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Abstract

The airway epithelium is the primary site of the earliest pathologic
changes induced by smoking, contributing to the development

of chronic obstructive pulmonary disease (COPD). The normal
human airway epithelium is composed of several major cell types,
including differentiated ciliated and secretory cells, intermediate
undifferentiated cells, and basal cells (BC). BC contain the stem/
progenitor cell population responsible for maintenance of the
normally differentiated airway epithelium. Although inflammatory
and immune processes play a significant role in the pathogenesis of
COPD, the earliest lesions include hyperplasia of the BC population,
suggesting that the disease may start with this cell type. Apart

from BC hyperplasia, smoking induces a number of COPD-relevant
airway epithelial remodeling phenotypes that are likely initiated in
the BC population, including mucous cell hyperplasia, squamous cell
metaplasia, epithelial-mesenchymal transition, altered ciliated and

nonmucous secretory cell differentiation, and suppression of
junctional barrier integrity. Significant progress has been recently
made in understanding the biology of human airway BC, including
gene expression features, stem/progenitor, and other functions,
including interaction with other airway cell types. Accumulating
evidence suggests thathuman airway BC function as both sensors and
cellular sources of various cytokines and growth factors relevant to
smoking-associated airway injury, as well as the origin of various
molecular and histological phenotypes relevant to the pathogenesis of
COPD. In the context of these considerations, we suggest that early
BC-specific smoking-induced molecular changes are critical to the
pathogenesis of COPD, and these represent a candidate target for
novel therapeutic approaches to prevent COPD progression in
susceptible individuals.
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Summary

1. Airway basal cells (BC), the stem/
progenitor cells of the airway
epithelium, play a key role in the
maintenance of the normal airway
epithelial architecture through their
capacity to self-renew, differentiate
into ciliated and secretory cells, and
establish interactions with mesenchymal
cells.

2. Based on recent advances in isolating
and characterizing human airway BC,
accumulating evidence suggests that
smoking-mediated reprogramming of
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airway BC phenotype and function
represents an early event in the
pathogenesis of chronic obstructive
pulmonary disease (COPD)-relevant
airway remodeling.

. Targeting specific biologic pathways that

mediate smoking-induced reprogramming
of airway BC phenotype and function
may represent a novel therapeutic
approach to prevent development and
progression of COPD in susceptible
individuals.

The earliest smoking-induced pathologic
changes relevant to the pathogenesis of

COPD are observed in the airway
epithelium, an essential tissue barrier that
protects lung from the exposure to harmful
environmental factors, including up to 4,000
toxic compounds present in the tobacco
smoke (1, 2). The normal human airway
epithelium is composed of various cell
populations, including ciliated and
secretory cells, which contribute to the
mucociliary clearance system at the
luminal airway surface, intermediate
undifferentiated cells, and BC (Figure 1)
(3). Airway BC reside in the basal epithelial
layer, immediately above the basement
membrane that separates airway epithelium
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Figure 1. Smoking-induced airway epithelial remodeling in chronic obstructive pulmonary disease (COPD). (Left panel) Normally differentiated airway
epithelium is composed of differentiated cells, including ciliated, mucus-producing, and secretoglobin (SCGB1A1)-producing nonmucous secretory cells;
intermediate undifferentiated cells (not shown); and basal cells (BC). BC contain stem/progenitor cell populations that can self-renew and differentiate into
ciliated and secretory cells (green arrows). In addition, BC express receptors, such as epidermal growth factor (EGF) receptor (EGFR; green) and
transforming growth factor g1 (TGF-B1) receptor (TGFBR; orange) to sense extracellular signals and produce growth factors such as vascular endothelial
growth factor A (VEGF; yellow dots) necessary for interaction with underlying mesenchymal cells. Tight junctions between adjacent epithelial cells keep the
airway barrier impermeable to inhaled xenobiotics, microbes, and other toxic molecules. (Right panel) Cigarette smoking induces COPD-relevant airway
remodeling phenotypes, including BC hyperplasia, squamous metaplasia, shortening of cilia, loss of ciliated and SCGB1A1-expressing nonmucous
secretory cells, mucous cell hyperplasia, loss of the junctional barrier, acquisition of epithelial-mesenchymal transition (EMT)-like features, airway fibrosis,
and altered angiogenesis. Many, if not all, of these COPD-relevant abnormalities are induced as a result of reprogramming of airway BC phenotype and
function through various smoking-dependent mechanisms, including activation of EGFR by smoking-induced ciliated cell-derived EGF (red dots) and

up-regulation of TGFB1 (blue dots) that alters airway BC differentiation and epithelial-mesenchymal (ECM) interactions.

from the underlying mesenchyme.
Extensive evidence exists that airway BC
contain the stem/progenitor cell population
critical for the maintenance of normally
differentiated airway epithelium through their
unique capacity to self-renew and generate the
differentiated ciliated and secretory cell
populations (4-9).

The cellular composition of the human
airway epithelium is heterogenous along the
tracheobronchial tree, with the ciliated cell
being the major cell population (60-80%)
throughout the airways except for the
smallest bronchioli, where secretoglobin
(SCGB1A1)-producing nonmucous
secretory cells dominate (3, 6, 10). By
contrast, mucus-producing goblet cells are
present in the normal human lungs almost
exclusively in the large airways (zero to fifth
generation of bronchi) (6, 10). BC are
present throughout the human airways

(i.e., from trachea to the terminal
bronchioles), decreasing in frequency along
the proximal-distal axis, contributing to
~15 to 30% and 5 to 10% cells of the large
and small airway epithelia, respectively

(6, 8). Existence of BC in the human small
airway epithelium (SAE), a feature not
shared by the mouse lung (6, 8, 11),
suggests the possibility that this stem/
progenitor cell-containing population

of cells may have a unique role in the
maintenance of the human small airways,
a region where the earliest changes
relevant to the pathogenesis of COPD are
observed (1, 2, 12-14). In this article,
recent advances in understanding the
biology of human airway BC and the role
of this cell population in the pathogenesis
of smoking-induced COPD-relevant
airway epithelial remodeling are discussed.
Some of the results of these studies have
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been previously reported in the form of
abstracts (15-17).

Airway Epithelium Remodeling
in COPD

Although pathologic changes in the lungs of
patients with COPD involve both airways
and alveoli, collectively contributing to
progressive irreversible airway obstruction,
which is the hallmark of this disease (14),
comprehensive morphologic studies by

the Hogg laboratory (12, 13) provide
compelling evidence that alterations in

the small airways precede and likely lead
to the emphysematous destruction of

the alveolar structure. Morphologic
abnormalities in the small airways of
individuals with COPD are variable,
ranging from the remodeling of the airway
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wall and airway epithelium, and infiltration
of airways with inflammatory and immune
cells, to physical loss of small bronchioles
(12-14), indicative of a broad dysregulation
of regulatory mechanisms responsible for
the maintenance of the small airway
architecture. The airway epithelium
represents the primary site of dramatic
molecular and histologic changes in COPD
(14). The most typical airway epithelial
remodeling phenotypes in the lungs
of smokers with COPD include BC
hyperplasia, mucous cell hyperplasia,
squamous metaplasia, epithelial-
mesenchymal transition (EMT), alterations
of cilia, loss of SCGB1A1-producing
secretory cells, and decreased integrity of
the apical junctional barrier that controls
airway epithelial permeability (Figure 1)
(14, 18-24). These phenotypes collectively
contribute to airway obstruction as well as
decreased barrier and host defense function
of the airway epithelium (14, 25-27).
Notably, COPD-relevant gene
expression changes and histologic
alterations are present in both large and
small airway epithelia of a subset of clinically
asymptomatic smokers with normal chest
imaging and lung function tests (1, 19, 21,
23, 24, 28-30). These observations suggest
that smoking-induced changes in the
airway epithelium occur early during the
pathogenesis of COPD and before decline
in lung functon. Surprisingly, however, in
contrast to the well-established role of
inflammation in progression of already-
established COPD (14, 25, 26, 31, 32),
genome-wide studies revealed that the
overall expression of genes related to
inflammation and immunity are down-
regulated in both the large and small airway
epithelia of smokers (19, 27, 28, 33).
These observations suggest that the early
events in the pathogenesis of COPD in
smokers may involve noninflammatory
mechanisms. Indeed, a number of gene
expression patterns relevant to regulation of
epithelial homeostasis, including Notch
and Wnt signaling pathways, as well as
transcriptional programs that control the
maintenance of the essential structural
features of the normally differentiated
airway epithelium, such as cilia and apical
junctional complex, are broadly suppressed
in the airway epithelium of healthy smokers
and more so in smokers with COPD
(19, 21, 23, 34, 35). Given that BC are
stem/progenitor cells responsible for the
maintenance of the normally differentiated
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airway epithelium (4-7), it is possible that
the earliest COPD-relevant changes in

the airway epithelium occur in the airway
BC population and that abnormal
phenotypes observed in the airways of
patients with COPD result from smoking-
induced reprogramming of the stem/
progenitor and other functions of airway BC.

Human Airway
BC Transcriptome

Although histological alterations in the
airway epithelium of smokers with COPD
involving the features of abnormal
proliferation and differentiation of airway
BC have been known since the 1950s (1),
the specific molecular changes induced

by smoking in human airway BC and
contribution of these changes to the
biologic phenotype of the airway
epithelium in COPD have not been
comprehensively analyzed until recently.
With the development of a culture-based
strategy to isolate pure BC population from
human airway epithelium obtained by
bronchoscopic brushings, the human
airway BC signature, composed of 1,161
unique genes with greater than fivefold
higher expression level compared with
differentiated epithelium, was identified
(36). Some of the identified human airway
BC markers were well-known BC genes,
such as intermediate filament constituents
keratins KRT5 and KRT17, essential for the
cytoskeleton assembly; integrins ITGAS,
ITGBI, and ITGB4, which mediate
interaction with the extracellular matrix
(ECM) components of the basement
membrane; and transcription factors TP63
and basonuclin, critical for the maintenance
and renewal of the BC population. Notably,
many similar gene expression features
have been described for mouse tracheal BC
isolated using the fluorescence-activated
cell sorter-based (i.e., culture-independent)
method, with more than 100 genes
belonging to both mouse and human
airway BC signatures (5). This suggests
that, although culturing BC may change
their gene expression phenotype, the
essential molecular features associated with
airway BC identity are preserved in human
airway BC isolated using this method. In
addition to known BC-related genes, the
human airway BC transcriptome was
remarkably enriched in molecular features
and pathways relevant to maintenance of

tissue homeostasis. Notably, more than

20% of genes belonging to the epidermal
growth factor receptor (EGFR) signaling
pathway, including EGFR and its ligands
transforming growth factor (TGF)-a,
heparin-binding EGF, and amphiregulin,
were highly expressed in airway BC. Other
enriched pathways were those related to the
TGF-B, nuclear factor (NF)-kB, mitogen-
activated protein kinases, Notch, and vascular
endothelial growth factor (VEGF) signaling.
Thus, human airway BC have a potential to
sense and produce signals important for
regulation of both BC homeostasis and
interaction with other airway cell populations
relevant to the pathogenesis of smoking-
induced COPD-relevant airway lesions.

Smoking-induced
COPD-Relevant Changes in
Airway BC Transcriptome

An important step forward in
understanding the global molecular changes
in airway BC induced by smoking relevant
to COPD pathogenesis has recently been
made by comparing the transcriptomes

of BC from the airway epithelium of
healthy smokers and nonsmokers using
ultrasensitive and highly specific massively
parallel RNA-sequencing technology

(37). Out of the 13,385 annotated genes
expressed in airway BC, 676 were
differentially expressed between the

two groups, with 662 (~~98%) being
significantly up-regulated in airway BC

of smokers. Among the top 50 smoking-
dysregulated genes were those related to
oxidative stress and central components of
the signaling pathways previously shown
to be enriched in the normal airway BC
transcriptome (36), including EGFR,
NF-«kB, VEGF, and TGEF-.

Strikingly, 25% of 676 differentially
expressed genes were localized to
chromosome 19, with 13 of 676 (2%) of
these genes on locus 19q13.2 (37), a
region where a number of genome-wide
association studies and candidate gene
studies have identified single-nucleotide
polymorphisms associated with a risk for
COPD in relation to smoking (38-40).
Among the “COPD risk genes” up-regulated
in airway BC of smokers were TGFBI,
LTBP4, EGLN2, and NFKBIB, each
potentially relevant to the pathogenesis of
COPD. TGFBL1 encodes TGF-f3, a growth
factor increased in the lungs of smokers
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with COPD in association with airway
obstruction (41) and contributing to airway
remodeling by promoting squamous
metaplasia and airway fibrosis (18, 42).
LTBP4, the latent TGFB1 binding protein
4 that binds TGF-B1 and targets it to the
ECM, plays a role in maintaining of the
distal lung architecture, as LTBP4-null mice
develop emphysema (43). EGLN2 (Egl nine
homolog 2) encodes a prolyl hydroxylase,
which functions as a cellular oxygen
sensor that, in response to hypoxia, targets
the hypoxia inducible factor 1 « for
degradation, a process implicated in the
pathogenesis of emphysema (44, 45).
Altered EGLN2 expression is associated
with increased epithelial cell proliferation
and impaired epithelial junctional barrier
function (46, 47), which are characteristic
features of the airway epithelium of healthy
smokers and smokers with COPD. Finally,
NFKBIB, which encodes NF-kB inhibitor
B, has recently been linked to cigarette
smoke-induced oxidative stress response
mediated via nuclear factor erythroid
2-related factor (NRF2) relevant to the
pathogenesis of smoking-induced COPD
(48).

Intriguingly, in airway BC of
nonsmokers, smoking-dysregulated genes
localized to chromosomal band 19q13.2
were expressed at relatively low levels but in
a highly coordinate manner, whereas in BC
of smokers, coexpression of these genes
was markedly lost, accompanied by their
up-regulation (37). This suggests that some
central mechanism may exist in airway BC
that provides coordinate transcriptional
regulation of these genes to ensure their
physiological relatively low expression
levels adequate to the normal airway
homeostasis, and disturbance of this
mechanism by smoking may lead to
a disordered, noncoordinated up-regulation
of these genes. If this model is correct,
identification and restoration of the central
smoking-responsive mechanism that
controls expression of multiple COPD-
relevant genes, rather than targeting
individual genes, might represent
a productive new approach to normalize
the molecular phenotype airway BC in
smokers. Finally, differential expression of
these genes was not detectable when the
transcriptomes of the complete airway
epithelium samples from healthy smokers
and nonsmokers, containing all airway
epithelial cell types, were compared (37),
suggesting that these early COPD-relevant

smoking-induced molecular changes are
specific to the BC population.

Airway BC as a Cellular
Origin of COPD-Relevant
Airway Phenotypes

Extensive evidence has been provided that
airway BC contain the stem/progenitor cell
population capable of self-renewal and
generating differentiated cell types of the
airway epithelium (i.e., ciliated and
secretory cells), including both mucus-
producing and SCGB1A1-producing
nonmucous secretory cells (4-7, 36, 49). In
addition, airway BC contribute to signal
exchange between the airway epithelium
and underlying mesenchyme, as they can
both sense and produce cytokines and
growth factors relevant to epithelial-
mesenchymal interaction, which is
disturbed in COPD (18, 50, 51). In humans,
these BC functions can be studied using
various in vitro models, including the air-
liquid interface culture, which mimics
in vivo airway epithelial organization and
differentiation. In this model, BC are
seeded onto semipermeable Transwell
membranes, and, after the cells form
a continuous layer, the growth factor-
containing media or mesenchymal cells are
added only to the basolateral compartment
to mimic physiological BC-mesenchymal
interactions, while the apical cell surface
is exposed to air (7, 36, 52). This model
has been helpful in understanding the
specific contribution of airway BC to the
pathogenesis of the earliest smoking-
associated COPD-relevant disordering of
the human airway epithelium. Some of
these advances are summarized below.
One unique feature of the normally
differentiated airway epithelium is its
polarized organization, with apical and
basolateral domains separated by the apical
junctional complex composed of tight and
adherens junctions between adjacent cells
that segregate so-called “lateral intercellular
space,” where BC equipped with a broad set
of receptors (19, 36, 53) establish contacts
with other cells and sense their secreted
products (4). Virtually all these features
are disordered in the airway epithelium
of healthy smokers and more so smokers
with COPD, with the loss of the apical,
ciliated, and nonmucous secretory cell
compartment, accompanied by expansion
of BC and a broad suppression of junctional
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barrier integrity. Consistent with extensive
evidence that links altered EGFR signaling
by cigarette smoking to COPD-relevant
airway phenotypes (54), genome-wide
studies revealed that EGF, the major
EGEFR ligand, is significantly up-regulated
in differentiated airway epithelial cells of
smokers, whereas EGFR expression is
normally enriched in airway BC (49).
Further analysis has demonstrated that
smoking induces EGF in ciliated cells in
association with oxidative stress-related
genome-wide changes, and increased
amount of EGF, when added to BC in the
air-liquid interface model, shifted BC
phenotype toward an abnormal, squamous
EMT-like phenotype with decreased
differentiation to ciliated and SCGB1A1-
producing nonmucous secretory cells and
markedly suppressed junctional barrier
integrity and function (49). Notably,
the phenotype of the airway epithelium
derived from EGF-treated airway BC was
remarkably similar to that present in the
airway epithelium of healthy smokers and
smokers with COPD in vivo. Defective
apical junctional barrier structure due to
EGF-mediated reprogramming of airway
BC function may facilitate further access of
the luminal content, including EGF and
cigarette smoke components, to the BC
compartment leading to progressive self-
amplifying disordering of airway epithelial
differentiation and function. Indeed,
nicotine, the major constituent of tobacco
smoke, and nicotine-associated signaling
have been shown to alter airway BC
proliferation and differentiation (55-57),
and exposure of differentiating human
airway BC to cigarette smoke extract results
in airway epithelium with squamous
metaplasia and shortened cilia (15).
Interestingly, EGF, through its action
on BC, induces expression of other
smoking-associated genes, including the
chemokine CXCL14, which is enriched
within hyperplastic and squamous
metaplastic lesions in the airways of smokers
(58). Intriguingly, healthy smokers with
high expression of CXCL14 in the SAE are
indistinguishable from smokers with COPD
in terms of global gene SAE expression
(58). This suggests that up-regulation of
CXCL14 in the airway epithelium resulting
from smoking-induced EGF-mediated
modification of airway BC may potentially
mark a subset of clinically “healthy”
smokers who, at the biologic level, have
already developed a COPD-like phenotype.
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This also implies that a single mechanism,
such as that mediated by altered EGFR
signaling in airway BC, may potentially
contribute to a broad set of histologic and
molecular changes in the entire airway
epithelium so that the latter acquires the
whole diversity of disease-associated
features (Table 1). In support of the latter
concept, amphiregulin, another smoking-
inducible EGFR ligand (59, 60), can also
modify airway BC function by suppressing
junctional barrier integrity and ciliated cell
differentiation and by promoting BC and
mucous cell hyperplasia (17). Furthermore,
the Notch pathway, which cooperates
with EGFR signaling and mediates
generation of SCGB1A1-producing
secretory cells (16, 61-63), is enriched in
the normal airway BC transcriptome (36)
and is broadly suppressed in the airway
epithelium of smokers. The latter
observation is potentially relevant to the
loss of SCGB1A1-producing secretory cells
in the small airways of smokers (35).
Another function of airway BC that
seems to be altered in smokers is interaction
with the ECM of the basement membrane
and with underlying mesenchymal cells

relevant to maintenance of the normal
airway wall architecture (18, 50). A number
of studies imply TGF-f as a key mediator
that mediates EMT and airway fibrosis
relevant to airway remodeling in COPD
(18, 20, 41). As mentioned above,
components of the TGF-3 signaling
pathway are enriched in the human airway
BC transcriptome and further up-regulated
in airway BC of smokers, including TGF-
and LTBP4, which constitute TGF-
latency complex within the ECM and both
represent “COPD risk” genes (36, 37).
Relevent to this concept, stimulation of
human airway BC with TGF-f3 leads to
squamous metaplasia and EMT-like
phenotype relevant to airway fibrosis (18,
20). Furthermore, high expression of
vascular endothelial growth factor A
(VEGFA) by airway BC may be relevant to
vascular remodeling frequently present in
the airways of patients with COPD (36, 51,
64-68). In support of this model, human
airway BC activate endothelial cells via
production of VEGFA, and endothelial
cells activated through this mechanism, in
turn, promote survival of airway BC (51).
Consistent with this observation, the airway

capillary endothelium is situated in close
proximity to airway BC below the basement
membrane, and smoking-induced COPD-
relevant histologic lesions with altered
numbers of airway BC are accompanied by
abnormal distribution of blood vessels in
the airway walls (64-68).

Conclusions and
Therapeutic Perspectives

There is increasing evidence that airway BC
represent a common origin of the earliest
smoking-induced molecular changes that
alter stem/progenitor and other functions of
these cells, resulting in generation of COPD-
relevant airway epithelium remodeling
phenotypes. Although manifestations of
smoking-disordered features in the airways
of patients with COPD are complex and
diverse, recent evidence summarized above
suggests that the molecular and cellular
origins of these manifestations might be
remarkably common in nature and involve
dysregulation of the central signaling
pathways in a single cell population

(i.e., airway BC). One mechanism whereby

Table 1. Chronic obstructive pulmonary disease-relevant abnormal airway basal cell distribution and differentiation phenotypes

induced by cigarette smoking

Phenotype

Squamous metaplasia

Description

Appearance of squamous cells that EGFR signaling (EGF), TGF-,
replace ciliated cells in the luminal

compartment

BC hyperplasia

Mucous cell hyperplasia

1 Number of BC that form more than
1 layer above the BM
1 Number of mucus-producing

(mucin MUC5AC-expressing)
cells; overproduction of mucus

Altered ciliated cell differentiation
cilia
Loss of SCGB1A1- producing cells

1 Number of ciliated cells, shortened

| Number of SCGB1A1-producing
nonmucous secretory cells; |

Mediators

EGFR signaling (amphiregulin),
cigarette smoke (nicotine)
EGFR signaling (@amphiregulin)

EGFR signaling (EGF, amphiregulin),

References

(1, 15, 18, 20, 24, 42, 49)

cigarette smoke (CSE)

(1, 17, 55-57, 60, 66)
(2, 10, 13, 17, 54)

(15, 17, 21, 23, 49)

cigarette smoke (CSE)

SCGB1A1 protein secretion

Suppressed barrier function and
increased epithelial permeability

| Structural integrity of the apical
junctional barrier, | transepithelial

electrical resistance

EMT-like phenotype and airway
fibrosis

Acquisition of the mesenchymal
gene and protein expression

(vimentin, N-cadherin), increased
expression of EMT transcription
factors (SNAI2/SLUG), loss of
epithelium-specific features
(E-cadherin, tight junctions),

BM and ECM remodeling

EGFR signaling (EGF), decreased
Notch signaling

EGFR signaling (EGF, amphiregulin)

EGFR signaling (EGF), TGF-B

©, 16, 35, 49, 62)

(17, 19, 22, 49)

(18-20, 49, 65)

Definition of abbreviations: BC = basal cell; BM = basement membrane; CSE = cigarette smoke extract; ECM = extracellular matrix; EGF = epidermal
growth factor; EGFR = EGF receptor; EMT = epithelial-mesenchymal transition; SCGB1A1 = secretoglobin 1A1; SNAI2/SLUG = Snail homolog 2;

TGF-B = transforming growth factor-B.
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smoking may broadly alter airway BC
biology could be reprogramming of these
cells toward a more primitive, embryonic
stem cell-like, state with increased
proliferation, plasticity, and remarkably
diverse yet highly controlled differentiation
potential. In support of this concept,
genome-wide analysis revealed selective
up-regulation of ~30% of the human

embryonic stem cell signature genes in
airway BC of smokers (69). Taken together,
novel approaches aiming at normalization
of the airway BC phenotype and function
through targeting central smoking-
dysregulated signaling pathways in this
cell population should be considered as
potential therapeutic strategies to prevent
the pathogenesis of smoking-induced,

COPD-relevant airway remodeling at the
earliest stages of disease development. M
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