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Abstract

Chronic obstructive pulmonary disease (COPD) is a syndrome that
comprises several lung pathologies, but subphenotyping the various
disease subtypes has been difficult. One reason may be that current
efforts focused on studying COPD once it has occurred do not allow
tracing back to the different origins of disease. This perspective proposes
that emphysema originates when susceptible airway, endothelial, and/or
hematopoietic cells are exposed to environmental toxins such as cigarette
smoke, biomass fuel, or traffic emissions. These susceptible cell types
may initiate distinct pathobiological mechanisms (“COPD endotypes”)
that ultimately manifest the emphysematous destruction of the lung. On
the basis of evidence from the “airway” endotype, we suggest that grading
these endotypes by severity may allow better diagnosis of disease at early
stages when intervention can be designed on the basis of the mechanisms
involved. Therefore, genomic, proteomic, and metabolomic studies on
at-risk patients will be important in the identification of biomarkers that
help designate each endotype. Together with understanding of the
involved molecular pathways that lead to disease manifestation, these
efforts may lead to development of intervention strategies.

Chronic obstructive pulmonary disease
(COPD) is one of the leading causes of
morbidity and disability, affecting more
than 9% of the world population (1), and it
is the third leading cause of death in the
United States (2). Approximately 6.5% of
adults (13.7 million) in the United States
report having been diagnosed with COPD,
and many more have undiagnosed COPD
(3). Although all-cause death rates are
decreasing in the United States, the COPD
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biomarkers.

Clinical Relevance

Chronic obstructive pulmonary disease (COPD) is a
complex disease that has been extremely difficult to
subphenotype. COPD may originate when susceptible
lung cells of different types (i.e., airway, endothelial,
hematopoietic cells) are exposed to environmental toxins
such as cigarette smoke, biomass fuel, or traffic emissions.
These susceptible cell types may generate “COPD
endotypes” that are characterized by distinct pathobiological
mechanisms and comorbidities that ultimately manifest the
emphysematous destruction of the lung. Studying COPD
in younger cohorts may provide better distinction of the
endotypes and help in the development of reliable

mortality rate has increased, particularly
among women (4). COPD cases result

in over 130,000 deaths (63.1 deaths per
100,000 people) per year. In comparison,
the number of deaths per year resulting
from lung cancer is estimated at 180,000
(5). However, the economic burden of
COPD is substantially higher than that of
lung cancer, for several reasons. COPD can
affect patients over 30-40 years after initial
diagnosis and can disable patients up to the

time of death; therefore, the chronicity
of disability can drastically reduce
productivity for up to half of a lifespan.
A recent estimate of total costs of
hospitalization and absenteeism placed the
annual cost of COPD at $36 billion,
although the actual economic cost may
even be double that estimate (6).

Cigarette smoking is the most widely
studied risk factor for COPD, whereas the
dominant risk factor for COPD worldwide is
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household air pollution arising from
combustion of biomass and coal. Other
important causes of COPD are occupational
exposures from vapors, traffic emissions,
dust, and fumes. The prevention and
treatment of COPD remain a big challenge
because of the heterogeneity of COPD and
the lack of reliable biomarkers able to
predict early decline in lung function. The
lack of reproducibility of biomarkers may be
due to the unknown early pathobiology
associated with the different clinical
features.

It is generally agreed that COPD should
be considered a clinical syndrome (i.e., a
heterogeneous collection of subphenotypes).
However, thus far, attempts to achieve
reproducible subphenotypes for COPD have
proven elusive. An unsupervised clustering
of 17,146 individuals with COPD from
10 cohorts showed that disease traits
coexist in the same individual in varying
degrees, making mutually exclusive COPD
subphenotypes difficult to define (7). Yet, in
relation to 3-year all-cause mortality, a
recent work showed that it is feasible to
identify reproducible subtypes of patients
with COPD using unbiased algorithms (8).
In another study, gene expression analyses
of cells in induced sputum from 140
subjects suggested a possible clustering
driven mainly by the severity of airflow
limitation and the extent of emphysema (9).
A systemic inflammatory phenotype of
COPD has also been proposed (10).

Also, comorbidities that impact the main
disease characteristics that can be a

target for a “treatable traits” approach
have been considered. The traits are

based on pulmonary, extrapulmonary,
environmental, and behavioral factors that
distinguish a given patient from other
patients with similar clinical presentations
(11-13). However, disease heterogeneity
appears to be a result not only of clinical,
functional, structural, and biological factors
but also of dynamic changes that occur over
time in individuals with COPD.

To reliably subphenotype COPD, we
propose that it is critical to study younger
cohorts of subjects at risk for developing
COPD so that the pathobiological
mechanisms (endotypes) can be identified.
Exposure to causative factors such as
cigarette smoke, biomass smoke, or traffic
emissions may affect different cell types
in the lung, depending on susceptibility
(Figure 1). Individuals with susceptible
airway epithelial cells may be prone to
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Figure 1. Early detection of disease helps distinguish the chronic obstructive pulmonary disease
endotypes. Although ultimately all endotypes lead to emphysema, the cells and the pathways
involved in causing this pathology may be different.

increased mucin gene expression that leads
to phlegm production and emphysema
owing to certain genetic polymorphisms
(14). For other exposed patients, susceptible
endothelial cells of the lung and/or systemic
vasculature may lead to pulmonary and
renal endothelial cell injury, resulting in
albuminuria or pulmonary vascular disease
(15) and emphysema. Others may have
susceptible hematopoietic cells of the lung
(macrophages or dendritic or T cells) that
initiate abnormal responses of B cells,
ultimately leading to the destruction of the
alveolar structures and emphysema (16)
(Figure 1). Although the pathology and
clinical presentation of the established
disease may be identical, current diagnostic
tools do not allow tracing back of the
vastly different origins. Therefore, early
endotyping is necessary to have the tools to

stratify patients with COPD by the
pathobiological origins (i.e., COPD due to
alteration of the airway epithelium, of the
vascular endothelium, or of the hematopoietic
compartment).

Currently, severity of chronic airflow
obstruction (CAQ) is classified on the basis
of spirometry, typically performed after the
administration of an adequate dose of a
short-acting inhaled bronchodilator to
exclude airflow limitation caused by airway
constriction, as well as to minimize overall
variability (2). Specific spirometric cutpoints
have been defined by consensus for
purposes of simplicity. When the ratio of
FEV; to FVC falls below 0.7, it is taken to
be an indicator of obstructed pulmonary
function (17). Other experts advocate the
use of a statistically defined lower limit of
normal value for the ratio, such as the fifth
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percentile, rather than an arbitrary cutpoint
of 0.7 (18). Severity of established CAO

is then staged depending on the degree

of reduction below the predicted FEV,
value on the basis of sex, height, and
race/ethnicity. The Global Initiative for
Chronic Obstructive Lung Disease criteria
classify COPD into the following stages:
stage 0 (FEV,/ FVC, =0.7), stage 1 (FEV,
=80% of predicted value and obstructed
pulmonary function), stage 2 (FEV, 50% to
<80% of predicted value), stage 3 (FEV|,
30% to <50% of predicted value), and stage
4 (FEV,, <30% of predicted value) (17).

Chronic bronchitis (CB) is recognized
to be important when present concurrently
with CAO, because these patients with
COPD are especially prone to developing
exacerbations (19, 20). CB is defined by
a patient’s report of a cough producing
phlegm that has persisted for at least
3 months per year for a minimum of two
consecutive years (21). Both persistent
and newly developed CB among patients
with COPD are associated with greater
respiratory symptoms, worse health-related
quality of life, worse lung function, and
greater exacerbation frequency (22). The
main reason for CB causing exacerbations
in patients with CAO is believed to be the
higher risk for infections when mucus is
present in airways (23). Patients with
frequent respiratory exacerbations are
prone to a more rapid disease progression
(24), and at the time of diagnosis, often the
line between the two classic major COPD
phenotypes—symptomatic phlegm/cough
and CAO—can become blurred. Therefore,
the definition of COPD based on airflow
measurements has been qualified with
markers of symptoms based on a
standardized questionnaire, the COPD
Assessment Test (25).

Unfortunately, most histopathological
and genetic studies on human COPD are
conducted using tissues from patients who
have established COPD and in whom tissue
remodeling has already occurred (26).
However, we propose that each of the
endotypes should be considered as a disease
entity with severity grading according to
symptom scores. For example, the “airway”
COPD endotype may be graded as mild
when airway epithelial cells are exposed
to cigarette smoke, biomass smoke, or
other environmental pollutants that in
susceptible individuals lead to chronic
airway inflammation and sustained increase
in numbers of goblet cells and enlarged

Perspective

submucosal glands (27). These chronic
changes to the airway epithelium cause
unabated mucous hypersecretion,
occluding the conducting airways and
causing chronic cough and phlegm
production. This productive cough stage,
characterized by increased production of
mucus, can progress to chronic phlegm
production and cough when the irritation
triggered by neuroendocrine epithelial cells
causes the cough reflex. Over time, these
stages could be accompanied by airway
remodeling (i.e., thickening of the basement
membrane and smooth muscle). This
airway remodeling may reduce the elasticity
of the airways, and increased mucus
production with reduced ciliary clearance
could reduce the airflow and cause the
symptom of wheeze, although the airway
lumen may not constrict as is standard for
patients with asthma. Over time, persistent
inflammation of the small airways could
lead to the destruction of the alveolar
walls, pathologically characterized by the
emphysema. Also, whole-lung computed
tomographic scans suggest that small
airway disease precedes emphysema with
increasing COPD severity (26, 28). The
narrowing and disappearance of small
conducting airways before the onset of
emphysematous destruction was observed
by multidetector computed tomography,
suggesting that airway inflammation and
destruction affect alveolar structures (26).
These findings suggest that over the course
of an adult life, airway inflammation may
affect the underlying course of airway
disease activity and lead to rapid decline
in lung function. Despite these reports,
the mechanisms underlying airway
inflammation leading to the destruction of
alveolar walls are still not understood.

Although this perspective describes the
“airway” endotype and the grading by
severity in more detail, we propose that in the
future, the “endothelial” and “hematopoietic”
endotypes should also be graded on the basis
of disease severity starting at early stages to
better define their phenotypes and symptoms.
At the early stages of the disease, these putative
endotypes may be easier to differentiate.
However, as the disease progresses, other cell
types and structures would be affected that
make the distinction of each endotype more
difficult.

Currently, cessation of causative
exposure is the main effective intervention
strategy for individuals at risk for COPD in
occupational, community-based, or clinical

cohorts. Oxygen supplementation remains
one of the few treatments that can mitigate
morbidity and mortality (29). Furthermore,
currently available therapies are only able
to partially mitigate symptoms; some
ameliorate lung function decline (30) but
do little to alleviate morbidity and mortality
for patients with COPD. New approaches
should be devised by intervening at the
stage of productive cough for the airway
endotype or at the stage of albuminuria
for the endothelial endotype. Also, the
combination of poor lung growth and rapid
decline trajectory of lung function (31) may
place patients with CB at particularly high
risk for developing COPD. To identify
these early stages of disease in individuals
with otherwise normal lung function,
either improved lung imaging techniques
with higher resolution or biomarkers

able to predict disease with more accuracy
preceding lung function decline are
needed. This approach will establish the
relationship between early disease and
destruction of parenchymal alveoli. Samples
from patients with these endotypes can

be interrogated using various technologies
to identify biomarkers of early disease
(Figure 2). The genome can be analyzed
using genome-wide association studies,

the epigenome using chromosome
immunoprecipitation and sequencing
analyses, RNA expression using RNA-
sequencing approaches, the proteome using
matrix-assisted laser desorption/ionization
and aptamer technology, the metabolome
using mass spectrometry, and the
microbiome using DNA sequencing of the
16S subunit of ribosomal RNA. In addition,
it is important that functional studies be
conducted to clarify how representative these
biomarkers are of the endotype and to
determine their relevance to disease
pathogenesis, because detailed understanding
of these mechanisms will provide novel
targets useful to reverse disease before
irreversible damage is established. For
example, genome-wide association studies
found significant association of SNPs within
the FAM13A and EFCAB4A, CHIDI and
AP2A2, RPL31P11, and ATF6 genes with CB
(32). Low levels of circulating CC16 are
associated with increased risk for CB (33),
and a SNP in the TP53 gene modifies Pro72
to Arg by affecting expression of SPDEF
(SAM pointed domain containing Ets
transcription factor) and Bcl-2 and thereby
mucin gene expression (14). More recently,
detailed quantitation of MUC5AC and
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MUCSB protein in sputum predicted CB
with 70-80% accuracy (34). Increased levels
of endothelial cell advanced glycation end
products and receptor for advanced glycation
end products and albuminuria could identify
patients with COPD in whom angiotensin-
converting enzyme inhibitor therapy
improves renal and lung function by reducing
endothelial injury (15). Another study found
enrichment in B cell-related genes in patients
with COPD with emphysema (16).

Future analyses of a combination of
these and other biomarkers will better
identify individuals with each endotype.
These early changes will need to show a

strong correlation with the development of
CAO, because certain patients may yet
maintain their lung function owing to some
of these early inflammatory changes being
able to be compensated by higher peak lung
function attained in adulthood. The ultimate
goal of precision medicine is to provide the
right treatment given at the right time and
tailored to a patient’s individual needs.
Early detection-based biomarkers derived
from “omic” findings are needed for
individual patients with late-stage COPD,
who may present either with a single
endotype or with a combination of
endotypes. Unfortunately, although omic

studies have in part identified reproducible
associations, with minimal effect sizes
(35, 36) the causative role of these
association is far from certain. Therefore,
functional studies to clarify the molecular
mechanisms that lead to disease are
crucially needed and should be supported
to better achieve effective intervention
strategies. ll
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