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Abstract

Chronic obstructive pulmonary disease (COPD) is a clinically
heterogeneous disease composed of variable degrees of airflow
obstruction, emphysematous destruction, and small airway wall
thickening. The natural history of this disease, although generally
characterized by continued decline in lung function, is also highly
variable. Novel transcriptomic approaches to study the airway and
lung tissue inCOPDhold the potential to improve our understanding

of the molecular mechanisms underlying this heterogeneity and
identify molecular subtypes of disease that have similar clinical
manifestations. This new understanding can be leveraged to
develop targeted COPD therapies and ultimately personalize
treatment of COPD based on each patient’s specific molecular
subphenotype.
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Chronic obstructive pulmonary disease
(COPD) remains a leading cause of
morbidity and mortality worldwide (1, 2).
Although cigarette smoking is the major
cause of COPD in developed countries,
several other environmental exposures
and chronic inflammatory states (3) also
predispose to this disease, which is
characterized by an incompletely reversible
obstruction to the flow of air. Although
this clinical definition of COPD can be
assessed quickly and noninvasively using
office spirometry (4, 5), COPD is in fact
a very heterogeneous disease characterized
by a wide range of symptoms, clinical
findings, radiologic and pathologic
abnormalities, and varied responses to
treatment and outcomes.

There is a critical need to understand
the molecular pathways that underlie the
heterogeneity within COPD to better
understand mechanisms of disease
pathogenesis and personalize management

of this chronic debilitating disease.
Although the molecular heterogeneity
underlying a number of cancers, including
lung and breast cancer, has led to significant
advances in targeted therapy for these
conditions (6–10), we have yet to see these
types of advances in COPD. In this review,
we describe how transcriptomic profiling of
airway and lung tissue within COPD can
be used to provide insight into the
molecular pathways underlying this
heterogeneous disease and the potential to
personalize its management.

The Clinical, Pathologic, and
Radiographic Heterogeneity
Underlying COPD

Although there is a definition of COPD used
clinically, there is a significant amount of
heterogeneity in disease presentation and
clinical manifestations. A low ratio of FEV1

to FVC after an inhaled bronchodilator is
used to define the presence of COPD (11).
This represents an incompletely reversible
obstruction to the flow of air through the
airways. The grade, or severity, of COPD is
based on level of impairment in FEV1 as
a percentage of the predicted value (11),
which reflects a decrease in the volume of
air forcibly exhaled from the lungs during
the beginning of exhalation. Beyond this
simple clinical definition of COPD,
however, there are other clinical,
radiographic, and pathologic features
associated with this disease that vary
markedly across individuals with this disease.

Studies aimed at understanding
molecular phenotypes of COPD have likely
been limited by this underlying clinical
heterogeneity. COPD can be associated with
a varying degree of exacerbations, or acute
episodes of worsening symptoms, such as
increased cough, sputum production, and
shortness of breath. The severity and
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frequency of these exacerbations vary across
individuals (12).

Pathologic changes in COPD also vary
across individuals, which further complicates
studies aimed at uncovering molecular
phenotypes using diseased tissue specimens.
Small airway wall thickening is one of these
pathologic phenotypes and is believed to be
related to tissue repair and remodeling and
a defect of mucociliary clearance (13, 14).
Emphysema, or destruction of the alveolar
septal walls without fibrosis (15) leading to
overinflation and impairment in gas
exchange, occurs in varying amounts among
patients with airflow obstruction due to
COPD. Furthermore, the degree of
emphysema varies regionally within the
lungs of smokers with COPD, representing
the complex relationship between cigarette
smoking and resultant lung disease
related to emphysema (16). Additionally,
there is cellular heterogeneity within lung
tissue samples from smokers with COPD,
with a larger extent of inflammation by
neutrophils, macrophages, B lymphocytes,
and CD4 cells in lung tissue from patients
with more severely impaired FEV1.

Radiologic measurements can be used to
estimate some of these pathologic parameters.
For example, quantitative computerized
tomography (CT) has been used to quantify
the amount of emphysema and degree of
small airway wall thickening (17). Because
this approach is less invasive than sampling

lung tissue, it might eventually be used on
a larger number of patients with COPD. The
clinical importance of these COPD
subphenotypes remains unclear, as is the
potential for therapies that might show
preferential benefit in a particular subtype.

Beyond the symptomatic, radiographic,
and pathologic manifestations of the disease,
there is also considerable variability in
disease progression and response to therapy.
Although a hallmark of COPD is a more
rapid decline in FEV1 compared with
individuals without this disease, the rate of
disease-associated decline is highly variable
(18). Variable outcomes of clinical trials
of inhaled therapies (19, 20) suggest that
the response to specific therapy may be
similarly heterogeneous. There is therefore
a clear and present need to identify the
molecular pathways that give rise to the
complex clinical, radiographic, and
pathologic diversity of COPD.
Furthermore, it is also possible that there
are distinct pathways that contribute to
molecular heterogeneity independently of
the observed clinical heterogeneity.

Airway Gene Expression
Reflects Genomic Alterations
within the Diseased Lung

Whole-genome gene expression profiling is
a powerful tool for characterizing the

molecular changes underlying COPD as well
as the heterogeneity among patients with
COPD (Table 1). Early studies of gene
expression in COPD used profiling of lung
tissue specimens obtained during surgical
resections for suspicious lung nodules, lung
cancer, or advanced COPD/emphysema in
the setting of lung volume reduction
surgery or lung transplant (21–25).
Although these studies have identified
a number of molecular processes
contributing to COPD pathogenesis, their
impact has been limited by a number of
factors. First, they have relatively small
sample sizes, due to the difficulty in
obtaining large numbers of tissue
specimens. Second, they are limited by
confounding variables, such as differences
in smoking status, cumulative smoke
exposure, or comorbidities such as lung
cancer. Third, they may be impacted by
disease-associated differences in cellular
composition between diseased and
nondiseased lung tissue. Nevertheless, these
studies have provided key insights into
potential genes and pathways underlying
COPD.

One approach to studying
heterogeneity in COPD is to leverage the
regional differences in emphysema severity
within a single lung. Using multiple samples
obtained from a lung, each taken from
a region with different emphysema severity,
a 127-gene expression signature of regional

Table 1. Overview of microarray studies of chronic obstructive pulmonary disease

Tissue Studied Reference Study Design Clinical Setting Clinical Disease
Phenotypes Studied

Lung tissue GSE1122 (21) Case vs. control Lung tissue from patients undergoing
lung transplantation and donors
whose lungs could not be used for
transplant

Severe emphysema and
a1-antitrypsin deficiency

GSE8500 (24) Case vs. control Lung tissue resected for lung nodules Airflow obstruction
GSE8581 (25) Case vs. control Noncancerous resected lung tissue Airflow obstruction
GSE1650 (23) Case vs. control Lung tissue resected during lung

volume reduction surgery or for
suspicion of lung cancer

Airflow obstruction

Ning et al.
2004 (22)

Case vs. control Surgically resected lung tissue Airflow obstruction

GSE27597 (16) Regional disease severity
across multiple samples
from each lung

Lung tissue from patients undergoing
lung transplantation and donors
whose lungs could not be used
for transplant

Emphysema severity (mean linear
intercept between alveolar walls)

Airway epithelium Pierrou et al.
2007 (36)

Case vs. control Bronchial brushings Smoking status, airflow obstruction

GSE7832 (35) Case vs. control Brushings of the 10th-12th
generation bronchi

Smoking status, airflow obstruction

GSE37147 (34) Case vs. control Brushings of 6th-8th generation
bronchi

Airflow obstruction
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emphysema severity was developed (16).
This signature reflects an emphysema-
associated increase in B-cell abundance
and a decrease in transforming growth
factor (TGF)-b signaling (16). Simi-
lar approaches leveraging the clinical
heterogeneity of COPD might lead to even
more insights about the molecular
mechanisms underlying these different
disease-associated phenotypes and potential
novel therapeutics targeted to these
different subtypes of the disease.

Another approach to the study of
COPD is to leverage the airway field of
injury paradigm (26). Because bronchial
brushings collect a relatively pure
population of epithelial cells (27), this
provides a method to collect a more
uniform cell population from potentially
larger cohorts than lung tissue collection. If
the bronchial epithelium reflects disease-
associated molecular alterations occurring
more proximal to the site of disease,
profiling these epithelial cells would provide
an easy way to study disease-associated
processes as well as provide an avenue for
measuring the activity of these processes as
part of the clinical management of COPD.
The airway field of injury hypothesis,
initially established in the setting of
cigarette smoke exposure, posits that toxins
and carcinogens from cigarette smoke
bathe the entire respiratory tract. This
exposure leads to measurable alterations in
the small airway epithelium (28), large
airway epithelium (27), and epithelium of
the nose and mouth (29, 30). A disease-
specific airway field of injury has been
described in the setting of lung cancer,
where gene expression profiling of the
cytologically normal airway epithelium
distal from the lung tumor can serve as
a sensitive and specific biomarker of lung
cancer (31) that performs independently
of other clinical variables (32). These
cancer-associated changes in the
cytologically normal airway epithelium
are similar to those in the distal lung
cancers in independent datasets,
suggesting that a field of transcriptomic
alterations occurs throughout the
respiratory tract that reflects the presence
of lung cancer. This cancer-associated
field of injury extends to the precancerous
state, where cytologically normal airway
epithelial cells reflect reversible oncogenic
pathway activation in patients with
airway dysplasia (33), a precancerous
lesion.

A similar field of injury has recently
been demonstrated for COPD (34),
suggesting a potential method by which it
may be possible to readily characterize the
molecular heterogeneity of COPD in
patients with impaired lung function.
Early studies of airway gene expression in
COPD focused specific pathways believed
to be involved in COPD pathogenesis.
Tilley and colleagues (35) described
alterations in the NOTCH pathway
associated with COPD, and Pierrou and
colleagues (36) studied the expression of
oxidant/antioxidant response genes using
microarrays. More recently, analysis
of gene expression profiling on a
genomewide scale has revealed a 98-gene
expression signature of COPD and lung
function impairment (Figure 1) that
mirrors distal disease-associated changes
in independent small airway and lung
tissue datasets (34). Genes increased in
this bronchial airway signature of COPD
appear to be regulated in part by activating
transcription factor 4 (ATF4), a key
mediator of the unfolded protein response
(34).

Airway Gene Expression as
Therapeutic Biomarker
in COPD

The observation that gene expression
profiles in relatively accessible bronchial
airways reflect disease-associated processes
occurring deep in the lung raises the
possibility of developing clinically relevant
biomarkers to guide therapy. One of the
more compelling findings of the airway
gene expression study described above was
the dynamic nature of the transcriptomic
alterations post treatment with inhaled
corticosteroids (34). Using Gene Set
Enrichment Analysis (37), the 98-gene
signature was found to be inversely
correlated with genes that changed
30 months post treatment with fluticasone
with or without salmeterol therapy within
the GLUCOLD study, a cohort in which
these therapies reduced the decline in lung
function (19, 34). The dynamic nature of
this “field of molecular injury” with
treatment suggests that gene expression
might serve as an intermediate marker of
therapeutic efficacy. To that end, the
GLUCOLD investigators have recently
demonstrated that a more pronounced
treatment-induced alteration in airway

gene expression was significantly
associated with a lower rate of decline in
FEV1 as well as health status measured
with the St. George’s Respiratory
Questionnaire (38). Together, these studies
emphasize the key components of deriving
and validating disease and disease subtype
signatures, including the critical step of
validation in samples from independent
cohorts. There are a number of
computational approaches to the general
problem of sample classification, and the
field of cancer genomics has been at the
forefront of adapting these computational
approaches to gene expression data to
develop clinically useful gene expression
signatures (39). The possibility of more
easily obtainable airway samples that
reflect distal disease processes will
facilitate the development of these types of
clinical gene expression signatures for lung
disease.

Beyond serving as an intermediate
biomarker of therapeutic efficacy, the true
clinical potential of airway gene expres-
sion may reside within the molecular
heterogeneity found in the airway of
smokers with COPD. Heterogeneity in
transcriptomic profiles has been leveraged to
identify novel molecular subclasses of breast
cancer and lymphoma, which has enabled
more personalized therapies for those
diseases (6, 7, 40). The potential to assess
COPD-associated heterogeneity in
bronchial epithelium will enable the types
of large studies needed to identify
molecular subtypes of COPD. Recently,
transcriptomic profiling of the airway
epithelium has enabled this molecular
subtype discovery paradigm to be
applied to asthma (41), leading to the
identification of a distinct Th-2 cell–
driven subphenotype characterized by the
increased expression of IL-13–responsive
genes (42). Expression of one of these
genes, POSTN, and expression of IL-13
itself were found to be higher in the
bronchoalveolar lavage fluid and serum
of a subset of patients with increased
airway hyperresponsiveness and
eosinophilia (43) and greater
improvement in lung function after
treatment with the anti–IL-13 medication
lebrikizumab (43). The heterogeneity in
the gene expression signature among
smokers with COPD (Figure 1) may
similarly reflect novel molecular
subclasses of disease that can ultimately
enable more targeted therapy.
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Leveraging Lung Tissue Gene
Expression to Repurpose Drug
Therapy for COPD

There are a number of in silico approaches
to predicting novel treatments for disease.
Some strategies involve either network
analysis of gene expression data (44) or
eQTL analysis (45, 46) that combines gene

expression data together with single-
nucleotide polymorphism (SNP)
genotyping data to identify potential
regulatory nodes that are important for
driving disease-associated patterns of gene
expression. These regulatory nodes can
then serve as candidate drug targets. A
key advantage of the eQTL approach is
that the unidirectional effect of SNPs on

gene expression makes it easier to more
confidently identify regulators of gene
expression if there are SNPs affecting
expression of that regulator (46), and this
type of approach has led to the
identification potential drug targets for
traits related to obesity and diabetes (47).

Other strategies, which have been
especially productive for rapidly identifying

Figure 1. Heterogeneity in an airway gene expression signature of chronic obstructive pulmonary disease (COPD). Using gene expression profiling of the
airway epithelial samples obtained during bronchoscopy from 238 active and former smokers with and without COPD, Steiling and colleagues (34)
described a 98-gene expression signature of COPD and lung function impairment that reflects disease-associated changes present in distal lung tissue
from independent datasets. Despite the consistent association of this signature with disease, there remains substantial heterogeneity across individuals
with and without COPD that may reflect both the clinical heterogeneity of this disease as well as distinct molecular subtypes of the disease. Reprinted by
permission from Reference 34.
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candidate therapies, involve comparing
disease-associated patterns of gene
expression to gene expression alterations
that have been observed in other systems.
One example of this type of strategy involves
comparing disease-associated gene
expression differences to the gene
expression effects of bioactive compounds
on cells in vitro. The Connectivity Map (48)
is a compendium of several thousand
microarray profiles generated from five
human cancer cell lines treated with
varying doses of more than 1,000
compounds (Figure 2). In addition to
providing access to in vitro data, this
resource also provides an online tool for
interrogating these patterns of gene
expression (48). By querying disease
signatures against drug signatures, it is
possible to identify existing compounds
that cause a more “healthy-like” pattern of
gene expression and are predicted therefore
to potentially serve as new treatments for
that disease. As an example, the
Connectivity Map has been leveraged to
predict valproic acid, an anti-seizure

medication, as a potential therapy for
triple-negative breast cancer (49). The
ability of valproic acid to inhibit triple-
negative breast cancer was subsequently
validated in an in vivo tumor-specific
xenograft model (49). The Connectivity
Map has also been used to identify
topiramate, another anti-seizure
medication, as a potential therapy for
inflammatory bowel disease, a prediction
that was validated in a rat model of this
disease (50).

A related approach involving
comparisons between gene expression
patterns has been used to identify disease-
specific pathway dysregulation that can
be targeted with pathway-directed
medications. Beyond treating cells in vitro
with bioactive compounds, it is possible to
specifically activate or repress different
cellular pathways through targeted
overexpression of key regulators or
inhibitors. When this is followed by gene
expression profiling relative to control cells,
it is possible to develop gene expression
signatures of pathway activation.

Following this strategy, a gene
expression signature of PI3K pathway
activation was developed in an epithelial
cancer cell line and used to predict PI3K
pathway activity in normal bronchial
epithelium from patients with lung cancer
or airway dysplasia (33). Using this
approach, up-regulation of PI3K pathway
activity was identified in the cytologically
normal airway epithelial cells from
individuals with lung cancer and those with
precancerous airway dysplasia. Moreover,
this activation was reversible among
individuals with dysplasia treated with
myoinositol, an inhibitor of the PI3K
pathway, in whom airway dysplasia
improved, suggesting that myoinositol
might serve as a chemopreventive agent in
lung cancer by reversing oncogenic
pathway activation. This illustrates the
potential usefulness of coupling compound-
based and pathway-based approaches.

The combination of compound-based
and pathway-based approaches to
repositioning existing medications for new
clinical indications have been recently
leveraged in the search for new emphysema
therapeutics. Using curated pathway lists
from publicly available sources (37), gene
expression profiles associated with regional
emphysema severity were enriched in genes
in the TGF-b pathway (16). In parallel
analysis of the Connectivity Map, the gene
expression signature of the tripeptide
compound GHK was found to be the
inverse of the emphysema gene expression
signature, suggesting that it might serve as
a potential therapy for this disease (16).
GHK treatment of a disease-relevant
in vitro model was found to induce TGF-b
pathway gene expression and reverse
emphysema-associated gene expression
patterns. Furthermore, treatment with
either GHK or TGF-b restored collagen I
contraction and remodeling in cultured
fibroblasts from patients with COPD (16).
This example highlights the usefulness of
coupling pathway-based and compound-
based approaches to develop relevant
therapeutics capable of impacting disease-
related phenotypes.

Conclusions and
Future Directions

Transcriptomic signatures of the airway and
lung in COPD have begun to provide us
with novel insights into the molecular

Figure 2. Repositioning existing drugs for chronic obstructive pulmonary disease (COPD) using the
Connectivity Map. The Connectivity Map is a freely available resource for interrogating disease-
associated expression patterns against drug signatures. The Connectivity Map contains more than
7,000 microarray expression profiles generated from the treatment of five cancer cell lines with 1,309
bioactive compounds. After development of an in vivo disease signature (left), the Connectivity Map
can be queried to find compounds that reverse the disease signature (right). In this example, the
COPD disease signature is reversed by Drug 1, but not by Drug 2.
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pathways that underlie the clinical
phenotypes associated with the disease and
have begun to suggest novel therapeutic
opportunities. Importantly, the molecular
profiles from the airway of smokers with
COPD may ultimately serve as clinically
relevant biomarkers of therapeutic response
and have the potential to reflect molecular
subtypes of disease. Airway transcriptomic
studies on larger numbers of patients
enrolled in clinical trials with therapeutics
targeting disease-specific pathways are
needed to better assess this molecular
heterogeneity and its potential to guide
therapy. Airway epithelial cells represent
a promising biospecimen for studying
COPD, as molecular profiles in minimally
invasively collected tissue specimens will be
needed if these biomarkers are to ultimately
translate into the clinic. Beyond the
potential of bronchial epithelium, which we
have highlighted in this review, recent work

suggests that gene expression signatures in
nasal and buccal epithelium may serve as
surrogates for the bronchial airway response
to cigarette smoke (29, 30), and future
studies should evaluate whether COPD-
associated gene expression changes can also
be identified at these readily accessible sites.
Technologic advances, such as single-cell
sequencing (51), also hold the potential to
improve characterization of disease
heterogeneity by providing a detailed
portrait of disease-associated processes
occurring in different cell types within
a tissue and the heterogeneity of those
processes between different cells of the
same cell type.

The large amount of transcriptomic
data available in the public domain has
provided an unprecedented opportunity
to identify drugs and other biological
perturbations that are relevant to COPD.
Although the Connectivity Map has enabled

the identification of GHK as a drug
candidate for emphysema, profiling of
various lung cell lines with a large
compendium of drugs/small molecules
might help facilitate repositioning of drugs
for chronic lung disease if they help
capture relevant lung-specific effects.
In vitro and animal models of COPD that
recapitulate human disease pathogenesis,
however, will be needed to test the large
number of hypotheses generated by these
types of experiments. Additionally, gene
expression signatures of biological
perturbations related to environmental
stimuli (e.g., cytokines, environmental
exposures) may provide insights into
disease pathogenesis and help explain the
mechanisms that give rise to disease
heterogeneity. n

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