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OR ALMOST 50 YEARS, SINCE FLETCHER AND PETO REPORTED THEIR SEMI-

nal observations in young working men in London,' chronic obstructive

pulmonary disease (COPD) has been widely accepted as a self-inflicted condi-
tion caused by tobacco smoking. The classic concept was that in susceptible per-
sons, smoking elicits an abnormal inflammatory response? that damages the
airways (bronchitis—bronchiolitis) and alveoli (emphysema), accelerates the physio-
logic decline of lung function with age, and leads to airflow limitation and
chronic respiratory symptoms, which are difficult to reverse and may periodically
be manifested as exacerbations.? As a result, today the diagnosis of COPD relies
on the presence of airflow limitation in smokers that is difficult to reverse, and
treatment is largely directed toward improving airflow and ameliorating symp-
toms and exacerbations with the use of bronchodilators with or without inhaled
glucocorticoids.® Several recent observations, however, challenge this traditional
and seemingly straightforward pathogenic paradigm.

First, although tobacco smoking is the key environmental risk factor for COPD,
about a third of affected patients worldwide are nonsmokers; other environmental
pollutants, such as smoke from biomass fuel used for cooking and heating, are
also major environmental risk factors for COPD in many places around the globe.*
Second, comorbid conditions are highly prevalent among patients with COPD but
are largely unrelated to lung function.” Therefore, COPD can be seen as the pul-
monary component of a systemic and multimorbid syndrome.°

Third, we now know that COPD is not always a self-inflicted disease. In healthy
persons, lung function, as measured by the forced expiratory volume in 1 second
(FEV)), reaches a peak at about 20 years of age, followed by a relatively short pla-
teau and a steady decline thereafter. Yet there is a range of lung-function trajecto-
ries throughout life (Fig. 1).”° For instance, between 4% and 12% of persons in the
general population do not have an FEV, peak that is in the predicted normal range
for their age and sex, and many of those persons have chronic airflow limitation
later in life, even though the rate of decline in FEV, after its peak is similar to that
observed in people without disease.” These persons also have a higher prevalence
and an earlier incidence, by about a decade, of coexisting cardiac and metabolic
disorders, as well as an increased risk of premature death.® These observations
indicate that a failure to reach the predicted level of peak lung function (as mea-
sured by FEV)) in early adulthood identifies a group of high-risk persons with
disordered development of lung function (and other organ systems), which might
have been preventable or treatable had it been better understood."

Finally, the diagnosis of COPD currently requires spirometric confirmation of
airflow limitation. Therefore, smokers with normal spirometric findings but
chronic respiratory symptoms and exacerbations!? or computed tomographic (CT)
evidence of lung disease such as emphysema are not considered to have COPD and
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Figure 1. Lung-Function Trajectories from Birth to Death.

Two main biologic mechanisms can lead to chronic obstructive pulmonary disease (COPD) in adulthood: abnormal
lung development and an increased rate of lung-function decline with age. These mechanisms can coexist. In some
persons with below-normal lung function in childhood, a catch-up phase may occur during puberty. Persons with
supranormal lung function in early adulthood may lose lung function over time (e.g., by smoking) but nonetheless
in late adulthood may have pseudonormal spirometric findings (i.e., findings that appear normal despite the pres-
ence of symptoms or evidence of structural lung damage such as emphysema). Adapted from Agusti and Faner.?

hence do not receive evidence-based treatment
for it These persons may well belong to the
supranormal lung-function trajectory (Fig. 1), in
which substantial lung damage may have oc-
curred before it is reflected on spirometry, and
the spirometric findings are therefore “pseudo-
normal.” This hypothesis, though, requires for-
mal validation.

In this review, we treat COPD as a clinical
syndrome characterized by chronic respiratory
symptoms, structural pulmonary abnormalities,
impaired lung function, or a combination of
these findings and often accompanied by mul-
tiple, clinically significant comorbid disorders.*?
We propose that COPD derives from various
lifelong, dynamic, and cumulative gene—environ-
ment interactions (e.g., smoking, inhalation of
other pollutants, prematurity, respiratory infec-
tions, and dietary insufficiency), that modulate
the development, maintenance, and function of
the lungs, and probably other systemic organs
too, through complex and varied biologic mech-
anisms, including but not limited to inflamma-
tion.!** Here, within this conceptual framework,
we focus on the mechanisms of smoking-induced
lung injury. Our review does not include the
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roles of abnormal lung development and mucus
hypersecretion in COPD, since these disorders
have been covered by recent reviews in the Jour-
nal>* The clinical aspects of COPD are dis-
cussed in a companion article by Celli and
Wedzicha in this issue of the Journal.””

SMOKING-INDUCED LUNG INJURY

It is difficult to imagine a better way to deliver
chronic, repetitive inhalational injury to lung
tissue than smoking 20 or more cigarettes a day
for many years. A puff of cigarette smoke con-
tains millions of water droplets with a median
aerodynamic diameter of 0.45 wm, each contain-
ing a complex mixture of toxic chemicals de-
rived from the various types of raw tobacco plus
toxic chemicals added to achieve the blend of
aroma and taste that defines a particular brand
of cigarette.

In the nose, mouth, larynx, and central con-
ducting airways, large inhaled particles have suf-
ficient momentum to leave the flowing stream
of gas and collide with the airway walls. In the
lung periphery, the total cross-sectional area
available for gas flow is much larger than it is in
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the central airways,’® so the momentum of the
inhaled gas and particles slows substantially.
Intermediate-size particles settle on the surface
of the larger airways, whereas fine and ultrafine
particles reach the terminal, transitional, and
respiratory bronchioles located near the center
of the lobule. Toxic gases diffuse throughout the
lung. At all these anatomical sites, smoking can
induce tissue damage both directly, through
oxidative stress, and indirectly, by eliciting an
inflammatory response.

PATHOLOGICAL FEATURES
OF SMOKING-INDUCED COPD

The severity of airflow limitation in COPD is as-
sociated with the extent to which the lung tissue
is infiltrated by neutrophils, macrophages, and
lymphocytes (Fig. 2). In severe COPD, lympho-
cytes form tertiary lymphoid organs, indicating
the presence of an adaptive immune response.
Airway remodeling thickens the airway walls in
a manner that involves the epithelium, lamina
propria, smooth muscle, and adventitia of the
walls of airways that are less than 2 mm in di-
ameter. Studies using microCT have confirmed
that the number of patent terminal and transi-
tional bronchioles is reduced by 40% in mild-to-
moderate COPD® and by 80% in severe-to-very-
severe COPD* (Fig. 3A), findings that are
consistent with Mead’s hypothesis that these
airways represent a “quiet zone” within the
lungs where damage can accumulate without
being noticed.’® The question of whether smok-
ing-induced injury leads to a decrease in the
number of airways, which may precede the de-
velopment of emphysema (Fig. 3B),">?° or whether
the reduction in airway number reflects abnor-
mal lung development in early life cannot be
answered on the basis of currently available
data,’ " and the two mechanisms might coexist.

Emphysema, the destruction of alveolar air-
spaces, is another key component of COPD.? An
imbalance between protease and antiprotease ac-
tivity due to lung infiltration by activated neutro-
phils, reduced antiprotease activity, or both, with
the classic example being alpha -antitrypsin de-
ficiency, was originally considered the key patho-
genic mechanism in emphysema.?! More recently,
additional factors have been proposed, including
enhanced apoptosis®?> and lung-maintenance fail-
ure,? as well as oxidative stress, autoimmunity,

malnutrition, or a combination of these fac-
tors.?*2% In addition, abnormal alveolarization
during lung development in early life (due to
maternal smoking, prematurity, or other reasons)
probably contributes to the lifetime burden of
emphysema.’®

The pulmonary circulation can also be altered
in COPD. Historically, cor pulmonale was ex-
plained by the decrease in the capillary surface
area associated with emphysema, increased hy-
poxic pulmonary vasoconstriction, or both in
patients with severe disease.” Other observa-
tions point to the presence of pulmonary vascu-
lar inflammation and endothelial dysfunction in
patients with milder airflow limitation.?® For
unclear reasons, some patients may have pulmo-
nary hypertension that is more prominent than
airflow limitation.” The potential role of lung
developmental abnormalities in such patients has
not been determined.”

The nature of lung disease associated with
inhaled pollutants other than cigarette smoke,
including vapors from electronic cigarettes, is
mostly unknown. It has been established that
patients exposed to biomass fumes have less
severe emphysema, a lower incidence of emphy-
sema, more airway involvement, a smaller de-
cline in lung function over time, less systemic
inflammation, and higher IgE levels than those
exposed to cigarette smoke.>**! The pathogenesis
of chronic airflow limitation due to other dis-
eases, such as tuberculosis, bronchiectasis, rheu-
matoid arthritis, and human immunodeficiency
virus infection, is even less well understood, so
whether these disorders should be included with-
in the COPD syndrome requires further research.®

REPAIR AND REMODELING OF LUNG
TISSUE DAMAGED BY SMOKING

The type of healing that follows tissue injury
depends on both the type of injury and the con-
text in which it occurs. Normally, the repair
process begins with activation of the coagula-
tion system, which initiates the damage control
required to stop bleeding.® This is followed by
the infiltration of inflammatory immune cells,
primarily neutrophils and macrophages, which
protect the site of injury from infection and par-
ticipate in a demolition process that removes
dead and damaged tissue.*> Subsequently, fibro-
blasts, myofibroblasts, and endothelial precursor
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Figure 2. Pathological Features of COPD According to the Severity of Airflow Limitation.

Shown are the proportion of airways containing polymorphonuclear neutrophils (PMNs), macrophages, and eosinophils (Panel A) and
the proportion containing CD4 cells, CD8 cells, and B cells (Panel B) in patients with different GOLD (Global Initiative for Chronic Ob-
structive Lung Disease) grades of airflow limitation. GOLD grade 0 (no longer in use) identifies persons with chronic respiratory symp-
toms but normal spirometric findings. GOLD grades 1, 2, 3, and 4 identify patients with COPD who have mild, moderate, severe, and
very severe airflow limitation, respectively. In Panels A and B, GOLD grades 2 and 3 have been combined so that there is a similar num-
ber of patients in each group. In Panel C, the inverse relationship between total wall thickness, measured as the ratio of the volume to
the surface area (V:SA), and forced expiratory volume in 1 second (FEV;) is shown. The solid circles denote GOLD 4, the solid squares
GOLD 3, the triangles GOLD 2, the open squares GOLD 1, and the diamonds GOLD 0; the dotted lines indicate the boundaries of the
GOLD grades. Panel D shows the mean (+SE) volume of epithelium, lamina propria, smooth muscle, and adventitia expressed per unit
of V:SA (left y axis) and the percentage of airways containing lymphoid follicles (right y axis); in the inset, Movat’s staining highlights a
lymphoid follicle containing a germinal center (GC) surrounded by a rim of darker-staining lymphocytes that extend to the epithelium
of both the small airway and the alveolar surface. Asterisks indicate P<0.001 for the comparison with GOLD grade 0, daggers indicate
P<0.001 for the comparison with GOLD grade 1, and double daggers indicate P<0.001 for the comparison with GOLD grade 2. Adapted
from Hogg et al.2

cells appear and create a provisional matrix that
allows the microvascular network to reconnect
and supports the restoration of the epithelial
surface, which under ideal circumstances can
restore the tissue to a healthy state.?? Repetitive
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injury, such as that induced by smoking, elicits
a more complex form of tissue repair that com-
bines tissue destruction with scar formation.*
Once the inflammatory stimulus ceases, reso-
lution of inflammation (i.e., catabasis) begins.
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Figure 3. Number of Small Airways According to Severity of Airflow Limitation
and Amount of Emphysema.

Panel A shows that the number of airways measuring 2.0 to 2.5 mm in diam-
eter per lung pair is lower in patients with COPD than in smokers with nor-
mal spirometric findings (control smokers), in proportion to the severity of
airflow limitation (GOLD grade 1, 2, 3, or 4); P values are for the comparison
with control smokers. Panel B shows that the number of terminal bronchioles
is reduced in patients with COPD in relation to the amount of emphysema
present (as determined by the mean linear intercept), both in patients with
panlobular emphysema (PLE) and in those with centrilobular emphysema
(CLE). This reduction also occurs in patients with COPD but without emphy-
sema (mean linear intercept, <489 pm). The I bars indicate standard errors.
Adapted from McDonough et al.?°

This is a highly regulated process that requires
the active participation of many different mole-
cules, including lipid mediators (e.g., lipoxins,
protectins, and resolvins) and repair factors (e.g.,
transforming growth factor B, vascular endothe-
lial growth factor, hepatocyte growth factor, and
peroxisome proliferator—activated receptors), as
well as the elimination of apoptotic neutrophils
and epithelial cells by macrophages (efferocyto-
sis), which prevents secondary necrosis of apop-
totic cells with liberation of the proinflamma-
tory cytoplasmic content.* A key macrophage
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efferocytosis receptor, CD44, is down-regulated
in patients with COPD.>»

An adaptive immune response to either self
antigens®® or foreign antigens (bacterial, viral, or
fungal)? can also contribute to the pathogenesis
of COPD. Patients with COPD have greater num-
bers of T lymphocytes and B lymphocytes than
healthy persons (Fig. 2),> as well as B-cell infil-
tration (with the formation of lymphoid follicles)
in the walls of terminal bronchioles and alveolar
tissue (Fig. 2, inset), which correlates with a re-
duced number of alveolar attachments to the air-
way walls,” and patients who have COPD with
emphysema have a distinct B-cell transcriptomic
signature.® These findings constitute circum-
stantial evidence of autoimmunity in patients
with COPD.* The presence of circulating anti-
bodies against elastin and pulmonary epithelium
and endothelium (which may be deposited with
complement in the lungs of patients with COPD),
the observation that CD4+ T cells cultured from
the lungs of patients with COPD recognize and
respond to elastin by secreting interferon-y and
interleukin-10,® and the presence of increased
numbers of type 1 and type 17 helper T cells
secreting their canonical cytokines interferon-y
and interleukin-17 in patients with severe dis-
ease* constitute indirect evidence of an acquired
immune response in COPD. Finally, experimen-
tal models have shown that injection of human
umbilical-vein endothelial cells into rats leads to
the production of antibodies against these cells
and to the development of emphysema*; further-
more, when these antibodies are transferred to
rats that have not been injected with endothelial
cells, emphysema results,” providing direct evi-
dence of an abnormal acquired immune response
in COPD.¥

GENETIC AND EPIGENETIC
REGULATORS OF SMOKING-INDUCED
LUNG INJURY

The well-established observation that COPD de-
velops in only a proportion of smokers'** pro-
vides support for the role of a person’s genetic or
epigenetic background in the pathogenesis of the
disease. So far, the best-known genetic risk fac-
tor for COPD is alpha -antitrypsin deficiency,’
but there are others. Hobbs et al. identified 22
genetic loci associated with COPD in a large co-
hort (see Table S1 in the Supplementary Appen-
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Shown is a Manhattan plot of P values (-log) for associations between COPD and genetic loci in 22 chromosomes.
The 18 gene names in gray indicate genes previously identified as associated with COPD or lung function, and the
4 names in black indicate loci newly identified in a recent study.” The horizontal dashed line shows the threshold

for genomewide significance (P<5x107%). Adapted from Hobbs et al.**

dix, available with the full text of this article at
NEJM.org)*; 13 represented new associations
with COPD. Although 9 of these 13 loci had
previously been associated with measures of
lung function in the general population, the re-
maining 4 represented new associations with
both COPD and lung function (Fig. 4). Two of
the loci (FAM13A and DSP) were previously reported
to be related to pulmonary fibrosis (albeit with
opposite risk alleles for COPD), and none to
asthma.® The odds ratios for these 22 loci
ranged from 1.05 to 1.25, indicating that indi-
vidual genetic variation explains a small fraction
of COPD susceptibility. Wain et al. developed a
polygenic risk score for COPD susceptibility, also
in a very large cohort, and reported that the
odds ratio for COPD between the highest and
lowest risk-score deciles differed by a factor of
3.7 A discussion of the specific ontologies of
the genetic loci identified in these two large
studies is beyond the scope of this review, but it
is notable that both studies identified functional
annotation enrichment for fetal lung cells,**
supporting a role of early life events in the risk
of COPD. So far, however, studies investigating
the genetic basis of COPD have included elderly
patients without considering the potential influ-
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ence of early life events. It is possible that the
stratification of patients according to their vital
lung-function trajectories (Fig. 1) may uncover
more solid genetic associations.’

Epigenetic changes can also contribute to indi-
vidual susceptibility to COPD.*** For example,
genomewide studies profiling DNA methylation
in lung tissue from patients with COPD have
revealed differences in methylation loci that are
related to lung function, a diagnosis of asthma,
nicotine dependence, T-cell development, and
other factors.*** These changes appear to be di-
rectly related to smoking exposure and may not
resolve after cessation of smoking.*® Likewise, the
activity of histone deacetylase (HDAC), another
epigenetic mechanism, is reduced in the lungs of
affected patients in proportion to the severity
of airflow limitation.* Given that HDAC down-
regulates the production of proinflammatory
cytokines, this change can contribute to the en-
hanced inflammatory response that characterizes
COPD.? Finally, several changes in microRNAs
(miRNAs), which are another epigenetic regula-
tor, have also been reported in patients with
COPD.” A better understanding of the effects of
these genetic and epigenetic modulators is nec-
essary before they can be translated into clinical
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practice for the purposes of diagnosis, prognosis,
disease stratification, and treatment guidance.

MECHANISMS OF DISEASE
PROGRESSION

Disease progression in COPD has traditionally
been equated with loss of lung function, as
manifested by an accelerated decline in FEV,
over time.”* This view needs to be reconsidered
for several reasons.’* First, COPD is a heteroge-
neous disease with components that can prog-
ress independently of one another.>® For instance,
frequent exacerbations, each of which is associ-
ated with a decline in FEV, and an effect on
health status and prognosis, occur predominantly
in a subgroup of patients.** Second, multimorbid
conditions can contribute to disease progression
independently of lung function.’® Third, given
that various lung-function trajectories lead to
COPD in adulthood™ (Fig. 1), it is possible that
patients with severe disease have not had the
mild and moderate stages of disease. For obvious
ethical and practical reasons, it is not possible to
study the progression of lung disease by obtain-
ing sequential lung samples from the same per-
son at regular intervals. The available evidence
(Figs. 2 and 3) is therefore based on compari-
sons of single lung-tissue samples obtained from
patients with different degrees of airflow limita-
tion.? Although these cross-sectional observa-
tions are compatible with the hypothesis that
the progression of COPD is associated with in-
creased inflammation and an abnormal tissue-
repair process, they cannot exclude the possibil-
ity that the pathogenic mechanisms of disease
with a mild effect on lung function differ from
those of disease with a severe effect on lung
function. Thus, it is possible that these stages
actually result from different pathogenic mecha-
nisms and have different natural histories.”!!
Finally, the traditional view that COPD is always
a progressive disease also needs to be revised
because lung function often remains stable or
may even improve with time in some patients.>>>°

LUNG AGING AND CELL SENESCENCE

Because lung function normally declines with
age owing to lung aging, the accelerated decline
in lung function that occurs in COPD after the
FEV, peaks in early adulthood* may be interpreted
as accelerated lung aging.”” Yet the cycle of in-

jury, repair, and remodeling, reviewed above,
can also increase the loss of lung function with-
out truly being a mechanism of lung aging. Alter-
natively, there is evidence that true accelerated
lung aging can contribute to the progression of
COPD, since most hallmarks of aging are altered
in persons with COPD; these alterations include
genomic instability,”® telomere attrition®® and
telomerase mutations,* loss of proteostasis,” in-
creased autophagy,® increased apoptosis of epi-
thelial®® and endothelial®* cells, mitochondrial
dysfunction® and mitophagy,*® stem-cell exhaus-
tion and dysfunction,”® and dysregulation of the
extracellular matrix.” In addition, the increased
prevalence of comorbid conditions among pa-
tients with COPD could also support a general-
ized process of aging in such patients.”® How-
ever, the observation that these conditions are
prevalent among persons with low lung function
in early adulthood! raises questions about the
relationship between multimorbid conditions and
aging in COPD.

The term “cell senescence” is often used in
the discussion of lung aging in COPD and refers
to a functional state of the cell characterized by
irreversible replicative arrest, apoptosis resistance,
and acquisition of a senescence-associated secre-
tory phenotype (SASP) with proinflammatory and
tissue-destructive effects.”* This phenotype in-
cludes the secretion of cytokines, chemokines,
bradykinin, prostanoids, proteases, miRNAs,
hemostatic factors, damage-associated molecular
patterns (DAMPs), and factors that cause stem-
cell dysfunction and loss of tissue resilience.”* It
is clear that senescent cells accumulate in aged
tissues, but it has also been shown that younger
cells can be induced into a senescent state in
vitro’!; therefore, the term senescence is not al-
ways synonymous with aging. It is important to
keep this caveat in mind when considering the
evidence of senescence in alveolar epithelial cells,
endothelial and pulmonary-artery smooth-muscle
cells, and fibroblasts in COPD.”? On the other
hand, immune senescence (i.e., progressive, age-
related impairment of the immune system) im-
pairs the response to new antigens, favors the
development of autoimmunity (discussed above),
and increases susceptibility to infection and, per-
haps, to changes in the airway microbiome.” Ex-
cessive senescence can therefore also be a patho-
genic mechanism of COPD, and senolytic therapies
aimed at reducing the senescent-cell burden in a
number of human diseases merit investigation.”
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CONCLUSIONS

Once believed to be a single disease caused by
smoking and characterized by a progressive loss
of lung function with age,’! COPD should cur-
rently be considered a clinical syndrome with
many causes in addition to smoking.’*'” This does
not mean that health care professionals should
refrain from encouraging all their patients who
smoke to quit, but it does mean that the patho-
genic mechanisms in mild-to-moderate COPD may
differ from those in severe-to-very-severe cases
of airflow limitation.!! In fact, the assumption
that COPD is always a progressive disease also
requires careful reconsideration. Currently avail-
able evidence indicates that COPD is the end
result of a series of dynamic, interactive, and
cumulative gene—environment interactions from
conception to death that determine the devel-
opment, maintenance, and function of the lungs,

as well as other systemic organs.!*** This real-
ization inevitably leads to the conclusion that
the pathogenesis of COPD is complex and het-
erogeneous and that several mechanisms coex-
ist and interact.™ It is therefore imperative to
identify and validate biomarkers associated with
specific endotypes (i.e., mechanisms of dis-
ease) that underlie the various lung-function
trajectories in patients and rigorously evaluate
them to determine which ones are causative.
This approach could represent the first step
toward the development of specific, effective,
and safe preventive and therapeutic strategies,
which most likely will have to be implemented
earlier in life.’

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
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