthermore, soluble ADAM9 might affect tissue remo-
deling processes such as emphysema-like destruction and
airway wall thickening in an indirect manner, for exam-
ple, increasing the permeability of epithelial barrier,
thereby amplifying tissue damage.
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Expression of ADAMD in airway epithelium was found
to be positively correlated with smoking exposure and
airflow obstruction in this study. The airway epithelium
is the initial site exposed to cigarette smoke and other
noxious particles, and epithelial reprogramming could
then result in airway wall thickening, peripheral airway
destruction, and emphysema development. Contrary to
sputum ADAMO, epithelial ADAMY expression was posi-
tively correlated with emphysema severity. This might be
partially explained by the ADAMY9-mediated increased
death of alveolar septal cells, which further promoted
alveolar destruction and emphysema formation. These
results coincided with the murine study by Wang et al in
which cigarette smoking-exposed ADAM9 "~ mice exhib-
ited reduced apoptosis of septal cells and alleviated air-
space enlargement.''

In terms of airway remodeling, airway epithelial ADAM9
expression was correlated with both airway wall thickening
and the loss of airway counts. This indicated that epithelial
ADAMY might affect airway remodeling in a more direct
manner. The similarity between emphysema and airway remo-
deling has received much attention recently. A study by
Gosselink et al utilized laser capture microdissection (LCM)
technique and suggested that small airways and the surround-
ing parenchyma shared similar genes related to wound repair.*>
Another study focused on matrix remodeling in COPD showed
that similar increased elastin degradation and increased col-
lagen and hyaluronan deposition in both alveolar and small
airway walls in COPD patients.”' These studies suggested that
similar structural destruction and ECM deposition might occur
in both distal airways and alveoli in COPD. In the present
study, both airway counts and emphysema scores were
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positively correlated with epithelial ADAMY9 expression,
implying that membrane-bound ADAM9 might exert similar
effects on the survival of airway and alveolar epithelial cells.
The excessive death of structural cells would upset the balance
of tissue repair and ultimately lead to parenchymal destruction.
The results of this study also showed positive correlation
between epithelial ADAMY expression and airway wall
thickening, including WA% and Pil0. Different from the
loss of distal airway counts, the CT measured airway wall
thickening mainly stemmed from epithelial changes, mucus
hypersecretion, infiltration of inflammatory cells, smooth
muscle hyperplasia and fibrosis.* This indicated that
ADAMD expressed in airway epithelial cells could also par-
ticipate in the remodeling of proximal airway through epithe-
lial disorder, inflammation infiltration, or ECM deposition,
which could be different from relative peripheral airways.
There were several limitations in the present study. Firstly,
as a pilot study, we mainly investigated the correlation between
airway ADAM9 levels and airway remodeling and emphy-
sema. The exact mechanisms of how ADAMO affects airway
epithelial abnormalities and/or disordered mesenchymal cells
still need to be studied furtherly. Since airway basal cells are
responsible for maintaining airway epithelial integrity and are
regarded as the original site of COPD-related disorders, the
possible influence of ADAMY protein on airway basal cell
proliferation and differentiation remains to be studied.****
Secondly, RB1 was chosen as the target bronchus for measur-
ing airway number for its perpendicular orientation to scanning
planes, and only a set of subjects with no pulmonary lesions in
the right superior lobe was selected here. A larger cohort of
subjects need to be involved to explore the link between
ADAM?9 and the remodeling of more distal airways.

Conclusions

Airway ADAMDO levels in sputum and airway epithelium
were both elevated in COPD patients compared to non-
COPD controls. Sputum ADAM9 was been associated
with inflammatory responses in COPD, while epithelial
ADAMY was closely correlated with emphysema and air-
way remodeling. This suggests that different roles of solu-
ble and membrane-bound ADAMY in the pathogenesis of
COPD.
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