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Abstract

Epithelial branching during the process of lung development results in the establishment of distinct
functional zones, each of which is characterized by a unique cellular composition and repertoire of
local progenitor cells. Significant new insights into cellular and molecular mechanisms of epithelial
maintenance that provide insights into the pathophysiology of lung disease have been made in recent
years. This review focuses on the complex structure—function relationship in the airway epithelium,
how this epithelium is maintained in the normal state and repaired following injury, and how
deregulation may contribute to airway disease and cancer.
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Introduction

Lung structure

The epithelium lining the conducting airway and alveolar compartments of the lung play a
primary role in gas transport and exchange, respectively. Equally important functions of the
epithelium are regulation of host defence and intrinsic reparative capacity following microbial-
or xenobiotic-initiated tissue damage. To accomplish these functions, the epithelium of the
mammalian lung has evolved a compartmental organization along the proximal-distal axis,
distinct regions of which are defined by their unique cellular composition. The normal human
tracheal and bronchial epithelium is a pseudostratified epithelium predominantly comprised
of basal, ciliated, goblet and serous cells. More distal within intrapulmonary conducting
airways is a more simplified columnar epithelium defining the bronchiolar airway epithelium.
The bronchiolar epithelium of humans is comprised of ciliated cells, non-ciliated secretory
Claracells and relatively few basal cells and is devoid of goblet cells [1,2]. Conducting airways
of the human lung terminate in a transitional zone of respiratory epithelium, referred to as the
respiratory bronchiole. Respiratory bronchioles include conducting portions lined by cuboidal
bronchiolar epithelium, comprised of Clara and ciliated cells in addition to frequent alveoli
that bud from the airway wall.

Despite functional conservation of epithelial compartments between species, their relative size
and cellular composition varies. The most dramatic anatomical difference between species is
evidenced by the number of intrapulmonary conducting airway branches and the relative
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abundance of bronchial versus bronchiolar epithelium. Multiple generations of intrapulmonary
bronchi observed in humans are limited to one or two generations in mice, in which bronchioles
predominate. Moreover, bronchioles in mouse airways make the transition directly into
alveolar ducts without the transitional respiratory bronchiolar zone typical of larger mammalian
species. Corresponding differences are observed in cell types lining airways of the mouse lung.
Basal cells are restricted to the tracheal epithelium, ciliated cell abundance diminishes
significantly along the proximal—distal axis, and Clara cells are particularly abundant within
bronchiolar airways [3]. Cell types of the alveolar epithelium show minimal differences
between species (Figure 1).

The complex anatomical organization of these cellular components is regulated by a highly
coordinated and stereotypic developmental programme, as assessed by interrogation of mouse
models. Lung development initiates following fate specification within the ventral foregut
endoderm and can be defined by Nkx2.1 expression [4]. Recent data indicate that branching
occurs through a combination of three geometric branch types in a combination with three
stereotypical series [5]. Regulation of cell proliferation and fate are tightly linked to this
process, as signalling perturbations impacting these processes lead to a variety of defects in
lung branching and specification of epithelial lineages. These signalling events involve
reciprocal interactions between epithelial and mesenchymal cell types, resulting in coordinated
growth and differentiation. Even though far less is known of signalling axes that contribute to
epithelial behaviour in the adult lung, it is clear that the epithelial-mesenchymal signalling
axis is retained and its regulation is critical to tissue homeostasis.

Epithelial function: mucociliary clearance and immunoregulation

The complex cellular composition of the airway epithelium provides key defensive properties
for the lung (Figure 1). As reviewed extensively by Knowles and Boucher [6], the first line of
defence to inhaled particulates, oxidants and biological flora is the airway surface fluid (ASF).
The ASF is comprised of the mucus layer, of which the predominant protein components are
Muc5ac and Mucbab, and a subtending periciliary liquid layer (PCL) that provides an
unrestricted media for ciliary beating and effective mucus transport. Inhaled microorganisms
and environmental stimuli are immediately ensnared in the dense mucus of the ASF, preventing
further entry to the more susceptible distal conducting and alveolar compartments. Through
precise regulation of PCL height, ciliated cells coordinately regulate mucociliary clearance.
Effective mucociliary clearance is estimated to take 6 h, implying that this mechanism alone
is not enough to protect from infection [6]. As such, the ASF also includes several anti-
microbial proteins that inhibit bacterial proliferation to allow for effective removal through
mucociliary clearance without infection, thus minimizing the need for a massive inflammatory
response [7].

The distal airway epithelial cells, specifically the Clara cell, may also play a prominent role in
providing important immunoregulatory properties. The principle secreted protein product of
the Clara cell, Clara cell secretory protein (CCSP, Scgblal), is also the predominant protein
product of ASF and precipitously declines in chronic lung disease [8-12]. To study the effects
of CCSP deficiency on lung function, mice homozygous null for CCSP (CCSP~) were
generated [13,14]. Exposure of CCSP~/~ mice to pulmonary irritants, pollutants and microbes
have revealed that Clara cell secretions can regulate the immunoregulatory aspects of the
airway epithelium [15-22]. Recent studies in which NF-xB is inhibited or augmented in Clara
cells suggests that the LPS elicited inflammatory response is dependent upon signalling in the
airway epithelium [23-25]. This process is likely initiated by secretion of paracrine signalling
molecules from macrophages such as TNFa [26]. We have more recently demonstrated that
the airway epithelium, through Clara cell secretions, regulates crosstalk with lung macrophages
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[27]. Collectively, these data indicate that airway epithelial specification and effective repair
and maintenance are critical for lung homeostasis.

The remainder of this review deals principally with the cellular and molecular mechanisms
involved in epithelial maintenance. We place emphasis on defining the putative stem cell
hierarchies endogenous to the conducting airway epithelium and their molecular regulators
and evaluate their contribution to lung disease.

Defining a stem cell hierarchy

Hierarchical organization of progenitor cells into what is commonly referred to as a ‘stem cell
hierarchy’ has classically been described in tissues that display a high rate of cellular turnover,
such as the small intestine and skin. Specifically, the intestinal epithelium, as a result of
persistent epithelial damage, is continually regenerating, resulting in cellular turnover of
approximately 5 days. Tissue stem cells of this hierarchy have been defined using functional
assays that interrogate proliferative frequency, self-renewal and differentiation potential [28].
Small numbers of intestinal stem cells are thought to reside at or near the base of the intestinal
crypt and give rise to a more abundant population of highly proliferative transit-amplifying
cells located more proximally within the crypt [29,30]. Transit-amplifying cells of the intestinal
epithelium represent an obligate progenitor cell pool lacking differentiated characteristics and
are committed to a high rate of proliferation, necessary for the generation of differentiating
progeny [31]. This strategy for rapid tissue replacement is shared by the skin, in which an
obligate transit-amplifying progenitor cell that is both abundant and broadly distributed within
the epidermis continuously generates differentiating progeny through a stochastic mechanism
[32,33]. In the skin, resting tissue stem cells are maintained in a quiescent state and are only
activated to proliferate in response to depletion of the transit-amplifying pool, through a process
thought to be highly regulated by calcineruin, BMP and NFATc1 [34,35]. The relative
quiescence of tissue stem cells in comparison to their more abundant transit-amplifying
progeny has become a controversial topic in recent studies investigating intestinal stem cells.
However, the property of DNA label retention remains a commonly used assay for the
identification and localization of resident tissue stem cells [28].

The epithelium lining pulmonary airways turns over slowly during the normal process of tissue
maintenance. Methods used to calculate the rate of epithelial turnover rely on indirect
approaches that are based upon measurements of cell proliferation and lineage tagging.
Measurements of cell proliferation have principally relied upon stable incorporation of labelled
DNA precursors, such as bromodeoxyuridine (BrdU) or [H3]-thymidine, into the DNA of cells
traversing S-phase. Using this approach, estimates of the steady-state instantaneous
proliferative fraction were determined to be 1.3% in tracheal epithelium [36] and 0.06% in
bronchiolar epithelium [37]. Data generated from continuous labelling of the steady-state
bronchiolar epithelium further demonstrated that the frequency of bronchiolar epithelium is
1%/day [38]. Assuming a direct relationship between the rate of epithelial cell loss and
replacement, these data suggest that epithelial cells have an average life span of 100 days in
bronchioles. Direct measurement of ciliated cell half-life as a measure of epithelial turnover,
made by Rawlins and Hogan, indicated that this subpopulation of epithelial cells has an
estimated half-life of either 6 or 17 months in trachea and bronchioles, respectively [39].
Estimates made using either approach indicate that the epithelium of the trachea turns over
more rapidly than that of bronchioles. While both methods are technically flawed, due to the
inability to directly assess Clara cell turnover, these studies demonstrate that the frequency
with which the airway epithelium turns over is similar to that described for the endocrine
pancreas and other foregut-derived tissues [40] but differs significantly from the rapid rate of
epithelial turnover observed in tissues derived from hindgut endoderm, such as the small
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intestine [28]. These data suggest fundamental differences in the regulation of progenitor cells
between slowly and rapidly replacing tissue [41,42].

Recent work has called into question the existence of stem cells in slowly renewing tissues
[43,44]. As indicated above, the lung epithelium is replaced far more slowly than specialized
post-mitotic cell types of either the gut or the epidermis, a property that is reflected in the
functional characteristics of airway progenitor cells in resting versus proliferative states.
Therefore, it is not surprising that progenitor cell hierarchies of the lung and other slowly
renewing tissues do not fit the classical stem cell hierarchies described in tissues of rapid
turnover [41]. In fact, Hu and colleagues, through use of in vivo injury models, have recently
described the existence of a stem cell capable of renewing the endocrine pancreas, a tissue that
until recently was thought to be maintained solely through self-duplication of differentiated
B cells [45]. This, and previous work in lung to be discussed in more detail below, illustrate a
deviation from the classical stem cell hierarchy marked by lack of an obligate transit-
amplifying progenitor cell in the steady state. Rather, slowly renewing tissues such as lung are
maintained at steady state by an abundant facultative transit-amplifying progenitor that fulfils
characteristics of a differentiated cell type in the quiescent state, yet retains proliferative
capacity and the ability to generate daughter cells capable of generating other specialized
lineages. Therefore, the endogenous stem cell at steady-state likely remains quiescent.
However, studies utilizing in vivo injury models have revealed stem cells that can be
functionally distinguished from facultative progenitors, based upon their resistance to
environmental stimuli and spatial localization in the conducting airway (Figure 2). These
studies are highlighted in detail below.

Progenitor cells in airway repair: tracheobronchial epithelium

Studies investigating progenitor cells of the tracheobronchial epithelium have benefited from
a combination of in vivo, transplantation and in vitro models to reveal contributions made by
distinct cell types of the normal epithelium towards maintenance and renewal. In vivo models
have used a variety of agents to injure the epithelium, including detergents such as polydocanol
[36], toxic gases such as ozone [46], nitrogen dioxide [46,47] or sulphur dioxide [36],
parenterally administered toxicants such as naphthalene [48] and mechanical wounding of the
epithelium [49]. Using these models, both basal and non-ciliated secretory cells have been
shown to exhibit progenitor potential. In this context, the term ‘progenitor cell’ refers to any
proliferative cell defined by stable incorporation of [H3]-thymidine into its nuclear DNA. Cell
fractionation and retroviral lineage tracing coupled with functional analysis in reconstituted
tracheal grafts has allowed detailed analysis of the differentiation potential and clonogenic
capacity of these progenitor cells. These approaches have revealed subpopulations of
tracheobronchial basal cells that can be distinguished according to their label retention,
differentiation potential and clonogenic capacity [36,50,51]. More recently, related
experiments using in vivo lineage-tagging approaches have confirmed results from xenograft
experiments and indicate that a subpopulation of cytokeratin 14-expressing cells exhibit both
multipotent differentiation potential and significant clonogenic capacity [52,53]. Collectively
these data reveal a number of progenitor cell types that contribute to maintenance and repair
of the tracheobronchial epithelium, some of which exhibit significant clonogenic potential in
vitro or in-tracheal grafts suggestive of the existence of local stem cells.

The observation of a less abundant population of infrequently cycling basal-like cells within
intercartilagenous regions of the tracheal epithelium and the ducts of submucosal glands
provided the first direct evidence suggesting the existence of stem-like cells within
tracheobronchial airways. These cells were found to express high levels of cytokeratin 5 and,
when isolated, were greatly enriched for in vitro clone-forming cells. Among the clone-forming
cells, approximately 5% had the capacity to generate large clones analogous to highly
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clonogenic cells observed in vivo and in transplantation experiments [54]. These findings
reinforce the concept that basal cells are a heterogeneous population that includes abundant
transit-amplifying populations in addition to a rare subset of cells with properties of resident
tissue stem cells (Figure 2).

Progenitor cells in airway repair: bronchiolar epithelium

Cell type-selective toxicants have been used extensively to reveal progenitor cell types
contributing to epithelial repair. Seminal work by Evans and colleagues used oxidant gases
allowing selective injury of ciliated cells to demonstrate that the airway epithelium is repaired
through a non-ciliated progenitor [46]. They went on to demonstrate that proliferating Clara
cells lose ultrastructural features typical of the quiescent state, giving rise to a cell type that
was termed the type A Clara cell. Based upon this analysis, type A Clara cells were
distinguished from their mature quiescent counterparts based upon lack of secretory granules
and smooth endoplasmic reticulum, and their ability to incorporate labelled DNA precursors.
Type A cells contribute to repair by actively proliferating and differentiating into mature Clara
cells and terminally differentiated ciliated cells. These studies identified Clara cells as an
abundant facultative transit-amplifying progenitor cell with the capacity for bipotential
differentiation and suggested that the normally slow rate of epithelial renewal in the steady
state could be dramatically increased in the setting of airway injury [47]. Clara cells are
analogous to transit-amplifying cells of the gut and epidermis, yet have the important
distinction of quiescence and other specialized functions in the steady state, including
immunoregulation and xenobiotic metabolism.

The experimental demonstration in airways of an epithelial pool of putative tissue stem cells
was made through use of injury models in which the abundant facultative progenitor cell, the
Clara cell, was specifically ablated. Clara cells represent one of the principal sites in the lung
at which endogenous and xenobiotic lipophilic compounds are metabolized through phase |
oxidation reactions, such as those catalysed by cytochrome P450 (CyP450) mono-oxygenases.
This function of Clara cells renders them particularly susceptible to chemical injury by
xenobiotic chemicals that serve as substrates for members of this class of enzymes, and
represents the basis for selective ablation of Clara cells in mice following exposure to
naphthalene [55,56]. Use of this injury model in mice allowed identification of two putative
stem cell niches in bronchioles based upon the resistance to naphthalene-induced injury and
distribution of regenerating epithelial foci containing nascent Clara cells (Figure 2). The first
was located predominantly at airway branchpoints found in close proximity to neuroepithelial
bodies (NEBs) [48]. NEB-associated regenerative foci harboured two proliferative populations
of non-ciliated cells, one expressing Clara cell secretory protein (CCSP) and one expressing
the pulmonary neuroendocrine cell (PNEC)-specific marker calcitonin gene-related peptide
(CGRP) [37,57,58]. A second microenvironment contributing to replacement of depleted Clara
cells was located in the terminal bronchiolar epithelium adjacent to the bronchioalveolar duct
junction (BADJ) [48]. Chemically resistant proliferative cells located at the BADJ express the
secretory cell marker CCSP and, unlike regenerative foci in more proximal airways, lack a
restricted association with PNECs [59].

The critical role played by NEB- and BADJ-associated CCSP-expressing cells in repair of
Clara cell-depleted airways was demonstrated using a transgenic mouse model allowing
conditional ablation of naphthalene-sensitive and -resistant CCSP-expressing cells. In this
model, airway repair was completely abrogated, suggesting that CGRP* PNECs are not the
progenitors of the airway epithelium [38]. These studies clearly identified up to three distinct
populations of CCSP-expressing cells that are stably maintained within the bronchiole of
normal adult mice. Of these populations, rare NEB- and BADJ-associated CCSP-expressing
cells share the property of infrequent proliferation relative to their more differentiated Clara
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cell counterparts [38,59]. Similarities between rare naphthalene-resistant CCSP-expressing
cells and tissue stem cells of other organs form the basis for their designation as a putative
bronchiolar stem cell that is sometimes referred to as either the variant Clara cell or variant
CCSP-expressing cell [38]. Further distinctions were made between bronchiolar stem and Clara
cells, based upon the observation of rare CCSP-expressing cells that co-express the alveolar
type 2 cell marker surfactant protein C (SP-C), that these cells were localized to the BADJ,
and that they were resistant to naphthalene. Cells with this molecular phenotype were observed
in preparations of distal airway/alveolar epithelial cells and could be enriched from this crude
cell preparation based upon their unique expression of stem cell antigen-1 (Sca-1) and CD34.
The observation that in vitro culture of these cells resulted in the expression of aquaporin 5, a
gene commonly associated with type 1 alveolar epithleial cells, led to the conclusion that they
harboured the capacity for both bronchiolar and alveolar differentiation and formed the basis
for their designation as bronchioalveolar stem cells (BASCs) [60].

At the time of this review, no in vivo data directly demonstrate that a BADJ-associated CCSP-
expressing population has the capacity for bronchiolar and alveolar differentiation. As such,
the similarity between variant Clara cells and BASCs has not been established. Moreover,
recent studies investigating the cell surface phenotype of epithelial cells from mouse
conducting airways indicate that, although cell surface Sca-1 allows for discrimination of
conducting airway and alveolar epithelial cells, it does not distinguish the local stem cell
population residing within distal bronchioles from the more abundant population of Clara cells
[61].

regulation of the lung stem cell hierarchy

Investigation into mechanisms regulating the airway stem cell hierarchy have focused
predominantly on genetic manipulation of candidate signalling pathways and molecules with
established roles as regulators of lung development or carcinogenesis. These include canonical
Wht signalling through stabilization of g-catenin, signalling through either the MAP kinase or
Ras pathways, PTEN, GATA-6 and Bmil. These studies have typically relied upon knock-out,
ectopic expression strategies or the use of conditional gene manipulation approaches that led
to altered expression of key regulatory molecules. Ectopic activation of S-catenin signalling,
K-Ras signalling or developmental loss of either GATA-6, PTEN, PI3 kinase or p38a MAP
kinase, have all been found to result in increases in the abundance of CCSP/Pro-SPC dual
immunopositive cells that are believed to represent bronchiolar stem cells [60,62-68].

Changes in the pool size of bronchiolar progenitor cells have been investigated in many of
these models through analysis of the cell surface phenotype described by Kim and co-workers,
including Sca-1*/CD34"* cells within the CD457/CD31~ viable fraction of dissociated lung
cells [60]. However, even though changes in these signalling pathways result in the expansion
of putative stem cells based upon the use of these markers, the absence of a comprehensive
molecular phenotype for bronchiolar stem cells that distinguishes them from other airway
progenitor cell types suggests that the impact of altered signalling on stem cells per se can not
easily be determined. In this context, functional changes in epithelial repair capacity involving
use of injury models that are known to result in activation of putative stem cells has the potential
to provide a more direct means to interrogate changes in progenitor function.

Roles for progenitor cells in carcinogenesis

Cancers in the lung can be pathologically divided into two categories, based upon the initiating
cell type, tumour location and histopathology, and are termed ‘small cell lung cancers’ (SCLCs)
and ‘non-small cell lung cancers’ (NSCLCs). NSCLCs can be further divided into squamous
cell carcinoma (SCC), adenocarcinoma (AC), and large cell carcinoma (LCC) [69]. As
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reviewed extensively by Giangreco and Janes, the varying tumour types present is a
representation of the complex cellular compartmentalization in the lung [70]. Using a similar
strategy to that of Bonnet and Dick [71], Eramo and co-workers recently demonstrated that
human lung tumours can be fractionated based upon cell surface expression of CD133", and
demonstrate that CD133" tumour cells can self-renew and propagate tumours in SCID mice,
while CD133™ cells do not [72]. These data have been used in support of the popular concept
that tumours, much like normal tissues, are maintained by rare cancer stem cells and are the
only studies currently to adequately demonstrate that a cancer stem cell may exist in lung.

Despite the lack of unequivocal data demonstrating the existence of lung cancer stem cell, a
wide body of work exists studying the molecular mechanisms of lung carcinogenesis in
bronchiolar progenitor cells. Many of these studies have stemmed from the finding that an
important gene frequently mutated in human lung cancer is K-ras [73]. While there is a large
body of evidence that establishes the cause—effect relationship between k-ras and lung cancer,
very few data exist that suggest a direct link between k-ras mutations and the cancer-initiating
cell or the cancer stem cell. Studies by Jacks and colleagues have demonstrated that Cre-
induced activation of a K-ras-St allele increases the abundance of CCSP/Pro-SPC dual positive
bronchiolar cells (or BASCs) that are found at the bronchioalveolar duct junction. Activation
of K-ras signalling in this manner also led to the development of adenocarcinomas, with the
suggestion of a causal relationship between increased numbers of BASCs and the development
of lung cancer [60]. This study has subsequently been followed by several that have attempted
to understand alternative molecular mechanisms of tumour initiation, the approach being to
manipulate signalling pathways to define those that impact the behaviour of BASCs.
Specifically, conditional deletion of PTEN, P13 kinase or p38a MAP kinase results in increased
numbers of BASCs and increased propensity to lung tumour development [64,66,68]. In
contrast, deletion of Bmil inhibits tumourigenesis through inhibition of BASC expansion
[67]. Collectively, these studies have been interpreted to suggest a role for bronchiolar stem
cells in the initiation of tumourigenesis. However, these studies either fail to identify the initial
target cell within which signalling is disrupted, leading to changes in the behaviour of putative
stem cells or other epithelial progenitor cell types of the airway. Therefore, although the concept
of a cancer stem cell remains an attractive hypothesis, the relationships between tumour-
initiating cells, cancer stem cells and endogenous stem or progenitor cells have yet to be clearly
determined in the lung.

Roles for progenitor cells in chronic lung disease

Chronic lung diseases (CLD), such as obliterative bronchiolitis (OB), chronic obstructive
pulmonary disease (COPD) and asthma, are characterized by remarkable epithelial and
mesenchymal remodelling that includes, but is not limited to, chronic injury to the airway
epithelium, decreased abundance of Clara cells, goblet cell hyperplasia, mucus cell metaplasia,
subepithelial basement membrane thickening, fibrotic nodules causing stenosis of small
airways, airway smooth muscle hypertrophy, and uncontrolled lymphocytic, neutrophilic and
monocytic inflammation [74-77]. Accordingly, understanding the aetiology and progression
of CLD has been complicated, due to the complex network of cellular crosstalk present in the
lung. Defective airway epithelial repair has been proposed as an early event in the initiation of
CLD, and chronic defects in reparative capacity and cellular composition may further
contribute to disease progression and susceptibility to exacerbation [78]. This implies that
normal functions for facultative progenitor and stem cells are compromised. Evidence
suggesting that this may be the case comes from analysis of biomarkers of epithelial
remodelling that have been used to follow the severity and progression of lung disease. Levels
of CCSP/CC16 in airway lining fluid or serum are uniformly reduced in the setting of chronic
lung disease, as discussed above, suggesting that epithelial remodelling involves altered
differentiation or cell death of this critical bronchiolar progenitor. Increasing evidence from
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studies in humans and animal models suggests that chronic injury and inflammation inhibits
normal epithelial repair and differentiation, leading to remodelling of the entire epithelial
mesenchymal trophic unit (EMTU) [77].

Chronic exposure to xenobiotic and biological flora has been postulated to play a causative
role in the development and exacerbation of chronic lung disease. As an example, cigarette
smoke causes extensive airway epithelial injury, a robust inflammatory response in the lung,
and is the principal epigenetic factor contributing to the development of chronic obstructive
pulmonary disease [79]. In vitro studies have demonstrated that cigarette smoke can severely
blunt epithelial wound repair by decreasing the rate of cell proliferation and migration and
altering extracellular matrix remodelling [80]. This observation has been extended to in vivo
models in which chronic cigarette smoke exposure in mice was shown to attenuate epithelial
repair following naphthalene-induced airway injury [81]. Epithelial cell injury and persistent
inflammation that are both associated with cigarette smoking have also been demonstrated to
blunt tissue repair in models of epidermal wound healing [82]. These studies indicate that
proper epithelial repair can be severely attenuated by environmental challenge.

Mechanisms contributing to tissue remodelling involve changes in the abundance and activity
of key matrix remodelling enzymes, leading to excessive depletion of elastin and other
structural matrix components critical for maintenance of tissue architecture. Paradoxically,
tissue remodelling also includes fibroproliferative responses that lead to inappropriate
deposition of matrix molecules. Currently, little is known regarding the cellular crosstalk
between injured and repairing epithelium and the underlying mesenchyme. It has been
postulated that the EMTU signalling network is essential for proper epithelial repair and that
in the context of defective repair this may lead to aberrant and chronic mesenchymal
remodelling that includes extensive fibroproliferation, extracellular matrix (EMC) deposition
and development of fibrosis. Recent work has identified that ECM production is transiently
up-regulated in an in vivo model of productive airway epithelial repair. Specifically, the ECM
protein Tenascin C (Tnc) is deposited in the subepithethial mesenchyme, reorganized to the
basement membrane subtending regenerating and injured epithelium as repair initiates, and
degraded to restore steady-state levels at the return of tissue homeostasis. In contrast, this
process is severely deregulated in an in vivo model of defective airway epithelial repair.
Irreversible ablation of CCSP-expressing cells using a transgenic suicide gene resulted in
chronic ECM deposition subtending the airway epithelium. Surprisingly, defective airway
epithelial repair also resulted in overproduction of ECM in the alveolar compartment [83]. This
study further supports work demonstrating that defective airway epithelial repair can also lead
to secondary effects in the alveolar compartment, including type 2 cell injury [84]. Collectively,
these data support an EMTU model in which epithelial repair results in mesenchymal
remodelling. This may play a direct role in regulating epithelial proliferation, differentiation
and/or migration. After repair is completed, the underlying mesenchyme returns to the steady
state. However, in the context of defective epithelial repair or persistent injury, as identified
in obliterative bronchiolitis, COPD and cystic fibrosis, the mesenchyme is chronically
remodelled, resulting in uncontrolled fibroproliferation, ECM deposition, fibrosis and
impaired gas transport/exchange in the airway and alveolar epithelium, respectively (Figure
2C). Further studies are warranted to elucidate the molecular mechanisms regulating this
process.

Future directions

Maintenance of the airway epithelium through the action of multiple interdependent
regenerative zones suggests that a more thorough understanding of progenitor cell types and
their behaviour in normal and diseased states may yield important insights into disease
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pathophysiology. Examples of basic biological questions that have potential to shed light on
mechanisms of normal maintenance, repair and aberrant tissue remodelling include:

1.

Basic studies to define the behaviour of airway progenitor cells in normal and
diseased states. Epithelial maintenance is dependent upon a balance between turnover
and renewal. If the rate of epithelial turnover is held constant, maintenance is purely
a function of progenitor cell self-renewal versus differentiation. There is currently no
information in the existing literature that describes the probability with which
different progenitor cell types are maintained through self-renewal, or whether this
property is impacted by divergence from the steady state, such as might be the case
with acute or chronic lung disease. The existence of multiple progenitor cell types
that can be hierarchically organized, such as those of the bronchiolar epithelium,
increase the complexity of this question. It is possible, for example, that bronchiolar
stem cells are maintained through a highly regulated process involving extrinsic
signals from the stem cell niche to ensure long-term maintenance of a stem cell pool
of adefined size. The likelihood that stem cells are activated to participate in epithelial
maintenance would inevitably be related to longevity of the transit-amplifying
progenitor cell pool. For example, if TA cell maintenance occurs through a stochastic
mechanism, as proposed by Jones and co-workers [32,33], the probability of which
is influenced by extrinsic factors such as injury and/or inflammation, the contribution
of stem cells towards epithelial maintenance will be strongly influenced by disease.
Understanding the basic behaviour of progenitor cells and how this is impacted by
disease would provide novel insights into disease pathogenesis and reveal new
therapeutic targets that may allow modification of disease outcome.

Improved molecular definition of progenitor cell types and their response to injury
and repair. A key component of future studies will be to interrogate the molecular
profile of stem cells. Previous studies have identified a broader repertoire of molecular
markers for identification and analysis of bronchiolar progenitor cells [85].
Furthermore, bronchioalveolar stem cells (BASCs) were recently isolated and sorted,
based upon their Sca-1*CD45-CD31~CD34* immunophenotype [60]. However,
recent cytometric analysis in combination with mouse models suggests these markers
do not distinguish putative stem cells from the abundant pool of Clara cells (Teisanu
etal, submitted). Previous attempts to isolate airway epithelial stem cells also included
enrichment based upon the ability to efflux the DNA dye Hoechst 33 342 dye [86],
but recent data indicate that this does not result in significant enrichment [87].
Collectively, these data demonstrate that the use of stem cell properties from other
tissues to fractionate airway epithelial stem cells is not a valid approach. Rather, new
markers, preferably those that identify a novel cell surface phenotype, will need to be
identified, using a combination of techniques including cellular fractionation and
microarray analysis.

Development of in vitro culture models to investigate the behaviour and regulation
of stem cells. A common functional assessment of stem cell character is determination
of self-renewal and differentiation capacity in vitro. Isolated BASCs have been
cultured and shown to demonstrate both of these qualities in vitro [60]. However,
caveats associated with this assay result preclude appropriate assessment of stem cell
behaviour. A more appropriate endpoint would be the coupling of in vitro methods
for propagation of progenitor cell types with development of transplantation assays,
analogous to those used for functional testing of cells of the haematopoietic lineage
to assess the behaviour of these cells in vivo [88,89].

Comparative stem/progenitor cell biology between mammalian species. A major
shortfall of current studies is the lack of correlative human data. In order to develop
successful cell and molecular therapeutics that translates into the clinic, stem cells in
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human airway epithelium need to be identified. Comparative studies aimed at
revealing similarities and differences in epithelial maintenance between species will
provide valuable information relating to the predictive ability of animal models of
human disease.

The existence of endogenous lung epithelial stem cells remains a controversial issue. To
facilitate a more thorough understanding of progenitor cell behaviour and the putative stem
cell hierarchy will require development of novel endpoints to answer the fundamental questions
outlined above. These studies will bring the scientific community one step closer to the
development of cellular and molecular strategies for the therapeutic treatment of lung disease.
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Figure 1.

Structure and function of the airway epithelium. The epithelium lining mammalian airways is
compartmentalized along the proximal-distal axis into four distinct zones, which can be further
subdivided based upon cellular composition, structure and function. The schematic represents
changes in cellular composition and function according to airway location in the mouse lung
(proximal to the left, distal to the right). The pseudostratified tracheobronchial epithelium is
characterized by an abundance of ciliated and basal cells and a lower incidence of non-mucus
secretory cells. Secretory cells in proximal airways of larger mammalian species tend to be of
more varied phenotype and include serous and goblet cells. Basal cells are less abundant within
mouse bronchial airways relative to the bronchi of larger mammalian species. The epithelium
of the bronchi is largely composed of columnar ciliated and secretory cells. Secretory cells of
both tracheal and bronchial airways in mice share some molecular properties of bronchiolar
Clara cells but differ in their mechanism of replacement and responsiveness to airway
inflammation. Bronchiolar airways are the most distal conducting airway and are composed
of ciliated cells and Clara cells. Other cell types of the conducting airway include rare
pulmonary neuroendocrine cells that, when organized into clusters, are commonly referred to
as neuroepithelial bodies (NEBSs). The conducting airway epithelium of the rodent lung
terminates abruptly at the bronchoalveolar duct junction, where airways open into alveolar
ducts and clusters of alveoli composed of squamated type | cells and cuboidal type 11 cells.
These cell types are specialized for gas transfer and surfactant production, respectively. Larger
mammalian species have a transitional respiratory bronchiole that includes bronchiolar
epithelium, with frequent alveolar buds that protrude from the bronchiolar wall (not shown).
Epithelial compartmentalization plays a vital role in protecting the lung from microbial
infection and inhaled pollutants through two major mechanisms: (a) particles and microbes
adsorbed to the viscous mucus layer are cleared through concerted ciliary beating within the
subtending periciliary layer (PCL), resulting in effective clearance with minimal need for an
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immunological response; (b) if mucociliary clearance is overwhelmed or evaded, both innate
and adaptive arms of the host immune response are activated. Recent work has identified an
epithelial and macrophage signalling network, whereby secreted proteins from airway and
alveolar epithelial cells can regulate macrophage activation and inflammatory cell recruitment
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Figure 2.

Progenitor cell-mediated repair. Using in vivo and in vitro injury models, the airway epithelium
has demonstrated remarkable reparative capacity. (A) In the tracheobronchial epithelium,
polydocanol or sulphur dioxide injury in mice has revealed the existence of a subpopulation
of injury-resistant label-retaining basal cells capable of restoring each cell type of the proximal
airway epithelium. Retroviral lineage tracing has also been used to hierarchically organize
human bronchial epithelial cells according to their clonogenic and differentiation potentials.
Progenitor cells of the bronchiolar epithelium include an abundant pool of Clara cells and
naphthalene-resistant cells. Both Clara cells and naphthalene-resistant cells express CCSP, yet
only Clara cells are ablated following naphthalene exposure. Naphthalene-resistant CCSP-
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expressing cells, termed variant CCSP-expressing cells (vCE), localize to neuroepithelial
bodies (NEBs) within proximal bronchioles and the bronchoalveolar duct junction (BADJ) of
terminal bronchioles. Recent data have described cells with similar properties to vCE cells that
can be defined based upon their co-expression of CCSP and proSPC. This cell type has been
referred to as a bronchioalveolar stem cell (BASC), based upon the ability of fractionated cells
to express markers of airway and alveolar lineages in vitro, with an unknown relationship to
the vCE cell previously described. (B) Representation of cell fate for progenitor cell types
represented in (A). (C) Possible mechanisms by which injury and repair of the airway
epithelium might contribute to tissue remodelling in lung disease. In productive epithelial
repair, extracellular matrix (ECM) is dynamically and reversibly regulated, with little
neutrophilic inflammation (A). The role of extrinsic cues in proper repair is unknown, but may
include direct interaction with subtending remodelled ECM or release of paracrine signalling
molecules. (C) In contrast, defective airway epithelial repair resulting from persistent depletion
of progenitor cells leads to excessive ECM deposition and neutrophilic inflammation. These
findings suggest that airway epithelial reparative capacity can regulate ECM deposition and
that defects in epithelial repair recapitulate the tissue remodelling observed in chronic lung
diseases
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