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Rationale: Molecular phenotyping of chronic obstructive pulmonary
disease (COPD) has been impeded in part by the difficulty in obtain-
ing lung tissue samples from individuals with impaired lung function.
Objectives: We sought to determine whether COPD-associated pro-
cesses are reflected in gene expression profiles of bronchial airway
epithelial cells obtained by bronchoscopy.

Methods: Gene expression profiling of bronchial brushings obtained
from 238 current and former smokers with and without COPD was
performed using Affymetrix Human Gene 1.0 ST Arrays.
Measurements and Main Results: We identified 98 genes whose ex-
pression levels were associated with COPD status, FEV,% predicted,
and FEV,/FVC. In silico analysis identified activating transcription
factor 4 (ATF4) as a potential transcriptional regulator of genes with
COPD-associated airway expression, and ATF4 overexpression in air-
way epithelial cells in vitro recapitulates COPD-associated gene ex-
pression changes. Genes with COPD-associated expression in the
bronchial airway epithelium had similarly altered expression profiles
in prior studies performed on small-airway epithelium and lung pa-
renchyma, suggesting that transcriptomic alterations in the bron-
chial airway epithelium reflect molecular events found at more distal
sites of disease activity. Many of the airway COPD-associated
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Molecular phenotyping of chronic obstructive pulmonary
disease (COPD) has been hindered by the limited avail-
ability and the heterogeneity of lung tissue specimens from
individuals with impaired lung function.

What This Study Adds to the Field

This study demonstrates a COPD-associated “field of injury”
measurable by gene expression profiling of the bronchial
airway epithelium. The bronchial airway signature of COPD
is similarly altered in lung tissue and reverts toward baseline
after inhaled fluticasone. These findings suggest that the
bronchial airway may ultimately serve as a relatively acces-
sible tissue in which to measure biomarkers to guide clinical
management of COPD.

gene expression changes revert toward baseline after therapy
with the inhaled corticosteroid fluticasone in independent
cohorts.

Conclusions: Our findings demonstrate a molecular field of injury
throughout the bronchial airway of active and former smokers with
COPD that may be driven in part by ATF4 and is modifiable with
therapy. Bronchial airway epithelium may ultimately serve as a rela-
tively accessible tissue in which to measure biomarkers of disease
activity for guiding clinical management of COPD.

Keywords: chronic obstructive pulmonary disease; gene expression
profiling; biologic markers

Chronic obstructive pulmonary disease (COPD) affects 14.8 mil-
lion individuals in the United States alone (1) and is the third
leading cause of death (2). Although biologic processes, such as
proteinase-antiproteinase imbalance, chronic inflammation, ap-
optosis, and oxidative stress, have been proposed to play a role
in COPD pathogenesis, knowledge remains limited about how
these molecular processes impact the clinical presentation and
progression of COPD.

Genome-wide gene expression profiling provides a powerful
way to survey COPD-associated molecular alterations, but this
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approach has been hindered by the limited availability of lung
tissue samples from individuals with impaired lung function.
As a result, studies of whole-genome gene expression profiling
of lung tissue in COPD (3-7) have been limited by small sample
sizes and confounding variables, such as the presence of adja-
cent lung cancer. The development of a less invasive method for
measuring COPD-associated cellular and molecular processes
would allow for the study of large cohorts and the potential for
identifying molecular subtypes of COPD and clinically useful
predictors of prognosis and response to therapy.

Our group has shown that there are alterations in airway
epithelial gene expression among current and former smokers
that can serve as a tool for the early detection of lung cancer.
Specifically, we have found that the expression levels of genes in
cytologically normal large airway epithelial cells can serve as a
sensitive and specific diagnostic biomarker for lung cancer (8).
Airway gene expression also reflects PI3K pathway activation in
smokers with airway epithelial cell dysplasia that is reversible
with the candidate lung cancer chemoprevention agent myo-
inositol (9). Importantly, PI3K is also activated in tumors, sug-
gesting that the airway can potentially serve as a surrogate for
assessing some disease-associated processes. The impact of lung
cancer on airway gene expression suggests that the airway epi-
thelium might also be impacted by other smoking-related dis-
eases, such as COPD. Two small studies have demonstrated
COPD-associated expression differences in airway epithelium,
but focused on the expression of a limited number of genes hy-
pothesized to be involved in the pathogenesis of COPD (10, 11).
Moreover, the relationship of these airway gene expression
changes to those that occur with COPD in lung tissue remains
unstudied (10, 11), and it is unclear if the bronchial airway can
be used as a more readily available biospecimen for identifying
and measuring the activity of distal COPD-associated processes
to guide clinical decisions in COPD management.

In the present study, whole-genome gene expression profiling
was performed on bronchial brushings in a cohort of 238 current
and former smokers with and without COPD. We investigated
(1) the association of airway epithelial gene expression with
COPD and continuous measures of lung function, (2) the rela-
tionship of COPD-associated gene expression changes in airway
epithelium with those that occur in lung tissue, and (3) the
reversibility of COPD-associated alterations in airway gene ex-
pression by inhaled corticosteroids. We have, for the first time,
identified a COPD-associated field of injury that can be mea-
sured by gene expression profiling of the airway epithelium and
that is modifiable with therapy.

Some of the results reported here have been previously pub-
lished in abstract form (12).

METHODS

See the online supplement for a more detailed description of the
methods.

Patient Population and Sample Processing

Bronchial airway brushings were obtained during bronchoscopy from sub-
jects who were being followed longitudinally for the development of lung
cancer at the British Columbia Cancer Research Agency between June
2000 and May 2009 as part of the British Columbia Lung Health Study
(13) and the Pan-Canadian Lung Health Study. A total of 267 bronchial
brushing samples were selected to ensure matching for covariates (Table
1). All subjects provided written informed consent. Institutional review
board approval was obtained from participating institutions. High-
molecular-weight RNA isolated from the bronchial brushings using the
miRNeasy mini kit (Qiagen, Valencia, CA) was processed and hybridized
to Affymetrix Human Gene 1.0 ST Arrays (Affymetrix, Santa Clara, CA).

TABLE 1. CLINICAL CHARACTERISTICS OF THE
STUDY POPULATION

COPD No COPD
(n=87)* (n=157)* P Value'

Age, yr 65 (6) 64 (6) 0.25
Sex 0.5

Male 52 83

Female 35 68
Smoking status 0.1

Current 30 69

Former 57 82
Pack-years 51 (25)F 47 (19)* 0.11
FEV1% predicted 60 (14) 93 (13) <1074
FEV,/FVC 0.56 (0.09) 0.75 (0.06) <1074
Years since smoking cessation 11.84 (9.86) 11.11 (6.73) 0.52
Inhaled corticosteroid use 18 (21%) 7 (5%) <1073
Inhaled bronchodilator use 21 (24%) 11 (7%) <1073
Statin use 23 (26%) 23 (15%) 0.041
Nonsteroidal antiinflammatory 21 (24%) 46 (30%) 0.37

drug use

Definition of abbreviation: COPD = chronic obstructive pulmonary disease.
The mean and standard deviation are shown for continuous variables.

* A total of 97% of the subjects were white.

t P values calculated using a Student’s t test or Fisher exact test.

¥ Missing pack-years for 5 subjects with COPD and 11 subjects without COPD.

Data Acquisition, Probe Set Summarization and
Normalization, and Data Preprocessing

A total of 269 arrays from 267 samples including two samples run in
duplicate were used for the generation of gene expression levels. The
array data for two subjects were excluded because of sample annotation
concerns, leaving a total of 265 samples. To minimize the potential con-
founding effect of lung cancer, data from 19 subjects with a diagnosis of
lung cancer as of January 2010 were excluded as were data from eight
subjects who lacked lung function testing within 1 year of their study
bronchoscopy, leaving a total of 238 samples. All of the 238 remaining
samples were of adequate quality for subsequent analysis (see Figure E1
in the online supplement).

Determination of Gene Expression Associated with COPD
and Continuous Measures of Lung Function

Using spirometry measurements obtained within 1 year of bronchos-
copy, COPD was defined as the presence of both an FEV/FVC less
than or equal to 0.7 and FEV{% predicted less than 80, based on
standard reference equations (13, 14). Genes whose expression levels
were associated with COPD and/or continuous measures of lung
function were identified by an analysis of variance false discovery
rate (FDR) of less than 0.05 and a linear fold change (FC) of greater
than 1.25 between COPD and no COPD after controlling for major
demographic variables and risk factors for COPD.

Enrichment Analysis

Functional enrichment analysis for genes associated with COPD was
performed using DAVID 6.7b (15). Transcription factor binding site
enrichment analysis was performed using GATHER (16). Additional
predicted targets of selected transcription factors were identified with
patser using Transfac version 12.1 (17, 18). Gene set enrichment analysis
(GSEA) was used to determine the relationship between our results
and previously published studies as detailed in the online supplement
METHODS section and Table E1. A false-discovery rate threshold of FDR
less than 0.05 was used to determine significant enrichment by GSEA.

Real-Time Polymerase Chain Reaction Validation of Gene
Expression Associated with COPD

Quantitative real-time polymerase chain reaction was performed on
nine genes to confirm COPD-associated expression changes.
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Overexpression of Activating Transcription Factor 4
in Cultured Airway Epithelial Cells

To determine the relationship between activating transcription factor 4
(ATF4) expression and the airway COPD signature, we overexpressed
ATF4 in immortalized human bronchial epithelial cells (BEAS2B). To-
tal RNA was isolated from cells transfected with ATF4 (n = 3) or empty
vector (n = 3), processed, labeled, and hybridized to Affymetrix Hu-
man Gene 1.0 ST Arrays. Gene expression levels associated with ATF4
overexpression were ranked according to the ¢ statistic, and enrichment
of the airway COPD signature was determined using GSEA.

RESULTS

Characteristics of the Study Population

There were no significant differences in age, cumulative smoking
exposure, or smoking status between the 87 subjects with COPD
and the 151 subjects without COPD (Table 1). Subjects with
COPD had lower FEV,% predicted and FEV/FVC than the
control group. The FEV; across subjects with COPD ranged
from 15-79% of the reference value, with most subjects with
COPD having moderate disease (Global Initiative for Chronic
Obstructive Lung Disease [GOLD] Grade 2) (19) as expected
from a bronchoscopy-based cohort. A minority of the study pop-
ulation used inhaled corticosteroids or inhaled bronchodilators,
with a statistically significant association with COPD status. Of
the 14 subjects without COPD taking an inhaled medication, 3
had a history of asthma. A total of 17 subjects (eight with COPD
and nine without COPD) reported a history of asthma. Groups
also differed with respect to statin use. There was no significant
difference in the use of nonsteroidal antiinflammatory drugs.

Bronchial Epithelial Gene Expression Associated with COPD
and Continuous Measures of Lung Function

The expression levels of 107 genes were associated with COPD
(FDR < 0.05; FC > 1.25) after adjusting for major demographic
variables and risk factors for COPD including age, sex, smoking
status, and cumulative smoke exposure. The expression levels
of 110 genes were associated with FEV;% predicted, and 102
with FEV,/FVC as continuous measures. The expression pro-
files of 98 genes were associated with all three measures; 54 of
these genes were increased, and 44 were decreased in COPD
(Figure 1). This bronchial airway signature of COPD includes
dihydropyrimidinase-like 3, CEACAMS, Sushi-repeat containing
protein X-linked, and enoyl CoA delta isomerase 2, four genes
described in prior studies as irreversibly altered by cigarette smoke
even decades after smoking cessation (20, 21). Among individuals
with COPD, cluster membership in Figure 1 was significantly as-
sociated with FEV1% predicted but no other clinical covariates or
RNA quality (see Table E2). Further analysis of potential sources
of the gene expression variability within classes is presented next.

To determine whether asthma, inhaled medications, statin
use, or the method of COPD classification affected this analysis,
we repeated the analysis excluding individuals with a self-reported
history of asthma (n = 17), individuals using an inhaled cortico-
steroid or bronchodilator (n = 37), individuals using a statin med-
ication (n = 46), or individuals with mild decreases in FEV;%
predicted (range, 70-80%; n = 49). We identified a consistent
relationship between COPD-associated changes in airway gene
expression in each of these analyses, with 80-99% of the 98
COPD-associated genes also showing an FDR less than 0.05
and FC greater than 1.25 in these analyses (see Table E3). We
did not detect significant correlation of a metagene summarizing
the COPD airway gene expression signature with years since
quitting smoking among former smokers (P > 0.05). We also
failed to detect significant association between COPD status

and a metagene representing inflammatory cell-specific gene ex-
pression (21). When the inflammatory cell metagene was included
as a covariate in the linear model, all 98 COPD-associated genes
remained significant at FDR less than 0.05 and FC greater
than 1.25.

To computationally validate the association of these genes with
COPD, we performed GSEA using a publicly available whole-
genome gene expression dataset of small airway epithelium
(10th-12th generation bronchi) that included 12 healthy smok-
ers and 4 smokers with COPD in GOLD Grade 1-2 severity
(GSES5058) (11). We identified a concordant relationship between
the 98 genes whose expression patterns were associated with
COPD in the present study and COPD-associated gene expression
differences observed in this dataset (FDRgsga < 0.05) (see Figure
E2). We also experimentally validated the COPD-associated ex-
pression pattern of nine genes by quantitative real-time polymer-
ase chain reaction (see Figure E3). Together, these data suggest
a COPD-associated bronchial airway field of injury that reflects the
presence and severity of COPD and that is consistent with COPD-
associated gene expression changes in small airway epithelium.

To explore the biologic function of the 98 genes whose expres-
sion levels were associated with COPD, FEV,% predicted, and
FEV,/FVC, genes were subdivided into two groups: higher ex-
pression in COPD and lower expression in COPD (Figure 1).
Both lists were significantly enriched for genes belonging to a
variety of functional categories (see Table E4) including glycopro-
teins (up-regulated), proteins involved in the acute inflammatory
response (up-regulated), and epidermal growth factor (EGF)-like
domains (down-regulated). These findings suggest that these gene
expression changes reflect COPD-associated alterations in pro-
cesses related to the inflammatory response and regulation of
cell growth in bronchial airway epithelium.

ATF4 as a Mediator of Airway Gene Expression Alterations
Associated with COPD

To explore potential regulators of COPD-associated changes
in gene expression, we used GATHER to identify transcription
factor binding sites enriched in the regulatory regions of differ-
entially expressed genes. We identified enrichment of binding
sites for ATF4 and CREB1 among the 98 genes with COPD-
associated expression differences (P < 0.001) (see Table ES5).
To explore a potential mechanistic role for ATF4 in regulating
COPD-associated gene expression differences, we examined the
effects of overexpressing ATF4 in the BEAS2B bronchial epi-
thelium cell line and found that this resulted in an increase in
many of the same genes that are expressed at higher levels in
the bronchial airway of individuals with COPD (Figure 2A; see
Figure E4). Furthermore, all 13 of the core enrichment genes in-
creased by both ATF4 overexpression and in the airway COPD
signature are predicted targets of ATF4 (Figures 2B and 2C) (17,
18). These findings suggest that overexpression of ATF4 is sufficient
to recapitulate a component of the airway gene expression differ-
ences associated with the presence of COPD in vivo, and that
ATF4 might be a mediator of these changes.

The Relationship between COPD-associated Gene
Expression in the Bronchial Airway Epithelium
and in Lung Parenchyma

We next examined whether COPD-associated gene expression
changes in the bronchial airway reflect disease-associated pro-
cesses in lung parenchyma. By GSEA, we found concordant
enrichment of gene expression changes in bronchial airway
and lung tissue in three previously published COPD datasets
(FDRgsea < 0.05) (Figure 3). Genes whose expression levels
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Subiject classification

COPD
Il No COPD

were increased in the lung tissue of GOLD Grade 2 subjects
compared with GOLD Grade 0 subjects (5) or negatively cor-
related with FEF,5_;5¢, (7) were enriched among genes whose
expression was increased in the bronchial airway with COPD.
Similarly, genes down-regulated in the lung tissue of cases of
COPD compared with control subjects (6) or in lung tissue from
subjects with worse lung function (6) were enriched among genes
whose expression was decreased in the bronchial airway epithe-
lium in COPD. There were also similarities between COPD-
associated airway gene expression and lung parenchymal gene
expression when gene expression profiles from these previously
published datasets were ranked according to the strength of as-
sociation with COPD or COPD-related traits (FDRgsga < 0.05)
(see Figure E2) and interrogated with the disease-associated
genes we identified in the bronchial airway. These findings dem-
onstrate that similar changes in gene expression occur in the
airway epithelium and lung tissue, suggesting that the COPD-
associated airway gene expression differences mirror aspects of
disease processes occurring in lung tissue.

To further explore the relationship between bronchial epithe-
lial and lung tissue gene expression related to COPD, we used
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GSEA to examine the distribution of the 98 genes whose expres-
sion levels were associated with COPD in a ranking of all genes
according to their expression change in lung parenchyma as
a function of mean linear intercept, a morphologic measure of
emphysema (GSE27597) (22). Lung parenchymal genes whose
expression levels increased with regional emphysema severity
were enriched for bronchial epithelial genes whose expression
was increased in COPD (FDRgsga < 0.05) (Figure 4). The
genes contributing most strongly to this enrichment included
SERPINB13, a serine peptidase inhibitor, and TMPRSS11D,
a trypsin-like protease. These findings support the biologic rel-
evance of the bronchial epithelial gene expression signature of
COPD by linking it to clinical and pathologic measures of dis-
ease severity.

Reversibility of COPD-associated Changes in Airway Epithelial
Gene Expression with Treatment

Because inhaled corticosteroids are commonly used to treat COPD,
we next sought to determine whether COPD-associated changes in
airway gene expression were modifiable by fluticasone therapy in
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Figure 2. ATF4 overexpression
in BEAS2B cells in vitro reca-
pitulates the in vivo airway
gene expression signature of
chronic obstructive pulmonary
disease (COPD). (A) Gene set
enrichment analysis demon-
strates enrichment of genes with
increased expression in airway
epithelium from individuals with
COPD among genes whose ex-
pression is increased with ATF4
overexpression in BEAS2B cells
(false discovery rate < 0.05).
Genes are ranked from left to
right based on their ATF4-associ-
ated expression pattern in vitro.
The position of each vertical bar
indicates the position of a gene
with COPD-associated gene ex-
pression in airway epithelium
within this ranked list. The
height of this bar represents the
running gene set enrichment
analysis enrichment score. Core
enrichment genes are high-
lighted in green. (B) Expression
levels of the core enrichment
genes (green) in the bronchial
brushing samples, all of which
are predicted targets of ATF4
(P < 0.001) (17, 18), are shown
in this heatmap supervised by
COPD status (orange, COPD;
blue, normal). (C) Expression lev-
els of the core enrichment genes
(green) with ATF4 overexpres-
sion in airway epithelium in vitro
(black, negative control; yellow,
ATF4 overexpression).
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Figure 3. Airway epithelial gene expression associated with chronic
obstructive pulmonary disease (COPD) is concordant with previously
published microarray datasets of COPD lung tissue. Airway gene ex-
pression associated with COPD was compared with gene lists identified
in previous studies of lung tissue gene expression in COPD using gene
set enrichment analysis. The color bar indicates the strength of associ-
ation of airway epithelial gene expression with COPD as measured by
the t statistic for the COPD term after adjusting for covariates. The
position of each vertical bar from left to right indicates the position of
a gene from one of the previously published lung parenchyma gene
sets (genes whose expression was previously identified to be associated
with a COPD-related trait) within the ranked airway gene list. The
height of this bar represents the running gene set enrichment analysis
enrichment score. This analysis identified concordant enrichment of
previously reported COPD-associated gene expression changes in lung
tissue and COPD-associated changes in gene expression in the bron-
chial airway (false discovery rate < 0.05), and suggests that there is
a common COPD effect in both tissues.

patients with COPD. We used GSEA to examine the expression of
the bronchial epithelial COPD signature in a ranking of gene ex-
pression profiles derived from bronchial biopsies obtained from
a subset of subjects from the GLUCOLD trial (ClinicalTrials.
gov registration number NCT00158847) (GSE36221), an indepen-
dent longitudinal study of subjects with COPD randomized to
fluticasone with or without salmeterol, or placebo (23). Expression
levels of the 54 genes increased in the bronchial epithelial COPD
signature were enriched among genes whose expression decreased
after treatment containing fluticasone (FDRgsga < 0.05) (Figure
5A). Similarly, expression levels of the 44 genes decreased with
COPD in the bronchial airway signature were enriched among
genes whose expression levels increased after treatment with

fluticasone in the GLUCOLD cohort (FDRgsga < 0.05) (Figure
5A). The genes contributing most strongly to the this enrichment
included DUSPS, a key regulator of cell proliferation and differ-
entiation; TMPRSS11D, which serves a key role in host defense
in the airway; and claudin 8 (CLDNS), which functions in tight
junctions between epithelial cells (Figure SB). These results sug-
gest that a subset of airway gene expression changes associated
with COPD can be reversed by inhaled corticosteroids.

To validate our findings in the GLUCOLD cohort, we exam-
ined the relationship between the airway gene expression signature
of COPD and fluticasone-related gene expression differences from
an independent dataset in which gene expression in bronchial ep-
ithelium samples from before and after fluticasone treatment was
profiled using microarrays (24). Using a linear mixed-effects
model, genes were ranked according to their change with flutica-
sone over time. Using GSEA, we found that the 54 genes up-
regulated in the airway COPD signature were enriched among
the genes decreased by fluticasone treatment and that the 44 genes
down-regulated in the airway COPD signature were enriched
among the genes increased by fluticasone treatment (FDRGsga
< 0.05) (see Figure ES5). This finding suggests that fluticasone
reverts genes that are altered in the airways of patients with
COPD. Taken together with our observations in the GLUCOLD
cohort, these data suggest that COPD-associated gene expression
patterns are potentially dynamic with therapy.

DISCUSSION

By performing whole-genome gene expression profiling of bron-
chial brushings in a study of individuals with and without COPD,
we have identified a COPD-related bronchial airway field of in-
jury that is defined by gene expression alterations and has several
important characteristics. First, the gene expression alterations
in this field of injury are associated with COPD and continuous
COPD-related measures of lung function. Second, the COPD-
associated gene expression field of injury measured in the
bronchial airway epithelium is similar to COPD-associated
gene expression differences occurring in lung parenchyma.
Third, the COPD-associated gene expression field of injury
is modifiable with treatment.

We have validated the COPD-associated airway-epithelium
gene expression differences we identified in several previously
published studies including one study of small-airway gene ex-
pression (11), and six studies of lung parenchyma (3-7, 22).
These observations suggest a reliable COPD-associated pattern
of gene expression in the bronchial airway that is similar to
distal COPD-associated gene expression differences. Although
the COPD-associated gene expression similarities between the
bronchial airway and whole-lung tissue could be caused by sim-
ilarities between the bronchial airway and either the lung pa-
renchyma or the terminal bronchioles, our data suggest that the
accessible bronchial airways reflect disease-associated processes
occurring deep in the lung. Importantly, many of the previous
studies of COPD-associated gene expression have involved lung
tissue that is adjacent to lung cancer. In this study, by leveraging
bronchoscopy samples from a lung cancer screening cohort where
the prevalence of cancer is low, we were able to profile samples
exclusively from a large number of patients without lung cancer.
Taken together, these findings suggest that the bronchial airway
might serve as a readily accessible biospecimen to measure COPD-
related processes in research and clinical settings.

The specific genes within the COPD airway epithelial gene
expression signature support the biologic plausibility of this sig-
nature. For example, TMPRSS11D, also called human airway
trypsin-like protease, localizes to ciliated bronchial epithelial
cells and was first isolated from the sputum of patients with
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Figure 4. The airway transcriptomic alter-
ations in chronic obstructive pulmonary
disease (COPD) reflect gene expression
changes associated with emphysema se-
verity in lung tissue. (A) Gene set enrich-
ment analysis demonstrates enrichment of
genes whose expression levels in the air-
way epithelium significantly increased in
COPD among genes whose expression is
increased with worsening emphysema se-
verity in lung tissue (false discovery rate
< 0.05). Genes are ranked from left to
right based on their emphysema-associ-
ated expression pattern in lung tissue.
The position of each vertical bar indicates
the position of a gene whose expression in
airway epithelium is associated with COPD
within this ranked list. The height of this
bar represents the running gene set en-
richment analysis enrichment score. The
core enrichment genes are highlighted in
green. (B) Expression of the core enrich-
ment genes (green) in the bronchial brush-
ing samples is shown in this heatmap
supervised by COPD status (orange,
COPD; blue, normal). (C) Expression of
the core enrichment genes (green) in lung
tissue samples is shown in this heatmap
supervised by emphysema severity (light
gray, no emphysema; black, severe em-
physema).
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Figure 5. Gene expression changes in the airway of subjects with
chronic obstructive pulmonary disease (COPD) are modulated by in-
haled corticosteroids. (A) Using gene set enrichment analysis, we iden-
tified enrichment of airway gene expression associated with COPD in
an independent gene expression dataset of endobronchial biopsies
obtained at 0, 6, and 30 months from individuals with COPD random-
ized to receive fluticasone (n = 25), salmeterol and fluticasone (n =
20), or placebo (n = 23). Many genes increased in COPD decreased
with fluticasone, and genes decreased in COPD increased with flutica-
sone. Genes are ranked from left to right based on their association
with the time by treatment interaction effect. The position of each
vertical bar indicates the position of a gene whose expression in airway
epithelium is associated with COPD within this ranked list (the upper
plot includes genes increased in COPD; the lower plot includes genes
decreased in COPD). The height of this bar represents the running
gene set enrichment analysis score. (B) Boxplots illustrate the expression
levels of three core enrichment genes in the bronchial airway epithe-
lium of subjects with COPD (n = 87) compared with subjects without
COPD (n = 151) and in an independent cohort of subjects randomized
to receive fluticasone-containing therapies or placebo (n = 55 subjects
with =1 time point). The y axis represents the z score normalized
residual matrix after adjusting for RNA integrity number, treatment,
time, and patient effect.

chronic airway diseases (25). The increased levels of TMPRSS11D
gene expression in the airway epithelium of individuals with
COPD are consistent with the hypothesis that this protein
plays a key role in the biologic defense against inhaled sub-
stances (25). SERPINBI13 is a serine peptidase inhibitor in-
creased in airway and lung parenchyma in association with
COPD. Our finding that TMPRSS11D and SERPINB13 are
increased in the airway of patients with COPD and our finding

that these genes are decreased with fluticasone suggests the
protease-antiprotease imbalance that is thought to play a key
role in COPD pathogenesis is also reflected in airway epithelial
cells, and that restoration of this balance could be useful for
monitoring response to COPD therapies, such as inhaled corti-
costeroids. Prostaglandin-endoperoxidase synthase 2 is a proin-
flammatory mediator increased in the bronchial airway of
individuals with COPD and is a potential target for novel anti-
inflammatory therapies. CLDNS8 is a member of the claudin
family, which plays a key role in tight junctions and paracellular
permeability (26). Our finding that CLDNS is decreased in the
airway epithelium of subjects with COPD and increased after
treatment with fluticasone suggests a potentially reversible im-
pairment in the airway epithelium’s critical barrier function
(27), and this finding is consistent with the previously observed
down-regulation of claudins and other tight junction genes in
bronchial epithelial cells from smokers with COPD (28, 29).

Our observations about the potential role of ATF4 in medi-
ating COPD-associated gene expression differences in bronchial
epithelium is intriguing given the role of ATF4 in mediating the
unfolded protein response (30, 31). Endoplasmic reticulum
(ER) stress from acute cigarette smoke exposure leads to an
unfolded protein response, which is proposed to play a role in
the development of COPD (32, 33). An increase in ER stress
markers has been described in the lungs of patients with COPD
(34), and administration of acrolein, an aldehyde in cigarette
smoke, leads to an increase in ER stress markers and airspace
enlargement in mice, suggesting that ER stress and the unfolded
protein response play key roles in the development of emphy-
sema (35). This is the first study to our knowledge to identify
ATF4-driven gene expression differences in individuals with
COPD. We have validated predicted targets of ATF4 in the
airway COPD signature, and have further demonstrated signif-
icant enrichment of genes increased in the airway COPD signa-
ture among genes increased by ATF4. Although we identified
this potential regulatory relationship in airway epithelium, fur-
ther studies are necessary to examine the extent of this response
in lung tissue and its importance for disease development.

The potential clinical relevance of the COPD-associated field
of injury is supported by its reversal with inhaled corticosteroids
in the GLUCOLD cohort (23). This aspect of the airway sig-
nature of COPD indicates that the constituent gene expression
differences reflect more than differences caused by demo-
graphic or smoking-related factors, but rather an aspect of the
disease process that is modifiable with therapy. Moreover, fur-
ther studies should be conducted to determine whether hetero-
geneity in the extent to which the airway signature of COPD is
reversed by therapy is associated with differences in the clinical
benefit obtained by patients. Similarly, it is important to deter-
mine whether gene expression heterogeneity among patients
with COPD reflects underlying biologic differences that can be
used to develop markers that predict aspects of the clinical het-
erogeneity of COPD, such as therapeutic response or rate of lung
function decline.

As with other distal lung diseases, there are several potential
mechanisms that might account for the similarity between lung
tissue and bronchial airway gene expression (36). The COPD-
associated transcriptomic alterations may reflect specific physi-
ologic responses to the toxins in cigarette smoke that in turn
contribute to COPD pathogenesis. The relationship between
the airway signature of COPD and gene expression differences
associated with regional emphysema severity within an individ-
ual, and the reversal of the signature after therapy, suggest that
the etiology of the COPD-associated gene expression differen-
ces is not solely caused by an individual’s physiologic response
to tobacco smoke.
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Other potential mechanisms for the airway field of injury are
related to cell-cell communication. For example, inflammatory
cells recruited into the airway and lungs of smokers with COPD
and the cytokines they produce may induce gene expression
alterations throughout the airway epithelium. This hypothesis
is consistent with our finding of specific inflammatory-related path-
ways enriched among the genes in our signature (Figure 1; see
Table E3). However, in silico analysis of white blood cell-specific
gene expression in these samples did not reveal significant pro-
portions of inflammatory cells or differences in the proportion of
inflammatory cells in smokers with and without COPD, and thus
we do not believe that our signature directly reflects changing
numbers of inflammatory cells within our airway brushings in
individuals with COPD. Nonetheless, infiltration of the airway
wall with inflammatory cells in smokers with COPD (23) could
produce changes in the adjacent epithelial layer lining that airway.

Through analysis of the largest cohort of bronchial airway
gene expression in COPD, we have identified a COPD-associated
airway field of injury despite several potentially important lim-
itations to our study design. Because of the nature of this lung
cancer screening cohort, characterization of COPD-related
phenotypes was limited, and we defined COPD as airflow ob-
struction on prebronchodilator spirometry. However, the simi-
larity with previously published lung tissue gene expression
datasets suggests that these COPD-associated changes in bron-
chial airway gene expression are reproducible and reflective of
disease activity. Although spirometry remains the standard for
diagnosing COPD (19), the association of airway gene expres-
sion with subphenotypes of COPD was not evaluated including
quantitative imaging of airway remodeling and emphysema, gas
transfer capacity, chronic bronchitis, previous respiratory ill-
ness, frequency of exacerbations, and/or quality of life metrics.
Given the clinical heterogeneity among smokers with COPD, it
is possible that different clinical subphenotypes of disease im-
pact airway gene expression differently and might contribute to
the heterogeneity seen in the gene expression signature. Fur-
thermore, given that we were leveraging a bronchoscopy-based
cohort for this study in which most subjects with COPD had
mild to moderate disease, it is unclear if our findings generalize
to smokers with later stage disease or if there are alterations
specific to more severe disease. However, the enrichment of our
airway gene expression signature among genes that change with
regional emphysema severity in the lungs of smokers with se-
vere COPD suggests that our gene expression signature is also
relevant in more severe disease. Finally, although fluticasone-
containing therapy has not been consistently linked with a clin-
ical benefit, the decrease in the COPD airway gene expression
signature after fluticasone therapy in two independent cohorts
suggests that the COPD-associated airway field of injury is not
a static consequence of disease but rather is dynamic.

In summary, we have shown that COPD induces a field of in-
jury that extends from the lung parenchyma into the bronchial
airway, and that some of the COPD-associated alterations in air-
way gene expression may be mediated by ATF4. We have also
shown that a subset of these COPD-associated airway gene ex-
pression changes is reversed by fluticasone in a COPD cohort
where that treatment resulted in improvement in lung function.
These data suggest that gene expression profiling of the airway
epithelium, which can be sampled by bronchoscopy, may serve as
a surrogate biomarker of disease activity. Further studies are
needed to evaluate whether this field of injury in COPD extends
to epithelial cells that can be more readily sampled from the nose
(37). However, our findings of an airway-wide field of injury in
the bronchial airway of smokers with COPD and the identifica-
tion of a reversible component of this COPD-specific gene ex-
pression signature will promote the study and development of

clinically useful markers of disease activity, molecular subtypes,
prognosis, and response to therapy.

Author disclosures are available with the text of this article at www.atsjournals.org.
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