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ABSTRACT

Chronic obstructive pulmonary disease (COPD) continues to be a leading cause of ill health globally, with a
prevalence of about 10% of the adult population worldwide and is responsible for more than 3.2 million deaths
each year. A 44% increase worldwide in the prevalence of COPD from 1990 to 2010 is evident from the literature,
and smoking is not the only factor responsible for this increase. The etiology of COPD relates to complex
interactions between genetic susceptibility, environmental factors and life course influences. The classic model of
COPD that associates it with smoking-related accelerated lung decline has been replaced by a more comprehensive
model that takes into account polygenic factors, epigenetic changes, lung developmental impairments and
different lung dysfunction trajectories. Recent evidence suggests that 20 to 40% of COPD cases can be found in
people who have never smoked; therefore, the authors that write in the gene-environment-time (GxExT)
framework point to ambient air pollution, biomass fuel, early-life infections and the occupational exposures as the
factors responsible for the disease. On one hand, significant steps have been made in radiology, including
parametric response mapping (PRM), to identify early small airway disease that precedes spirometric obstruction.
On the other hand, biomarkers such as CRP, fibrinogen, eosinophils and sSRAGE provide a means to enhance
diagnostic accuracy and personalize therapy. Apart from inhaled bronchodilators and corticosteroids, treatment
modalities now include precision-based interventions using eosinophil counts, long-term macrolides,
phosphodiesterase-4 inhibitors and emerging biologics. There is also a list of non-pharmacological interventions
that are useful in COPD management, such as pulmonary rehabilitation, lung volume reduction surgery, long-
term oxygen therapy for severe hypoxemia and home non-invasive ventilation to be used selectively. This review
mainly focuses on Gene-Environment-Time (GxExT) Interactions in COPD, revised understanding of lung
function trajectories, pathophysiology, diagnosis and therapeutic approaches of COPD.
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Introduction

Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) was
identified as a major global health problem, mainly
because of its widespread occurrence and rising
incidence, as well as, considerable social and economic

consequences [1]. According to epidemiological

evidence, COPD is responsible for about one-tenth of
the total adult population all over the world and this
burden is getting higher partly due to aging of the
population [2].
An Integrated Paradigm

The concept of chronic obstructive pulmonary
disease (COPD) as one single entity, mainly caused by

1JDDT, Volume 16 Issue 20s, 2026

Pagel


mailto:vijayanv@sbvu.ac.in

Chronic Obstructive Pulmonary Disease: A Review on Gene-Environment-Time (GXExT)
Interactions, Lung Function Trajectories and Clinical Implications

smoking and characterized by accelerated
function decline in older men was considered obsolete

lung

and insufficient [3,4]. To a large extent, recent studies
backed this idea and now they saw COPD as a genetic
disorder with a significant epigenetic contribution [5-
8]. Besides smoking, a number of environmental
factors were also identified as risks, and their influence
was shown to accumulate and interact during the life
span, affecting not only the development, but also the
maintenance, repair and aging of the organ [9].
Beyond Smoking: Gene-Environment-Time
(GxEXT) Interactions in COPD

The analysis of epidemiological data led to the
conclusion that out of the total number of COPD
patients globally 20-40% smokers,
therefore the risk factors other than tobacco exposure
were of greatest concern [10]. Regardless of the fact
that smoking continues to be the main cause, the
additional adverse environmental effects could not be
ignored. Research in a large population-based cohort in
Austria by Kohansal et al, 2019 [11] found that several
environmental factors were not only associated with
deteriorated lung function but also had different
impacts on various age groups and accumulated in a
complicated manner along with increasing age [12].
The authors concluded that just like other chronic
diseases, the cause of COPD cannot be solely attributed
to gene-environment (GxE) interactions. The temporal
dimension, however, turned out to be a very important
element as the same GxE interactions were found to

were never

have different effects at different life stages. This gene-
environment—time (GxXxExT) concept helped to
understand COPD pathogenesis in a more detailed way
and pointed out that research and prevention should be
life course based [13].
Environmental Factors

Besides tobacco smoking that continued to be
the major risk factor for COPD, a few environmental
exposures also blamed for the
development and progression [14,15]. Household air
pollution, particularly from indoor biomass burning,
appeared to be of significance in many residents [16].

In a large Chinese cohort who are never-
smoking, for cooking the solid fuels use was associated
with increased hospital admission risks and mortality
[17]. However, these findings remained inconclusive.
For example, a rural Malawi study (2019) [18]
accredited predominantly to former or
smoking, a history of tuberculosis, or exposure to
carbon monoxide and it didn’t demonstrate measurable
benefits from the adoption of cleaner stoves. These
observations suggested that, the environmental factors

were disease

current

impact in COPD, might have been weaker compared to
tobacco smoking [19].

Ambient air pollutants exposure for long-term
was also reported to influence COPD progression.
Higher levels of fine particulate matter and ambient
ozone were related to CT-detected emphysema
progression more rapidly for over a 15-year period in
the lung study of MESA (Multi-Ethnic Study of
Atherosclerosis). Moreover, faster lung function
decline over 10 years by exposure to ozone was
predicted [20]. Although fatality concerned to fine
particulate matter showed a decline in the past decade
[21], air pollution continued to be associated with
COPD and other non-infectious pulmonary diseases
[22]. Evidence from the London COPD Cohort, which
monitored exacerbations over a 20-year period,
indicated that elevated ambient nitrogen oxides were
linked to an increased risk of subsequent viral-type
exacerbations, which also tended to last longer [23].
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Figure 1: Factors effecting the COPD

Revised Understanding of
Trajectories

The Fletcher and Peto model had traditionally
been elucidated as suggesting that decrease in lung
function began at approximately 25 years of age. This
interpretation, however, represented the original data
misreading. Themselves, the authors had admitted that
childhood experiences resulting in lung function
reduction at peak during adolescence could also
predispose individuals to COPD later in life, even in
the presence of a normal rate of decline [24].

Approximately five years ago, Lange et al,
(2015) [25] revisited this concept in three large
independent cohorts: the Lovelace Smokers Cohort,
the Framingham Offspring Cohort and the Copenhagen
City Heart Study. The findings of Lange et al, (2015)
demonstrated that nearly half of the patients with
COPD followed the classical trajectory of accelerated
decline in lung function described by Fletcher and Peto,
whereas the remaining half of the COPD patients never
attained normal lung function at peak at around 25
years of age and COPD was developed despite a usual

Lung Function
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subsequent decline in rate. These results reflected the
original hypothesis of Fletcher and Peto, which had
been underappreciated in subsequent years.

More recent population-based studies further
revealed that impaired lung development was not
uncommon, being present in approximately 4-12% of
the general population [26-28]. These findings
contributed to the establishment of the lung function
trajectories concept in COPD, highlighting the role of
both early-life lung development and later-life decline
in disease pathogenesis [29].

Studies on Endophenotypes of COPD

COPD was reported to be influenced by both
determinants of exogenous factors and intrinsic factors.
Intrinsic factors primarily comprised genetic [30,31]
and epigenetic influences [32,33], whereas exogenous
factors included a range of non-host determinants [34-
36] such as pathogens and environmental pollutants.
Initially, the researchers mainly focused on a single
candidate gene [37-40] or age group [41,42], which
was usually studied with or without prior association
evidence with COPD.

Several studies converged on the SERPINA1
gene in line with earlier observations [43]. This gene
was responsible for alpha-1 antitrypsin, a neutrophil
elastase inhibitor, whose genetic deficiency was
identified as a monogenic disorder that showed
respiratory features similar to COPD [44]. The
discoveries led to the involvement of intrinsic factors
in the mechanisms of COPD and genetic susceptibility
was highlighted as a determinant of the disease
progression.

Epithelium of Airway

Against the inhaled irritants the role of
epithelium of airway was investigated as the first line
of defence in various studies. Petit et al (2019) [45],
used cell derivatives of well-differentiated airway
epithelium from smokers, non-smokers and COPD

patients, described that the cell signalling of
intracellular calcium was altered in cells from both
COPD patients and smokers. Since intracellular

calcium was essential for regulating mucociliary
clearance, the authors demonstrated that the calcium
channel component ORAI3 (ORAI calcium release—
activated calcium modulator) played a critical role in
this process. Down-regulation of ORAI3 impaired
ciliary beat frequency [46], thereby reducing
mucociliary clearance, a phenomenon frequently
observed in COPD airways.

Similarly, Feldman et al (2019),
employing well-differentiated airway epithelial cells

also

[47], identified signalling of transforming growth
factor-f (TGF-B) through SMAD pathways as a key
regulator of mucous cell differentiation. The epithelial
differentiation was suppressed by this pathway and

functioned as a gatekeeper, suggesting a possible
therapeutic target for limiting hyperplasia of goblet cell
in COPD [48]. However, the dual role of TGF-§ in

airway remodelling and fibrosis raised concerns
regarding the clinical applicability of such an approach.

The significance of the epithelial barrier was
first pointed out in the research work on the effects of
inhaled toxicants. Lin et al (2019) [49] examined
whether vapor of e-cigarette disrupted function of
epithelium in a manner similar to conventional
cigarette smoke. Their findings demonstrated that
vapor of e-cigarette reduced epithelial barrier integrity
and altered ion transport through the cystic fibrosis
trans-membrane regulator (CFTR). Although the
consequences on other ion channels were not explored
[50], these results provided evidence of potentially
harmful consequences associated with e-cigarette
exposure.

With respect to the alveolar epithelium, the
alveolar epithelial type II cells exposure to extract of
cigarette smoke induced the up-regulation of S100A8
(S100 calcium-binding protein A8), which conferred
protection against apoptosis [51]. In contrast, the
down-regulated S100A8 expression was found in cells
derived from emphysema patients, suggesting a
potential defensive role of this molecule in the COPD
pathogenesis [52].

Pathophysiology

Understanding of disease progression COPD
was historically derived from the seminal observations
of Fletcher and Peto. In their prospective study in West
London of approximately 800 men of age 30-59 years,
followed every six months over an eight-year period
beginning in 1961 [53], forced expiratory volume in
one second (FEV:) was shown to decline continuously,
with an accelerated rate of decline observed with aging.
People who did not smoke showed a slow decrease in
their health condition and very rarely developed
obstruction of the airflow. On the other hand, smokers
were divided into two groups, namely "susceptible"
and "non-susceptible." Those non-susceptible smokers
showed a decline in FEV: similar to that of a non-
smoker, while the susceptible group had the decline
happening in a faster way, thus the obstruction of
airflow, disability and premature death were the
consequences of their condition. This pattern set up the
dominant view that inhaling particulate matter
especially, the cigarette smoke was the main reason that
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the age-related decline in lung function of the
individuals who were the most vulnerable to this would
occur faster.

This paradigm was hardly ever disputed until
contemporary long-term studies provided new
perception at the lifetime lung function trajectories and
changed the perception. Lange et al, 2015 identified
three large groups of people, described two major
pathways that could lead to COPD: (i) after
adolescence the attainment of normal peak Ilung
function is followed by an accelerated FEV: decline
and (ii) during the developmental period, failure of
lung function due to reasons of which one is still
oblivious, thus one develops COPD despite
experiencing a normal age-related decline [54]. Studies
on birth and later growth cohorts additionally pointed
out that lung function paths from cradle to early
adulthood were determined by early-life factors that
were mostly manageable like prematurity, passive and
active smoking, recurrent lower respiratory infections
in childhood and asthma persistence. The researchers
emphasized the importance of intervention at an early
age as a way to maximize lung growth and lessen the
risk of COPD during old age [55-58].

At the cellular level, among the epithelium,
basal epithelial cells genetic reprogramming was
considered to be one of the earliest histological changes
after cigarette smoke exposure. Basal epithelial cells,
which are a central organ of the epithelial restructuring
and the lung defense system of the organism [59,60],
showed changes leading to the squamous metaplasia,
the cilia dysfunction, the goblet and the basal cell
hyperplasia and the excessive production of mucus. All
of these changes facilitated the development of a pro-
inflammatory airway microenvironment that was prone
to further damage and infection [61]. The studies of
gene expression in the epithelium of the respiratory
tract from smokers and nonsmokers, smokers with
COPD showed the decrease in the distal parts of the
airway epithelium and increase in the proximal of the
smokers, especially in those with COPD. The
activation of the epidermal growth factor receptor on
the basal cells was implicated in the mediation of this
phenomenon, thus it being a potential therapeutic target
[62].

Cigarette smoke-induced epithelial
reprogramming had a profound effect not only on the
cells of the epithelium but also on the composition of
airway surface liquid, especially its water and mucin
content. As mucins are one of the major products of
goblet cells, appeared to have been
significantly elevated in the sputum samples of COPD

mucins

smokers when compared with the healthy controls and
were linked to the chronic bronchitis phenotype [63].
These results implied that the concentration of mucins
could serve both as a therapeutic target and as a
biomarker. In a normal lung, epithelial cells of the
small airway make two monomeric immunoglobulin
A(IgA) subunits and release them into the lumen
through the polymeric Ig receptor (pIgR) [64]. When
pIgR separates the secretory IgA (SIgA) it provides the
frontline defense against bacterial invasion. Cigarette
smoking decreased pIgR expression and hence,
induced localized SIgA deficiency which in turn led to
increased chances of bacterial infection. The deficiency
caused the activation of nuclear factor-kB leading to
airway inflammation that persisted over time.
Alterations in the airway microbiome were also
reported, potentially explaining why only a subset of
smokers progressed to COPD; however, the specific
microbial drivers and their temporal contributions to
disease progression remained uncertain.

Emerging evidence suggested that bacterial
invasion might act as a trigger for airway remodelling,
which in turn could precede emphysema development.
Contrary to earlier assumptions that small airways
contributed minimally to airway resistance totally [65],
studies from the late of 1960s and early of 1970s
established that in fact, in COPD the increased
resistance of predominant site were small airways.
Structural and functional abnormalities were detectable
even in the absence of overt morphological lung
disease [66]. Histological and computed tomography
(CT) studies further demonstrated narrowing of distal
airway and eventual airway loss during the early stages
of disease, preceding the development of emphysema
[67].
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Figure 2: Pathophysiology of COPD

Diagnosis

COPD remained both  misdiagnosed
frequently and under diagnosed in clinical practice.
Analyses from the National Health and Nutrition
Examination Surveys (NHANES) illustrated that
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individuals of more than 70% with obstruction of
airway chronically on spirometry did not carry a fixed
COPD diagnosis [68]. Similarly, an evaluation across
five health plans revealed that only patients of 32%
with a new presumed COPD diagnosis underwent
spirometry for diagnostic confirmation [69]. In 2016,
the US Preventive Services Task Force reaffirmed its
recommendation against diagnosing asymptomatic
adults with spirometry, citing insufficient confirmation
that screening improved clinical outcomes for long-
term [70]. A prominent warning was that a lot of
patients covered their symptoms by holding back from
exertional activities or by attributing their limitations
to getting older or lack of conditioning. Consequently,
case-finding approaches were increasingly explored in
preference to population-based screening [71]. One
such strategy combined a five-item questionnaire
(CAPTURE: COPD Assessment in Primary Care to
Identify Undiagnosed Respiratory Disease and
Exacerbation Risk) with peak expiratory flow [72].
This practical, affordable tool, under evaluation in
primary care populations proved perceptive and certain
in atrisk patients’ identification suitable for
confirmatory spirometry.

The diagnostic COPD definition required
post-bronchodilator spirometry showing obstruction of
airflow persistently, defined as a FEV/FVC ratio <
lower limit of normal (LLN) but >0.70. Patients
meeting this definition had a 45 years median age and
were vulnerable to heart failure, pneumonia, and
mortality of all-cause related with those without
obstruction of airflow [73]. In an integrated analysis of
four US population-based cohorts (mean age 62.8
years), Bhatt et al (2019) evaluated multiple
FEV/FVC thresholds, including LLN [74], and
reported that 0.71 as best cutoff discriminated
hospitalizations and mortality related to COPD. These
findings supported the use of the fixed 0.70 threshold
to identify at risk individuals of clinically significant
COPD, although the debate between fixed ratio and
LLN thresholds remained unresolved and appeared to
be age dependent.

The 2001 GOLD report had introduced the
category GOLD 0 for individuals with chronic
respiratory symptoms (chronic cough, sputum
production, mucus hypersecretion) but preserved
FEV/FVC >0.70, considering them at risk of
developing obstruction [75]. This classification was
later removed as longitudinal studies showed that such
individuals did not constitute the majority of those who
progressed to COPD [76,77]. Nevertheless, smokers
lacking obstruction but with persistent breathing

symptoms continued to demonstrate substantial
morbidity [78,79]. A related subgroup, termed
preserved ratio impaired spirometry (PRISm), defined
as FEV/FVC >0.70 but FEV, predicted<80%, gained
increasing attention. In the Rotterdam Study, one out of
three persons with PRISm turned to COPD within 4.5
years and both PRISm as well as GOLD stage 2-4
COPD were the causing factors of all-cause mortality
[80]. These results emphasized the necessity for more
research in identifying clinical, demographic and
genetic factors that predispose people with PRISm to
develop COPD and also in assessing if targeted
interventions could change the course of the disease.

It was increasingly acknowledged that
symptoms, exacerbations and chest CT abnormalities
could improve the characterization of lung disease
which is smoking-related even when spirometric
obstruction is absent. In the SPIROMICS cohort, ever-
smokers with preserved FEV/FVC (>0.70) but high
symptom burden [COPD Assessment Test (CAT) >10]
experienced more frequent exacerbations, were less
capable of performing exercise and had airway
thickening seen in CT, compared to those with fewer
symptoms [81]. Importantly, 42% of these
symptomatic patients were already on inhaled
bronchodilators and 23% used inhaled corticosteroids,
although they were not diagnosed with obstruction.
This situation led to the start of a trial sponsored by the
National Institutes of Health to assess the effectiveness
of inhaled bronchodilators in symptomatic smokers
without COPD confirmation by spirometry.

Chest CT has become more and more
informative about subclinical smoking-related lung
diseases [82]. Many ex-smokers with normal
FEV/FVC (=0.70) had radiographic changes,
including emphysema and thickening of the airway
wall, along with an increase in dyspnea, reduction in
exercise capacity and worse respiratory health status as
compared to never-smokers [83]. The results were
suggestive of the fact that the definition based on
guidelines that require airflow obstruction may not
have completely covered the clinical spectrum of
smoking related lung diseases. Moreover, advanced
CT-based techniques like parametric response mapping
(PRM) have made possible for the detection at very
stage. PRM wused paired expiratory and
inspiratory CT scans to classify lung tissue as normal,
emphysematous or non-emphysematous areas with air
trapping, termed functional small airways disease
(fSAD) [84]. In smokers with a lifetime history of
smoking and no obstruction or moderate-to-mild
blockage, PRM fSAD was found to have a much

early
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stronger association with the subsequent decrease in
FEV: over five years than emphysema of PRM ([85].
The pathologic confirmation in diseased lungs taken
out at surgery showed that PRM fSAD was indicative
of bronchiole loss, thickening and
obstruction at the terminal bronchiole level [86]. These
results supported the hypothesis that the loss of small
airways preceded emphysema and spirometric decline
thus, making PRM fSAD a potential biomarker for
early COPD.

Parallel studies explored the use of circulating
biomarkers as diagnostic adjuncts. Biomarkers that
could be changed, independently associated with
outcomes and clinically actionable were regarded as
the best candidates [87]. One of the main predictors of
hospitalizations along with mortality, C-reactive
protein (CRP), was found to be strongly independent of
lung function and it was used to guide antibiotic
administration during exacerbations [88]. High
fibrinogen levels linked with severe
exacerbations, hospitalizations and death [89]. Blood
eosinophils were associated with both the risk of
exacerbation and the response to corticosteroids
[90,91]. The soluble receptor for advanced glycation
end products (SRAGE) gained attention due to its
mechanistic link with emphysema development [92].
Large prospective cohorts were underway to assess the
clinical use of these biomarkers.

Taken together, these results emphasized the
need to integrate spirometry, clinical symptoms,
imaging and biomarkers into diagnostic frameworks.
Here, the COPD Gene investigators, among others,
suggested new diagnostic categories reflecting reality

narrowing,

were

more accurately by including exposure history,
symptoms, CT imaging and spirometry, thus, they
stratified patients as No COPD, Possible COPD,
Probable COPD and Definite COPD [93]. Accelerating
diagnostic certainty correlated with steeper lung
function decline (>350 mL over five years) and higher
all-cause mortality. However, the feasibility of
applying such multidimensional criteria in primary
care or resource limited settings where, spirometry and
CT imaging were often unavailable—remained
uncertain. Moreover, COPD gene participants had
heavier smoking histories and prevalence of
obstruction at higher rate than the community, limiting
generalizability. Population-based  studies
therefore required in future to determine the broader
utility of these revised criteria and to clarify the
predictive value of specific symptoms and imaging
features.
Table 1: Diagnostic Tests Used in COPD

were

Diagnostic Test Purpose / Key Findings
Spirometry Gold standard for
(Post- diagnosis; confirms
Bronchodilator) persistent airflow
obstruction defined as
FEV/FVC <0.70 (or
below LLN). Assesses
severity and progression.
Peak Expiratory Used in case-finding to
Flow (with identify at-risk individuals
CAPTURE in primary care before
Questionnaire) confirmatory spirometry.
Chest CT Scan Detects subclinical lung
disease, emphysema, and
airway wall thickening
even in absence of
spirometric obstruction.
Parametric Advanced CT-based tool
Response Mapping | identifying functional small
(PRM) airways disease (fSAD) an

early marker of COPD
progression.

Blood Biomarkers

C-reactive protein (CRP):
Predicts hospitalization and
mortality.

Fibrinogen: Associated
with severe exacerbations.
Blood eosinophils: Indicate
corticosteroid
responsiveness.

sRAGE: Linked to
emphysema development.

Questionnaires /
Clinical Tools

CAPTURE: COPD
screening tool for primary
care.

COPD Assessment Test
(CAT): Assesses symptom
burden and severity.

Imaging-based

Identifies early structural

Lung Evaluation changes (emphysema,
airway loss) and supports
COPD diagnosis when
spirometry is inconclusive.
Treatment
Pharmacotherapy

In the current years various clinical trials were
conducted to evaluate the inhaler therapies efficacy in
reducing exacerbation rates among patients with
COPD. The FLAME (Effect of Indacaterol-
Glycopyrronium versus Fluticasone-Salmeterol on
COPD Exacerbations) trial demonstrated that a
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combination of LABA/LAMA  (indacaterol—
glycopyrronium) was additionally efficacious than a
combination of LABA/ICS (salmeterol—fluticasone) in
exacerbations prevention [94]. Similarly, the IMPACT
(Informing the Pathway of COPD Treatment) trial
compared triple inhaler therapy - umeclidinium
(LAMA), vilanterol (LABA) and fluticasone furoate
acsy -
fluticasone furoate-vilanterol in patients experiencing
the exacerbations regularly and obstruction of airflow
at moderate [95]. Triple therapy considerably reduced

with either umeclidinium-vilanterol or

the moderate or severe exacerbations rate compared
with either dual regimen. Unlike the FLAME trial,
IMPACT demonstrated considerable reduction of
exacerbation with LABA/ICS compared with
LAMA/LABA. This difference was partly attributed to
study design, as FLAME included a 4-week run-in with
tiotropium, certainly patients are selected who were
stable without ICS. At that time, GOLD
recommendations for group D patients (high symptom
burden and exacerbation risk) included LAMA,
LAMA/LABA, or LABA/ICS as initial choice, with
triple therapy reserved for exacerbations persistently
[96]. Notably, mortality of all-cause also reduced with
triple therapy when compared with LAMA/LABA
[97].

Evidence guiding step-down of ICS therapy in
patients lacking regular exacerbations was limited. The
SUNSET (Study to Understand the Safety and Efficacy
of ICS Withdrawal from Triple Therapy in COPD) trial
evaluated stable patients on triple therapy for long-term
with <I exacerbation in the preceding year. Withdrawal
of ICS led to a modest but notable FEV1 (26 ml)

decline, though exacerbation rates remained
unchanged. Importantly, patients with elevated
eosinophil counts (=300 cells/ul) at baseline

experienced greater lung function decline and more
exacerbations after ICS withdrawal [98]. Findings
from the WISDOM trial aligned with this view, as
higher eosinophil counts were associated with
increased exacerbations after ICS withdrawal [99]. A
secondary analysis of the IMPACT trial, where
eosinophils were considered a continuous variable,
revealed that there was no difference in treatment effect
between triple therapy and LAMA/LABA at eosinophil
counts <100 cells/ul, while at higher counts, the benefit
of ICS increased gradually [100]. These findings led to
the 2019 GOLD recommendations that use blood
eosinophil levels in conjunction with exacerbation
history and symptom burden to determine treatment,
thus representing a move towards precision-based
COPD management [101].

As eosinophilia was linked to the risk of
exacerbations, biologic therapies targeting type 2
inflammation were considered. Clinical trials of
interleukin-5 monoclonal antibodies, like
benralizumab and mepolizumab which are generally
recommended for eosinophilic asthma [102] showed
inconsistent results, with only one study reporting a
decrease in the rate of exacerbations [103]. There were
large trials underway to establish their potential in
COPD management further.

Oral pharmacotherapies were considered in
patients who continued to exacerbate in spite of inhaler
therapy maximally, particularly in those with
eosinophil counts (<100 cells/ul) at low who derived
limited benefit from ICS. Azithromycin prophylaxis
reduced exacerbations in high-risk patients [104],
though benefits were less evident in smokers,
supporting its primary use in ex-smokers [105].
Complications included prolongation of QTc, hearing
loss, and the potential for antibiotic resistance,
warranting close monitoring. Roflumilast, which is a
phosphodiesterase-4 inhibitor, reduced exacerbation
frequency of recurrent exacerbations in patients,
predicted FEV1 <50%, and phenotype of chronic
bronchitis and was recommended in this subgroup
[106].

Beyond pharmacologic  bronchodilation,
skeletal muscle loss was recognized as a contributor to
exacerbation risk and mortality [107-109]. A placebo-
controlled trial of bimagrumab, is a monoclonal
antibody targeting type II activin receptors,
demonstrated increased muscle volume of thigh and
lean body mass for up to 24 weeks in sarcopenic COPD
patients [110]. However, improvements in physical
function were not observed, leaving uncertainty about
whether mass of the muscle gains could interpret into
improved outcomes of respiration.

Table 2: Pharmacological Agents Used in COPD

Mai
Usual ajor
Adverse
. | Dosage
Drug Pharmacologi Range / Drug
Name ¢ Class 8 Reaction
Formul s
G
ation (ADRs)
Tiotropi | Long-Acting Inhalati | Dry
um Muscarinic on: 18 mouth,
Antagonist pgonce | constipat
(LAMA) daily ion,
(Handi | urinary
Haler) retention,
or5pug | glaucom
once arisk
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daily
(Respi
mat)
Glycopyr | LAMA Inhalati | Dry
ronium on: 50 mouth,
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Non-Pharmacological Treatment
Pulmonary Rehabilitation (PR)
PR was established as a complete,

longitudinal mediation that incorporated physical
activity, education and strength training to upgrade the
psychological and physical well-being of the COPD
patients. It was consistently appeared to improve the
functional capacity, increase health-related quality of
life and reduction in hospitalizations. In spite of its
proven efficacy, PR remained underused, largely due to
limited access and low awareness among providers,
patients and payers [111,112]. A large Medicare
beneficiaries cohort study hospitalized for COPD
manifested that within 90 days of discharge with PR
initiation was correlated with reduction in fatality of
all-cause at twelve months compared with no or
delayed initiation [113].
Reduction of Lung Volume

Lung volume reduction surgery (LVRS) was
one of the few surgical options for COPD, based on the
principle that resection of emphysematous lung tissue
permitted expansion of healthier lung regions. LVRS
conferred a benefit of mortality in patients with upper-

lobe—predominant emphysema and poor tolerance to
exercise in spite of prior PR [114,115]. Nevertheless, it
was infrequently performed due to eligibility
restrictions, physician concerns about risks and
accreditation requirements [116,117]. Endobronchial
valves (EBVs) provided a less invasive alternative for
patients ineligible for LVRS. The LIBERATE and
EMPROVE randomized controlled trials evaluated
EBVs in patients with airflow obstruction at severe,
hyperinflation, heterogeneous emphysema and little or
no collateral ventilation [118,119]. Both trials
demonstrated significant improvements in FEVI,
residual volume, respiratory health status and six-
minute walking distance at 6 and 12 months, leading to
FDA approval for selected patients.
Emerging Interventions

Targeted lung denervation (TLD) involved the
use of bronchoscopic radiofrequency ablation to
interrupt pulmonary parasympathetic nerve activity
aimed at reducing broncho-constriction,
secretion and airway inflammation was the focus of

mucus

investigation [120]. In a similar fashion, bronchial
rheoplasty using pulsed electric fields for the ablation
of mucus-producing cells demonstrated at the inception
the reduction of goblet cell hyperplasia and the
improvement of symptoms [121,122]. Nevertheless,
both procedures
randomized trials.
Lung Transplantation

Advanced COPD treatment was still through
lung transplantation, with COPD being the major
worldwide and the second most common cause in the
United States of lung transplantation [123]. The
International ~ Society for Heart and Lung
Transplantation guidelines suggested referral of
patients with a BODE index of 5-6, FEV1 <25%
predicted, disease progression and severe gas exchange
abnormalities. Timing remained a clinical challenge

require confirmation in large

due to the usually long-term course of COPD and
comparatively good survival in the intermediate term,
as opposed to other types of advanced lung diseases
[124].
Oxygen Therapy

Long-term oxygen therapy was perhaps the
first treatment intervention that was proven to
eventually bring about the survival of COPD patients.
The Nocturnal Oxygen Therapy Trial (NOTT, 1980)
showed that the use of oxygen continuously allowed
patients to live longer those with severe hypoxemia at
rest (Pa02 <55 mmHg or SpO2 <88%) or with PaO2
55-60 mmHg in the presence of pulmonary

hypertension, polycythemia, or heart failure
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complications [125]. On the other hand, the Long-Term
Oxygen Treatment Trial (LOTT, 2016) showed that
there was no benefit to survival or decrease of
hospitalizations in patients with moderate hypoxemia
at rest and those with isolated exertional desaturation,
thus pointing to the necessity of having more stringent
criteria for long-term oxygen use [126].

Chronic Non-invasive Ventilation (NIV)

NIV was well established as a life-saving
therapy during acute COPD exacerbations with
hypercapnic respiratory failure. Its role in stable
outpatients with chronic hypercapnia was less clear
[127]. One randomized trial involving patients with
persistent hypercapnia (PaCO2 >53 mmHg) after a
hospitalization for acute hypercapnic respiratory
failure showed that home non-invasive ventilation plus
oxygen improved outcomes compared with oxygen
alone [128]. Reviews of stable COPD populations
highlighted that benefits in quality of life and survival
were seen only when NIV effectively reduced
hypercapnia, with adherence being a major limiting
factor [129].

Table 3: Non-Pharmacological Management of

COPD
Key | Clinica
Mechani | Evid 1 Limitati
Interv sm / ence | Benefit ons /
ention | Descripti / s/ Consider
on Stud | Outco ations
y mes
Pulmo | Compreh | Multi | 1 Underutil
nary ensive ple Exercis | ized due
Rehabi | program | RCTs | e to low
litation | combinin | and capacit | awarenes
(PR) g cohor |y, 1 s, limited
exercise t quality | availabili
training, studi | ofllife, | ty,and
education | es; l lack of
,and large | dyspne | referrals.
psycholo | Medi | a, |
gical care hospita
support cohor | lization
to t s, | 1-
improve show | year
physical ed mortali
and morta | ty.
mental lity
well- reduc
being. tion
with
PR

withi
n 90
days
of
disch
arge.
Lung Surgical NET | Mortali | Limited
Volum | removal T ty eligibility
e of trial benefit | , surgical
Reduct | diseased | and in risk, high
ion emphyse | follo | upper- | cost, and
Surger | matous w-up | lobe— need for
y lung to studi | predom | specializ
(LVRS | allow es. inant ed
) expansio emphys | centers.
n of ema
healthier with
tissue and poor
improve exercis
lung e
mechanic toleran
S. ce
despite
PR.
Endobr | Bronchos | LIBE | 1 Only for
onchial | copic RAT | FEV,, selected
Valves | placemen | Eand | | patients
(EBVs | t of one- EMP | residua | with
) way ROV |1 heteroge
valvesto | E volume | neous
achieve RCTs | ,1 emphyse
targeted exercis | ma and
lung e minimal
volume capacit | collateral
reduction v, 1 ventilatio
without quality | n.
surgery. of life
(6-12
months
).
Targete | Bronchos | Early | Improv | Experime
d Lung | copic phase | ed ntal—
Denerv | radiofreq | clinic | sympto | needs
ation uency al ms and | validatio
(TLD) | ablation trials. | airflow | nin large
to disrupt ; RCTs.
parasymp potenti
athetic al
nerve reducti
input — on in
reduces exacerb
bronchoc ations.

1JDDT, Volume 16 Issue 20s, 2026

Page 20




Chronic Obstructive Pulmonary Disease: A Review on Gene-Environment-Time (GXExT)
Interactions, Lung Function Trajectories and Clinical Implications

onstrictio mode | functio

n, mucus, rate n.

and hypo

inflamma xemi

tion. a.

Bronch | Pulsed Early | | Prelimina Chroni | Positive RCT || Requires
ial electric clinic | Goblet | ry data; ¢ Non- | pressure in Mortali | strict
Rheopl | field al cell larger Invasiv | ventilatio | post- | tyand | adherenc
asty ablation studi | hyperpl | trials e nvia acute | readmi | e;
toreduce | es. asia, | | needed. Ventila | mask to hyper | ssions; | benefits
mucus- mucus tion reduce capni | 1 only in
producin product (NIV) | chronic c quality | hypercap

g goblet ion, hypercap | COP | oflife nic

cells and sympto nia and D if patients.

airway m improve | (PaC | hyperc

remodeli improv gas O apnia

ng. ement. exchange | >53 reduce

Lung Replace ISHL | Improv | Timing mmH | d
Transp | mentof | T ed challengi 2. effectiv
lantatio | one or Guid | surviva | ng; ely.

n both elines | land lifelong

lungs in quality | immunos

end-stage of life uppressio REFERENCES:

COPD. in n and 1 Global Initiative for Chronic Obstructive Lung Disease
advanc | risk of (GOLD). Global strategy for the diagnosis,
ed rejection/ management, and prevention of chronic obstructive
COPD | infection. pulmonary disease.
with 1 Soriano JB, Abajobir AA, Abate KH et al. 2017.
FEV: Global, regional, and national deaths, prevalence,
<25%, disability-adjusted life years, and years lived with
BODE disability for chronic obstructive pulmonary disease
5, and asthma, 1990-2015: a systematic analysis for the
severe Global Burden of Disease Study 2015. Lancet Respir.
gas Med. 5:9691-706.
exchan J  Fletcher C, Peto R. The natural history of chronic
&° airflow obstruction. BMJ 1: 1645-1648, 1977.
abnorm . .
alitics. 4 F.letcher C, Peto .R, Tlnker.(.i, Speizer F. The Natural

Coe [ o (W07 1o | S ol i s Mo
Term us T Mortali | benefit in ’ ’ ' )

Oxyge | oxygen (1980 | ty in moderate Hobbs.BD, de Jong .K, Lamontagne M, BosseY,Shrine
n administr | ): severe | or N, Artigas MS, Wain LV, Hall IP, Jacl.<s.0n VE, Wyss
Therap | ation to Impr | hypoxe | exertiona AB, London SJ, North KE, Franceschini N, Stra(':han
y correct oved | mia; | DP, Beaty TH, Hokanson JE, Crapo JD, Castaldi P.J,
(LTOT | chronic survi | improv | hypoxem Chase RP, Bartz TM, Heckbert SR, Psaty BM, Gharib
) hypoxem | val. es ia; SA, Zanen P, Lammers JW, Oudkerk M, Groen HJ,

ia (PaO: LOT | exercis | adherenc Lf)cantore N, Tal Singer R, Rennard ‘SI, Vestbo J,

<55 T e e and Timens W, ParePD,Latourelle JC, Dupuis J, O’Connor

mmHgor | (2016 | toleran | equipme GT, Wilk JB, Kim WJ, Lee MK, OhYM, Vonk. JM, de

SpO: ):No | ceand |nt Konllng .HJ, Leng S, Behgsky SA, Tesfaigzi Y,

<88%). benef | cogniti | limitation Mam.chal.kul A, Wang XQ, Rich SS.’ Barr RG, Sparrow

itin ve . D, Litonjua AA, Bakke P, Gulsvik A, Lahousse L,

1JDDT, Volume 16 Issue 20s, 2026 Page 21



10.

11.

12.

Chronic Obstructive Pulmonary Disease: A Review on Gene-Environment-Time (GXExT)
Interactions, Lung Function Trajectories and Clinical Implications

Brusselle
Ampleford EJ, Bleecker ER, Woodruff PG, Meyers
DA, Qiao D, Lomas DA, Yim JJ, Kim DK,

GG, Stricker BH, Uitterlinden AG],3. Agusti” A, Faner R. COPD beyond smoking: new

paradigm, novel opportu nities. Lancet Respir Med 6:
324-326, 2018.

Hawrylkiewicz I, Sliwinski P, Hardin M, Fingerlin TE |, 4. Vogelmeier CF, Criner GJ, Martinez FJ, Anzueto A,

Schwartz DA, Postma DS, MacNee W, Tobin MD,
Silverman EK, Boezen HM, Cho MH, Investigators
CO, Investigators E; COPDGene Investigators;
ECLIPSE Investigators; LifeLines Investigators;
SPIROMICS Research Group; International COPD
Genetics Network Investigators;

Investigators;  International =~ COPD  Genetics
Consortium. Genetic loci associated with chronic
obstructive pulmonary disease overlap with loci for
lung function and pulmonary fibrosis. Nat Genet 49:
426-432,2017.

Casas-Recasens S, Noell G, Mendoza N, Lopez-

Giraldo A, Garcia T, Guirao A, Agusti A, Faner R.

Barnes PJ, Bourbeau J, et al. Global strategy for the
diagnosis, management, and prevention of chronic
obstructive lung disease 2017 report: GOLD executive
summary. Am J Respir Crit Care Med 2017;195: 557—
582

UK BILEVEI 5. Singh D, Agusti A, Anzueto A, Barnes PJ, Bourbeau J,

Celli BR, et al. Global strategy for the diagnosis,
management, and prevention of chronic obstructive
lung disease: the GOLD science committee report
2019. Eur Respir J 2019;53:1900164.

16. van Zyl-Smit RN, Balmes JR. Seeing the wood for the

trees: household air pollution and lung disease. Am J
Respir Crit Care Med 2019;199: 264-265.

Lung DNA methylation in COPD: relationship with 7. Chan KH, Kurmi OP, Bennett DA, Yang L, Chen Y, Tan

smoking status and airflow limitation severity. Am J
Respir Crit Care Med.

Morrow JD, Glass K, Cho MH, Hersh CP, Pinto-Plata

V, Celli B, Marchetti N, Criner G, Bueno R, Washko G,
ChoiAMK ,Quackenbush J, Silverman EK, DeMeo DL.

18

Human lung DNA methylation quantitative trait loc1
colocalize with chronic obstructive pulmonary disease
genome wide association loci. Am J Respir Crit Care
Med 197: 1275-1284, 2018.

Qiu W, Baccarelli A, Carey VJ, Boutaoui N,
Bacherman H, Klanderman B, Rennard S, Agusti Al,
Anderson W, Lomas DA, DeMeo DL. Variable DNA
methylation is associated with chronic obstructive pul
monary disease and lung function. Am J Respir Crit
Care Med 185: 373 381, 2012.

Agusti A, Alcazar B, Cosio B, Echave JM, Faner R,
Izquierdo JL, Marin JM, Soler-Catalun™aJJ, Celli B-
Time for a change: anticipating the diagnosis and

treatment of COPD. Eur Respir J 56: 2002104, 2020.

Salvi SS, Barnes PJ. Chronic obstructive pulmonary
disease in non-smok ers. Lancet 374: 733-743, 2009.

Breyer-Kohansal R, Hartl S, Burghuber OC, Urban M2, 1

Schrott A, Agusti A, Sigsgaard T, Vogelmeier C,
Wouters E, Studnicka M, Breyer MK. The LEAD
(Lung, Heart, Social, Body) Study: Objectives,
Methodology, and External Validity of the Population-
Based Cohort Study. J Epidemiol 29: 315-324, 2019.
Breyer-Kohansal R, Faner R, Breyer M-K, Ofenheimer
A, Schrott A, Studnicka M, Wouters EFM, Burghuber
OC, Hartl S, Agusti A. Factors associated with low lung
function in different age bins in the general popula tion,
Am J Respir Crit Care Med 202: 292-296.

Y, et al.; China Kadoorie Biobank Collaborative
Group. Solid fuel use and risks of respiratory diseases:
a cohort study of 280,000 Chinese never smokers. Am
J Respir Crit Care Med 2019;199:352-361.

. Nightingale R, Lesosky M, Flitz G, Rylance SJ, Meghji

J, Burney P, et al. Noncommunicable respiratory
disease and air pollution exposure in Malawi (CAPS):
a cross-sectional study. Am J Respir Crit Care Med
2019;199:613-621.

9. Perez-Padilla R. Household air pollution: consider

lifelong exposure. Am J Respir Crit Care Med
2019;199:553-555 69. Burnett RT, Pope CA 111, Ezzati
M, Olives C, Lim SS, Mehta S, et al. An integrated risk
function for estimating the global burden of disease
attributable to ambient fine particulate matter
exposure. Environ Health Perspect 2014;122:397—403.

0. Wang M,Aaron CP,Madrigano J, Hoffman EA,

Angelini E, Yang J, et al. Association between long-
term exposure to ambient air pollution and change in

quantitatively assessed emphysema and lung function.
JAMA 2019;322:546-556.

Cromar KR, Gladson LA, Ewart G. Trends in excess
morbidity and mortality associated with air pollution

above American Thoracic Society-recommended

standards, 2008-2017. Ann Am Thorac Soc
2019;16:836-845.
22. Annesi-Maesano 1. Air pollution and chronic

obstructive pulmonary disease exacerbations: when
prevention becomes feasible. Am J Respir Crit Care
Med 2019;199:547-548.

3. Pfeffer PE, Donaldson GC, Mackay AJ, Wedzicha JA.

Increased chronic obstructive pulmonary disease
exacerbations of likely viral etiology follow elevated

1JDDT, Volume 16 Issue 20s, 2026

Page 22



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chronic Obstructive Pulmonary Disease: A Review on Gene-Environment-Time (GXExT)
Interactions, Lung Function Trajectories and Clinical Implications

ambient nitrogen oxides. Am J Respir Crit Care Med35.
2019;199:581-591.

Fletcher C, Peto R. The natural history of chronic
airflow obstruction. BMJ 1: 1645-1648, 1977. 36.
Lange P, Celli B, Agusti” A, Boje Jensen G, Divo M,
Faner R, Guerra S, Marott JL, Martinez FD, Martinez-
Camblor P, Meek P, Owen CA, Petersen H, Pinto-Plata

V, Schnohr P, Sood A, Soriano JB, Tesfaigzi Y, Vestbo37,

J. Lung-function trajectories leading to chronic
obstructive pulmonary disease. N Engl J Med 373:
111-122,2015.

Agusti A, Faner R. Lung function trajectories in health3§,
and disease. Lancet Respir Med 7: 358-364, 2019.

Bui DS, Lodge CJ, Burgess JA, Lowe AJ, Perret J, Bui
MQ, Bowatte G, Gurrin L, Johns DP, Thompson BR,
Hamilton GS, Frith PA, James AL, Thomas PS, Jarvis
D, Svanes C, Russell M, Morrison SC, Feather I, Allen

. Milanzi EB, Gehring U. Detrimental effects of air
pollution on adult lung function. Eur Respir J
2019;54:1901122.

Linden D, Guo-Parke H, Coyle PV, Fairley D,
McAuley DF, Taggart CC, et al. Respiratory viral
infection: a potential “missing link” in the pathogenesis
of COPD. Eur Respir Rev 2019;28:180063

Henkel M, Partyka J, Gregory AD, Forno E, Cho MH,
Eddens T, et al. FSTL-1 attenuation causes
spontaneous smoke-resistant pulmonary emphysema.
Am J Respir Crit Care Med 2020;201:934-945

Ortega VE, Li X, O’Neal WK, Lackey L, Ampleford E,
Hawkins GA, et al.; NHLBI Subpopulations and
Intermediate Outcomes Measures in COPD Study
(SPIROMICS). The effects of rare SERPINA1 variants
on lung function and emphysema in SPIROMICS. Am
J Respir Crit Care Med 2020;201:540-554.

KJ, Wood-Baker R, Hopper J, Giles GG, Abramson39, Doherty DF, Nath S, Poon J, Foronjy RF, Ohlmeyer M,

MJ, Walters EH, Matheson MC, Dharmage SC.
Childhood predictors of lung function trajectories and
future COPD risk: a prospective cohort study from the
first to the sixth decade of life. Lancet Respir Med 64 ().
535-544,2018.

Martinez FD. Early-life origins of chronic obstructive
pulmonary disease. NEnglJMed375:871-878,2016.
Agusti” A, Hogg JC. Update on the pathogenesis of
chronic obstructive pul monary disease. N Engl ] Med41 .
381: 1248-1256, 2019.

Ragland MF, Benway CJ, Lutz SM, Bowler RP, Hecker

J, Hokanson JE, et al. Genetic advances in chronic
obstructive pulmonary disease: insights from
COPDGene. Am J Respir Crit Care Med 2019;2004 2.
677-690.

Regan EA, Hersh CP, Castaldi PJ, DeMeo DL,
Silverman EK, Crapo JD, et al. Omics and the search
for blood biomarkers in chronic obstructive pulmonary
disease: insights from COPDGene. Am J Respir Cel4 3,
Mol Biol 2019;61:143-149

Devadoss D, Long C, Langley RJ, Manevski M, Nai4 4,
M, Campos MA, et al. Long noncoding transcriptome

in chronic obstructive pulmonary disease. Am J Respir
Cell Mol Biol 2019;61:678—-688.

Hobbs BD, Tantisira KG. MicroRNAs in COPD: small
molecules with big potential. Eur Respir J45
2019;53:1900515.

Annesi-Maesano 1. Air pollution and chronic
obstructive pulmonary disease exacerbations: when
prevention becomes feasible. Am J Respir Crit Care
Med 2019;199:547-548. 46.

Dabo AlJ, et al. Protein Phosphatase 2A reduces
cigarette smoke-induced cathepsin S and loss of lung
function. Am J Respir Crit Care Med 2019;200:51-62.

Castaldi PJ, Guo F, Qiao D, Du F, Naing ZZC, LiY, et
al. Identification of functional variants in the FAM13A
chronic obstructive pulmonary disecase genome-wide
association study locus by massively parallel reporter
assays. Am J Respir Crit Care Med 2019;199:52—61.
de Vries M, van der Plaat DA, Nedeljkovic I, van der
Velde KJ, Amin N, van Duijn CM, et al. Novel rare
genetic variants associated with airflow obstruction in
the general population. Am J Respir Crit Care Med
2020;201:485-488.

Mount S, Cirillo E, Stewart K, Coort S, Evelo CT,
Wesselius A, et al. Network analysis of genome-wide
association studies for chronic obstructive pulmonary
disease in the context of biological pathways. Am J
Respir Crit Care Med 2019;200:1439—-1441.

Silverman EK. Genetics of COPD. Annu Rev Physiol
2020;82:413-431.

Miravitlles M, Dirksen A, Ferrarotti I, Koblizek V,
Lange P, Mahadeva R, et al. European Respiratory
Society statement: diagnosis and treatment of
pulmonary disease in al-antitrypsin deficiency. Eur
Respir J 2017;50:1700610.

. Petit A, Knabe L, Khelloufi K, Jory M, Gras D, Cabon
Y, et al. Bronchial epithelial calcium metabolism
impairment in smokers and chronic obstructive
pulmonary disease: decreased ORAI3 signaling. Am J
Respir Cell Mol Biol 2019;61:501-511.

Wittekindt OH. CRACking the beat of cilia: calcium
rocks. Am J Respir Cell Mol Biol 2019;61:410—411.

1JDDT, Volume 16 Issue 20s, 2026

Page 23



47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Chronic Obstructive Pulmonary Disease: A Review on Gene-Environment-Time (GXExT)
Interactions, Lung Function Trajectories and Clinical Implications

. Feldman MB, Wood M, Lapey A, Mou H. SMAD
signaling restricts mucous cell differentiation in human
airway epithelium. Am J Respir Cell Mol Bio39.
2019;61:322-331.

Britto CJ, Cohn L. Escalating mucus inhibition to the

top of our priorities. Am J Respir Cell Mol Biol
2019;61:275-276. 60.
Lin VY, Fain MD, Jackson PL, Berryhill TF, Wilson
LS, Mazur M, et al. Vaporized E-cigarette liquids
induce ion transport dysfunction in airway epithelia.
Am J Respir Cell Mol Biol 2019;61:162—173.

the sixth decade of life. Lancet Respir. Med. 6:7535—
44.

Heijink IH, Noordhoek JA, Timens W et al. 2014.
Abnormalities in airway epithelial junction formation
in chronic obstructive pulmonary disease. Am. J.
Respir. Crit. Care Med. 189:111439-42.

Staudt MR, Buro-Auriemma LJ, Walters MS et al.
2014. Airway basal stem/progenitor cells have
diminished capacity to regenerate airway epithelium in
chronic obstructive pulmonary disease. Am. J. Respir.
Crit. Care Med. 190:8955-58.

Gaurav R. Vaping away epithelial integrity. Am J61. Burgel PR, Bourdin A, Chanez P etal. 2011. Update on

Respir Cell Mol Biol 2019;61:127-129.
Lin CR, Bahmed K, Criner GJ, Marchetti N, Tuder

RM, Kelsen S, et al. SI00A8 protects human primary62-

alveolar type II cells against injury and emphysema.
Am J Respir Cell Mol Biol 2019;60: 299-307.

Wiegman CH, Michaeloudes C, Haji G, Narang P,
Clarke CJ, Russell KE, et al.; COPDMAP. Oxidative63.
stress-induced  mitochondrial ~ dysfunction drives
inflammation and airway smooth muscle remodeling in
patients with chronic obstructive pulmonary disease. J64.
Allergy Clin Immunol 2015;136:769—-780.35. Zheng
M, Hong W, Gao M,YiE, Zhang J, Hao B, et al. Long
noncoding RNA COPDA1 promotes airway smooth
muscle cell proliferation in chronic obstructivegs.
pulmonary disease. Am J Respir Cell Mol Biol
2019;61:584-596.

Fletcher C, Peto R. 1977. The natural history of chronic
airflow obstruction. Br. Med. J. 1:60771645-48 66.
Lange P, Celli B, Agusti A et al. 2015. Lung-function
trajectories leading to chronic obstructive pulmonary
disease. N. Engl. J. Med. 373:2111-22. 67.

Den Dekker HT, Jaddoe VWV, Reiss IK et al. 2018.
Fetal and infant growth patterns and risk of lower lung
function and asthma. Am. J. Respir. Crit. Car e Med.
197:2183-92. 68.
Belgrave DCM, Granell R, Turner SW et al. 2018.
Lung function trajectories from pre-school age to
adulthood and their associations with early life factors:

a retrospective analysis of three population-based birth§9,
cohort studies. Lancet Respir. Med. 6:7526-34.

Casas M, Den Dekker HT, Kruithof CJ etal. 2018. The
effect of early growth patterns and lung function on the7(),
development of childhood asthma: a population based
study. Thorax 73:121137-45.

Bui DS, Lodge CJ, Burgess JA et al. 2018. Childhood

the roles of distal airways in COPD. Eur. Respir. Rev.
20:1197-22.

ang J, Zuo WL, Fukui T et al. 2017. Smoking-
dependent distal-to-proximal repatterning of the adult
human small airway epithelium. Am. J. Respir. Crit.
Care Med. 196:3340-52

. Kesimer M, Ford AA, Ceppe A et al. 2017. Airway
mucin concentration as a marker of chronic bronchitis.
N. Engl. J. Med. 377:10911-22.

Martinez FJ, Han MK, Allinson JP et al. 2018. At the
root: defining and halting progression of early chronic
obstructive pulmonary disease. Am. J. Res pir. Crit.
Care Med. 197:121540-51

Hogg JC, Par¢ PD, Hackett TL 2017. The contribution
of small airway obstruction to the pathogenesis of
chronic obstructive pulmonary disease. Phy siol. Rev.
97:2529-52

Hogg JC, Macklem PT, Thurlbeck WM 1968. Site and
nature of airway obstruction in chronic obstructive
lung disease. N. Engl. J. Med. 278:251355-60
McDonough JE, Yuan R, Suzuki M et al. 2011. Small-
airway obstruction and emphysema in chronic
obstructive pulmonary disease. N. Engl. J. Med. 3
65:171567-75

Martinez CH, Mannino DM, Jaimes FA et al. 2015.
Undiagnosed obstructive lung disease in the United
States. Associated factors and long-term mort ality.
Ann. Am. Thorac. Soc. 12:121788-95

Han MLK, Min GK, Mardon R et al. 2007. Spirometry
utilization for COPD: How do we measure up. Chest
132:2403-9

Siu AL, Bibbins-Domingo K, Grossman DC et al.
2016. Screening for chronic obstructive pulmonary
disease: US Preventive Services Task Force
recommendation statement. JAMA 315:131372-77

predictors of lung function trajectories and future71. Labaki WW, Han MLK. 2018. Improving detection of

COPD risk: a prospective cohort study from the first to

early chronic obstructive pulmonary disease. Ann. Am.
Thorac. Soc. 15:Suppl. 4524348

1JDDT, Volume 16 Issue 20s, 2026

Page 24



72.

73.

74.

75

76.

77.

78.

79.

80.

81.

82.

83

&4.

Chronic Obstructive Pulmonary Disease: A Review on Gene-Environment-Time (GXExT)
Interactions, Lung Function Trajectories and Clinical Implications

Martinez FJ, Mannino D, Leidy NK et al. 2017. A new&85. Bhatt SP, Soler X, Wang X et al. 2016. Association

approach for identifying patients with undiagnosed
chronic obstructive pulmonary disease. Am. J. Respir.
Crit. Care Med. 195:6748-56.

Colak Y, Afzal S, Nordestgaard BG et al. 2018. Young86.

and middle-aged adults with airflow limitation
according to lower limit of normal but not fixed r atio
have high morbidity and poor survival: a population-
based prospective cohort study. Eur. Respir. J.
51:31702681

Bhatt SP, Balte PP, Schwartz JE et al. 2019.
Discriminative accuracy of FEV1:FVC thresholds for

COPD-related hospitalization and mortality. JAMA 3288.

1:242438-47.

. Pauwels RA, Buist AS, Calverley PMA et al. 2001.

Global strategy for the diagnosis, management, and
prevention of chronic obstructive pulmonary di sease.
Am. J. Respir. Crit. Care Med. 163:51256-76

Rabe KF, Hurd S, Anzueto A et al. 2007. Global

87.

between functional small airway disease and FEV1
decline in chronic obstructive pulmonary diseas e. Am.
J. Respir. Crit. Care Med. 194:2178-84

Vasilescu DM, Martinez FJ, Marchetti N et al. 2019.

Noninvasive imaging biomarker identifies small
airway damage in severe chronic obstructive pul
monary disease. Am. J. Respir. Crit. Care Med.
200:5575-81.

Sin DD, Vestbo J. 2009. Biomarkers in chronic
obstructive pulmonary disease. Proc. Am. Thorac. Soc.
6:6543-45.

Dahl M, Vestbo J, Lange P et al. 2007. C-reactive

protein as a predictor of prognosis in chronic
obstructive pulmonary disease. Am. J. Respir. Crit. Car
e Med. 175:3250-55, 44. Butler CC, Gillespie D,
White P et al. 2019. C-reactive protein testing to guide
antibiotic prescribing for COPD exacerbations. N.
Engl. J. Med. 381:2111-20.

strategy for the diagnosis, management, and prevention89. Mannino D, Tal-Singer R, Lomas D et al. 2014. Plasma

of chronic obstructive pulmonary disease: G OLD
executive summary. Am. J. Respir. Crit. Care Med.
176:6532-55.

fibrinogen as a biomarker for mortality and
hospitalized exacerbations in people with COPD. C
hronic Obstr. Pulm. Dis. 2:123-34

Mannino DM. 2006. GOLD stage 0 COPD: Is it real?90. Vedel-Krogh S, Nielsen SF, Lange P et al. 2016. Blood

Does it matter. Chest 130:2309-10.

Tan WC, Bourbeau J, Hernandez P et al. 2014.
Exacerbation-like respiratory symptoms in individuals
without chronic obstructive pulmonary diseas e: results
from a population-based study. Thorax 69:8709—17.
Martinez CH, Kim V, Chen Y et al. 2014. The clinical
impact of non-obstructive chronic bronchitis in current
and former smokers. Respir. Med. 108:349 1-99
Wijnant SRA, de Roos E, Kavousi M et al. 2020.

eosinophils and exacerbations in chronic obstructive
pulmonary disease: the Copenhagen Gen eral
Population Study. Am. J. Respir. Crit. Care Med.
193:9965-74.

91. Pascoe S, Bamnes N, Brusselle G et al. 2019. Blood

eosinophils and treatment response with triple and dual
combination therapy in chronic obstructi ve pulmonary
disease: analysis of the IMPACT trial. Lancet Respir.
Med. 7:9745-56.

Trajectory and mortality of preserved ratio impaired92. Yonchuk JG, Silverman EK, Bowler RP et al. 2015.

spirometry: the Rotterdam study. Eur. Respir. J. 5
5:11901217

Woodruff PG, Barr RG, Bleecker E et al. 2016. Clinical
significance of symptoms in smokers with preserved

Circulating soluble receptor for advanced glycation
end products (sSRAGE) as a biomarker of emph ysema
and the RAGE axis in the lung. Am. J. Respir. Crit.
Care Med. 192:7785-92

pulmonary function. N. Engl. J. Med. 374:191811-219. 3. Lowe KE, Regan EA, Anzueto A et al. 2019.

Mets OM, Buckens CFM, Zanen P et al. 2011.
Identification of chronic obstructive pulmonary disease
in lung cancer screening computed tomographi ¢ scans.

JAMA 306:161775-81.

Clinical and radiologic disease in smokers with normal
spirometry. JAMA Intern. Med. 175:91539-49.

94.
. Regan EA, Lynch DA, Curran-Everett D et al. 2015.

COPDGene 2019: redefining the diagnosis of chronic
obstructive pulmonary disease. Chronic Obstr. Pul m.
Dis. 6:5384-99

Wedzicha JA, Banerji D, Chapman KR et al. 2016.
Indacaterol-glycopyrronium  versus salmeterol-
fluticasone for COPD. N. Engl. J. Med. 374:232222—
34

Galban CJ, Han MK, Boes JL et al. 2012. Computed95' Lipson DA, Barnhart F, Brealey N et al. 2018. Once-

tomography-based biomarker provides unique
signature for diagnosis of COPD phenotypes and
disease progression. Nat. Med. 18:111711-15.

daily single-inhaler triple versus dual therapy in
patients with COPD. N. Engl. J. Med. 378:181671-80

1JDDT, Volume 16 Issue 20s, 2026

Page 25



Chronic Obstructive Pulmonary Disease: A Review on Gene-Environment-Time (GXExT)
Interactions, Lung Function Trajectories and Clinical Implications

96. Singh D, Agusti A, Anzueto A et al. 2019. Global 07.
strategy for the diagnosis, management, and prevention

Swallow EB, Reyes D, Hopkinson NS et al.

of chronic obstructive lung disease: the GOL D science
committee report 2019. Eur. Respir. J. 53:51900164

97. Lipson DA, Crim C, Criner GJ et al. 2020. Reduction108.

in all-cause mortality with fluticasone
furoate/umeclidinium/vilanterol in COPD patients.
Am. J. R espir. Crit. Care Med. 201:121508-16
98. Chapman KR, Hurst JR, Frent SM et al. 2018. Long-
term triple therapy de-escalation
indacaterol/glycopyrronium in patients with chronic
ive pulmonary disease (SUNSET): a
randomized, double-blind, triple-dummy clinical trial.
Am. J. Respir. Crit. Care Med. 198:3329-39

obstruct

99. Watz H, Tetzlaff K, Wouters EFM et al. 2016. Blood110.

eosinophil count and exacerbations in severe chronic

obstructive pulmonary disease after withdra wal of

inhaled corticosteroids: a post-hoc analysis of the
WISDOM trial. Lancet Respir. Med. 4:5390-98

100.
Blood eosinophils and treatment response with triple
and dual combination therapy in chronic obstructi ve
pulmonary disease: analysis of the IMPACT trial.
Lancet Respir. Med. 7:9745-56

101. Singh D, Agusti A, Anzueto A et al. 2019.

Global strategy for the diagnosis, management, and112.

prevention of chronic obstructive lung disease: the
GOL D science committee report 2019. Eur. Respir. J.
53:51900164.

102.
2020. Blood eosinophil counts in clinical trials for
chronic obstructive pulmonary disease. Am. J. Respir.
Cri t. Care Med. 202:5660-71

103. Pavord ID, Chanez P, Criner GJ et al. 2017.

Mepolizumab for eosinophilic chronic obstructivel 14.

pulmonary disease. N. Engl. J. Med. 377:171613-29
63. Criner GJ, Celli BR, Brightling CE et al. 2019.
Benralizumab for the prevention of COPD
exacerbations. N. Engl. J. Med. 381:111023-34

104. Albert RK, Connett J, Bailey WC et al. 2011.

Azithromycin for prevention of exacerbations of

COPD. N. Engl. J. Med. 365:8689-98
105.
Predictors of chronic obstructive pulmonary disease
exacerbation reduction in response to daily azithromyc

in therapy. Am. J. Respir. Crit. Care Med. 189:121503—

8
106.
2009. Roflumilast in symptomatic chronic obstructive

pulmonary disease: two randomised clinical trials.
Lancet 374:9691685-94.

t0109.

Pascoe S, Barnes N, Brusselle Getal. 20191. 11.

Singh D, Bafadhel M, Brightling CE et all. 13.

115.

Han MLK, Tayob N, Murray S et al. 20141. 16.

Calverley PM, Rabe KF, Goehring UM et all. 17.

2007. Quadriceps strength predicts mortality in
patients with moderate to severe chronic obstructive
pul monary disease. Thorax 62:2115-20

Marquis K, Debigaré R, Lacasse Y et al. 2002.
Midthigh muscle cross-sectional area is a better
predictor of mortality than body mass index in patients
with chronic obstructive pulmonary disease. Am. J.
Respir. Crit. Care Med. 166:6809—13

Greening NJ, Harvey-Dunstan TC, Chaplin
EJ et al. 2015. Bedside assessment of quadriceps
muscle by ultrasound after admission for acute exacerb
ations of chronic respiratory disease. Am. J. Respir.
Crit. Care Med. 192:7810-16

Polkey MI, Praestgaard J, Berwick A et al.

2019. Activin type Il receptor blockade for treatment of
muscle depletion in chronic obstructive pulmonary
disease: a randomized trial. Am. J. Respir. Crit. Care
Med. 199:3313-20

Rochester CL, Vogiatzis I, Holland AE et al.
2015. An official American Thoracic Society/European
Respiratory Society policy statement: enhancing im
plementation,
rehabilitation. Am. J. Respir.
192:111373-86
Nishi SPE, Zhang W, Kuo YF et al. 2016.
Pulmonary rehabilitation utilization in older adults
with chronic obstructive pulmonary disease, 2003 to
201 2. J. Cardiopulm. Rehabil. Prev. 36:5375-82

Lindenauer PK, Stefan MS, Pekow PS et al.
2020. Association between initiation of pulmonary
rehabilitation after hospitalization for COPD and 1-yea
r survival among medicare beneficiaries. JAMA
323:181813-23
Fishman A, Martinez F, Naunheim K et al.
2003. A randomized trial comparing lung-volume-
reduction surgery with medical therapy for severe
emphysema. N. Engl. J. Med. 348:212059-73
van Agteren JEM, Carson KV, Tiong LU et al.
2016. Lung volume reduction surgery for diffuse
Database Rev.

use, and delivery of pulmonary

Crit. Care Med.

emphysema.  Cochrane
2016:10CDO0 01001

Decker MR, Leverson GE, Jaoude WA et al.
2014. Lung volume reduction surgery since the
National Emphysema Treatment Trial: Study of
Society of Thoracic Surgeons Database. J. Thorac.
Cardiovasc. Surg. 148:62651-2658.¢1

Criner GJ, Cordova F, Sternberg AL et al.
2011. The National Emphysema Treatment Trial
(NETT). Part II: Lessons learned about lung volume

Syst.

1JDDT, Volume 16 Issue 20s, 2026

Page 26



Chronic Obstructive Pulmonary Disease: A Review on Gene-Environment-Time (GXExT)
Interactions, Lung Function Trajectories and Clinical Implications

reductio n surgery. Am. J. Respir. Crit. Care Med]. 28,

184:8881-93

118. Criner GJ, Sue R, Wright S et al. 2018. A
multicenter randomized controlled trial of zephyr
endobronchial valve treatment in heterogeneous

emphyse ma (LIBERATE). Am. J. Respir. Crit. Care]29,

Med. 198:91151-64

119. Criner GJ, Delage A, Voelker K et al. 2019.
Improving lung function in severe heterogenous
emphysema with the spiration valve system
(EMPROVE). A multicenter, open-label randomized
controlled clinical trial. Am. J. Respir. Crit. Care Med.
200:111354-62

120. Slebos DJ, Shah PL, Herth FJF et al. 2019.
Safety and adverse events after targeted lung
denervation for symptomatic moderate to severe
chronic ob structive pulmonary disease (AIRFLOW).
A multicenter randomized controlled clinical trial. Am.
J. Respir. Crit. Care Med. 200:121477-86

121. Valipour A, Ing A, Williamson JP et al. 2019.
First-in-human results of bronchial rheoplasty: an
endobronchial treatment for chronic bronchitis (CB).
Am. J. Respir. Crit. Care Med. 199:A7037 Abstr.)

122. Valipour A, Ing A, Williamson J et al. 2018.
Late breaking abstract—first-in-human results of
bronchial rheoplasty: an endobronchial treatment for
ch ronic bronchitis (CB). Eur. Respir. J. 52:0A2162
(Abstr.)

123. Siddiqui FM, Diamond JM. 2018. Lung
transplantation for chronic obstructive pulmonary
disease: past, present, and future directions. Curr. Opin.
Pu Im. Med. 24:2199-204

124. Weill D, Benden C, Corris PA et al. 2015. A
consensus document for the selection of lung transplant
candidates: 2014—an update from the Pulmonar y
Transplantation Council of the International Society
for Heart and Lung Transplantation. J. Heart Lung
Transplant. 34:11-15

125. Kvale PA, Conway WA, Coates EO 1980.
Continuous or nocturnal oxygen therapy in hypoxemic
chronic obstructive lung disease. A clinical trial. Ann. I
ntern. Med. 93:3391-98

126. Albert RK, Au DH, Blackford AL et al. 2016.
A randomized trial of long-term oxygen for COPD with
moderate desaturation. N. Engl. J. Med. 375:171617-
27

127.

Noninvasive

Coleman JM, Wolfe LF, Kalhan R 2019.
ventilation in chronic obstructive
pulmonary disease. Ann. Am. Thorac. Soc. 16:91091—
98

Murphy PB, Rehal S, Arbane G et al. 2017.
Effect of home noninvasive ventilation with oxygen
therapy versus oxygen therapy alone on hospital read
mission or death after an acute COPD exacerbation: a
randomized clinical trial. JAMA 317:212177-86
DiPiro, Joseph T., ed. Pharmacotherapy: A
Pathophysiologic Approach. 11th edition. New York:
McGraw Hill Medical, 2020. Print.

1JDDT, Volume 16 Issue 20s, 2026

Page 27



	An Integrated Paradigm
	Beyond Smoking: Gene-Environment-Time (GxExT) Interactions in COPD
	Environmental Factors
	Figure 1: Factors effecting the COPD
	Studies on Endophenotypes of COPD
	Epithelium of Airway
	Pathophysiology
	Figure 2: Pathophysiology of COPD Diagnosis
	Table 1: Diagnostic Tests Used in COPD
	Treatment Pharmacotherapy
	Table 2: Pharmacological Agents Used in COPD
	Non-Pharmacological Treatment Pulmonary Rehabilitation (PR)
	Reduction of Lung Volume
	Emerging Interventions
	Lung Transplantation
	Oxygen Therapy
	Chronic Non-invasive Ventilation (NIV)
	Table 3: Non-Pharmacological Management of COPD

