Chapter 6
Stem and Progenitor Cells of the Trachea
and Proximal Airways

Ahmed E. Hegab, Tomoko Betsuyaku, and Brigitte N. Gomperts

Introduction

The lung is a complex organ in which the airways and blood vessels form a
multigenerational dichotomous branching tree-like structure which is structurally
and functionally divided into two main regions: the conducting airways and the air
exchange units. The conducting airways are further subdivided into the trachea,
bronchi, and bronchioles, while the air exchange units of the distal lung consist of
alveoli that are lined by Type I and Type II alveolar epithelial cells.

The more than 42 diverse cell types distributed in different regional micro-
environments along the branching airways is an important feature of lung com-
plexity: each cell type designed to perform a specific function. The large conducting
airways, which are the subject of this chapter, comprise the trachea and bronchi and
are lined by a pseudostratified columnar mucociliary epithelium that functions in
host defense. Below this epithelial lining lie the submucosal glands (SMG) which
produce the majority of the serous and mucus secretions in the airway. Because
these proximal airways are constantly exposed to an external environment which is
a potential source of injury caused by challenges including temperature changes,
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airborne particle inhalation and pathogens, the airway epithelium needs an efficient
repair mechanism. It is now well established that these epithelial cell lineages are
maintained during homeostasis, and repaired after injury, by regulation of the
proliferation and differentiation of stem cells. In this chapter, we describe the
significant progress made in recent years in understanding the proximal airway
epithelium, its stem and progenitor cell subpopulations, their niche and the mecha-
nisms regulating its repair, while reconciling important differences in the organ-
ization of regenerative cells and their regional microenvironments in the human and
rodent lung.

Specifically, the cartilaginous trachea and bronchi in the human lung are
characterized by the presence of SMG throughout their submucosa, unlike the
bronchioles which are the more distal branches of airways that lack cartilage and
glands. In rodents however, the distinction between bronchi and bronchioles is less
evident as SMG are detected mainly around the first tracheal cartilaginous
C-shaped ring (C1) with smaller rudimentary glands being visible down to only
C4-6. Rodents also have no cartilage in their intrapulmonary airways. There are
also major differences in the epithelial cellular lining of human and rodent airways.
In humans, the pseudostratified columnar epithelium consists of basal, ciliated, and
secretory cells (mainly goblet cells with a few Club cells—previously known as
Clara cells) which line the trachea and bronchi. Whereas in rodents, the
pseudostratified columnar epithelium consists of basal, ciliated, and secretory
cells (mainly Club and serous cells with almost no goblet cells) which line only
the trachea. The intrapulmonary airways down to the alveoli are lined by a simple
columnar epithelium that consists mainly of Club and ciliated cells with a few
neuroendocrine cells [1-3].

Evidence for Both “Dedicated” and “Facultative” Stem Cells
in Proximal Airways

Different organs and tissues have stem and progenitor cells with different prolifer-
ative and reparative capacities. Tissues like the skin, intestine, and hematopoietic
system have a constant turnover and highly efficient repair after injury. On the other
hand, tissues like the brain and heart undergo little turnover and repair poorly after
injury, while the lung is characterized by very slow but continuous turnover and
variable reparative capacity that depends on the severity, anatomical site, repetition,
and nature of injury [4, 5].

Traditionally, quiescence was considered to be an essential property of tissue
stem cells. This idea was based on the notion that stem cells are few cells that cycle
rarely and slowly in order to protect their genome from developing mutations
[6]. Accordingly, a stem cell of a tissue should be able to “retain” a mitotic label
for prolonged periods. Label-retaining cells (LRCs) were identified by administer-
ing BrdU to animals for long periods, followed by a long washout time. Cells that
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were identified by immunostaining to retain the BrdU label were considered the
stem cells of that tissue. Several studies have identified LRCs in several locations in
the proximal airways including the tracheal SMG ducts and dispersed foci within
the surface epithelium (probably the inter-cartilaginous regions) of the trachea,
as well as Club cells associated with the neuroepithelial bodies [7, 8]. Because lung
epithelial turnover is so slow, these studies had to inflict an injury on the lung to
induce a state of repair in order to identify LRCs. A recent study suggests that,
proximal airway epithelial cells turn over every 6 months, which is much longer
than the previous estimates [9, 10]. However, it is possible that the LRCs detected
after injury represent a different stem cell subpopulation than the stem cell respon-
sible for maintaining the airways during very slow homeostatic turnover. Indeed,
recent findings in the skin and intestine have confirmed that LRCs are not the only
stem cells in these tissues, demonstrating that quiescence and label retention are not
inherent properties of all tissue stem cells [11].

Similar findings from several tissues have led to the classification of tissue stem
cells as either “dedicated” or “facultative.” Dedicated stem cells are thought to be
few in number, more undifferentiated, and their self-renewal to be slow (quiescent)
and capable of differentiation into more committed progenitors or specialized cell
types. Facultative stem cells are thought to represent a larger stem cell pool, which
exhibit differentiated features when in the quiescent state but have the capacity to
proliferate, self-renew, and give rise to differentiated progeny in response to injury
(Fig. 6.1) [12].

Different Stem Cell Subtypes Within the Airway Basal
Cell Pool

Basal cells in several organs and tissues express Trp-63 (p63), cytokeratins (K)5
and K14 [13]. Airway basal cells were thought to constitutively express K14 [14]
like basal cells of other epithelia, but this was later shown not to be the case [15,
16]. Naive mouse tracheal basal cells express K14 in only 10-20 % of cells [16, 17]
while in apparently healthy human bronchi K14 is expressed in only 1-2 % of cells
[18]. K14 is also expressed in the basal and myoepithelial cells (MEC) of the SMG
of both human and mouse [17, 18], as discussed below. However, after various
injuries and/or infection and with chronic inflammation K14 expression is
upregulated in many basal cells [17-19].

The functional role of K14 upregulation after injury and in pathological condi-
tions is not clear. A recent study of stratified epithelium showed that loss of K14
expression was associated with reduced cell proliferation and delay in cell cycle
progression [20]. As naive airway basal cells proliferate very slowly, the need to
upregulate K14 expression would be understandable in the context of “activation”
of an otherwise-dormant basal stem cell to quickly proliferate in response to injury
(Fig. 6.1). Whether K5+/K14— and K5+/K14+ represent two different subtypes of



100 A.E. Hegab et al.

o |, Aging, chronjc * i F @
. (\ :infection (\ -t
LRC or "+, .t .
. ‘ : . A" LRC,ALDHbor

B S
ALDH® a | e | K5ki Basal cell

—
Duct cell K5+/K14+ s:{. Veps '."jun- " i h % K5+/K14-
Duct cell “ Pither » (3 ) T Basalcell

AN AN é

Submucosal gland Surface epithelium

S Ciliated and
K5+Kl4+ S~ Non-ciliated

/SMA+ MEC ) S duct cells
L

Serous
Mucus  cell
cell

C-Myb+/p63-
Intermediate cell

|

\
Ciliated cell

CC10+
Club cell

\ - -y iv
\ Putative ‘ " ; "= Putative
\Dllrerentia tion \ differentiation Self-renewal *,  Self-renewal

=
sz
.o
£z
£
ESZ
o
Eg
b ]
% &
7=
wv‘

3
£
=

Fig. 6.1 Schematic representation of our current understanding of stem and progenitor cells
responsible for maintenance and repair of the proximal airway surface epithelium and submucosal
glands. LRC label retaining cells, ALDH aldehyde dehydrogenase, MEC myoepithelial cells,
K keratin, SMA smooth muscle actin

basal cell with some degree of plasticity, or whether they are the same cell in a
different state of activation is still controversial [16].

Evidence that basal cells are the “facultative” stem cells of the proximal airways
and that they maintain and repair the proximal airways after injury has accumulated
over many years [21, 22]. The most concrete characterization of their behavior as
stem cells comes from lineage tracing studies. Engelhardt et al. performed a
thorough study of the ability of the human proximal airway epithelium to reconsti-
tute a denuded tracheal xenograft [23]. Epithelial cells were color-labeled using
retroviral vectors so that the resulting clone sizes and differentiation potential could
be followed. They observed that approximately 45 % of clones were multipotent,
giving rise to basal, intermediate, secretory, and ciliated cells [23]. This finding is
consistent with later rigorous lineage tracing experiments using a K5-CreER trans-
genic mouse model to follow the fate of K5+ tracheal basal cells in vivo during
early postnatal growth, adult tracheal homeostasis, and tracheal repair after injury
[24]. This study showed that basal cells self-renew and differentiate into both Club
and ciliated cells, and that a long observation period of up to 14 weeks did not lead
to loss of the label from basal cells indicating that they are the genuine stem cells in
the trachea [24]. By contrast, lineage labeling of tracheal CC10+ (Club) cells
showed that while labeled tracheal Club cells do proliferate and differentiate into
ciliated cells they are gradually replaced over time by unlabeled cells, presumably
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the progeny of basal cells [25]. These experiments also indicated that while the
differentiative potential of Club cells in basal cell-containing airways was more
restricted than that of basal cells during homeostasis or after limited injury, they
seemed to be able to generate basal cells after severe epithelial injury (albeit with
very low efficiency) [25]. This ability of Club cells to “de-differentiate” into basal
cells with a greater developmental potential was recently extensively studied by
combining lineage tracing of Club cells with cellular ablation of basal cells
(Fig. 6.1) [26]. Hegab et al. used the syngeneic heterotopic transplantation of
mouse trachea as a model for severe hypoxic/ischemic injury for airway epithelium
[27]. Soon after the injury, most cells of the tracheal surface epithelium underwent
apoptosis and sloughed, with only a few surviving cells that were mostly K5+/
K14— basal cells. Over the following days, these surviving basal cells, proliferated,
acquired K14 expression, and started to differentiate gradually into secretory cells
followed later by ciliated cells. BrdU labeling confirmed that most of the prolifer-
ating cells through the early repair phase were K5+ basal cells while in the
later repair and remodeling period; some secretory cells were also BrdU labeled
(Fig. 6.1) [27].

Collectively, it seems that during homeostasis and after different forms of injury,
many basal cells throughout the proximal airways possess the ability to self-renew
and differentiate towards the secretory and ciliated lineages. Club cells, in the
presence of basal cells, have limited proliferative capacity but if basal cells were
extensively damaged, they may contribute to the repair process by enhanced
proliferation and possibly (de-) differentiation.

One interesting finding from basal cell lineage tracing is that basal cells
responded to injury induced by SO, inhalation by differentiating more towards a
ciliated than Club cell fate, while during homeostasis the reverse was true [24]. This
suggests that the fate of the basal cell progeny is dependent on interactions with its
surrounding environment, namely, the niche. However, it may also indicate the
presence of two or more subtypes of basal cells: one that is active during homeo-
stasis and tends to differentiate more into Club cells, while the other subtype is
activated in response to injury, which in the case of SO, inhalation injury produces
more ciliated cells. It is also possible that a different subtype of basal cell could
respond to different types of injury. When Ghosh et al. lineage traced basal cells
after inducing a selective injury to Club cells by naphthalene administration, they
detected four different types of clones at 40 days post-injury. 50 % of these clones
contained only basal cells, 25 % contained basal and secretory cells, and 19 % of
clones had basal, secretory, and ciliated cells, while only 6 % contained basal and
ciliated cell clones [16].

Indeed, there is accumulating evidence that there is a subset of basal cells, which
has more stem cell characteristics than the rest of the basal cells. When basal cells
with higher expression of K5 were sorted from a K5-GFP transgenic mouse, they
produced more colonies that were also larger in size compared to basal cells with
lower K5 expression [28]. Recently, sorting basal cells based on their aldehyde
dehydrogenase activity (a commonly used marker of normal tissue and cancer stem
cells [29]), enriched for a subset of basal cells that possessed more efficient
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two-dimensional (2D) [30] and three-dimensional (3D) colony/sphere formation
ability (Fig. 6.1) [19, 31]. In the 3D colony/sphere formation assay, unfractionated
basal cell spheres consistently formed spheres with a wide range of sizes [17, 24].
Further analysis of these spheres showed that they also had variable wall thick-
nesses and ratios of basal to differentiated cells (Hegab AE unpublished data).

Collectively, these data suggest the presence of different types of basal cells that
have different responses to injury and possess different proliferative and differen-
tiation abilities. Further studies are warranted to detect markers that can identify
these different types in order to perform individualized characterization of their
behavior both in vivo and in vitro.

Signaling Pathways Governing Basal Cell Proliferation
and Differentiation

It is only recently that we have started to understand the factors regulating basal cell
self-renewal versus differentiation during homeostasis and in response to injury. All
basal cells in different epithelial tissues are typically marked by the transcription
factor p63 (TP63, Trp63). P63 and basal cells seem to be essential for proper
function of many organs. For example, loss of p63 from mammary gland basal
cells leads to dramatic defects in luminal cell proliferation and differentiation,
resulting in lactation failure [32], and loss of p63 in basal cells in the prostate
results in disturbed ductal integrity and abnormal differentiation of luminal cells
[33]. On the other hand, the trachea of P63 null mice contains no basal cells but
shows a well-arranged columnar ciliated epithelium [34].

It is now well established that many stem cells can divide symmetrically,
especially during organ development or in response to injury, when cell number
expansion becomes a priority to establish an epithelial barrier, and this is also true
of airway basal stem cells [35]. Asymmetric cell division (where daughter cells
resulting from a cell division adopt divergent fates) is considered as a defining
characteristic of stem cell differentiation and is associated with a significant drop in
symmetric cell division [35]. Notch has been found to play two temporally distinct
roles in airway epithelial repair—firstly, in self-renewal of basal cells and secondly
in guiding the differentiation of basal cells towards ciliated or secretory lineages.
Tsao et al. used a mouse model with conditional disruption of epithelial (but not
mesenchymal) Notch. Inhibition of Notch in the developing lung of this model
resulted in intrapulmonary airways that were entirely lined by ciliated cells but did
not show any effect on the numbers of tracheal basal cells [36].

Notch has also been found to be important in adult airway epithelium homeo-
stasis and during repair after injury. Using an in vivo reporter allele and genetic and
pharmacologic gain- and loss-of-function experiments to demonstrate the role of
Notch in cell fate determination of the proximal airway epithelium, Rock
et al. found that Notch signaling drove basal cell differentiation to the secretory
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lineage, while the absence of Notch shifted the balance towards producing more
ciliated cells [37]. They also speculated that Notch signaling is not required for self-
renewal of basal cells [37]. However, further in-depth studies revealed that different
combinations of Notch receptor activation and ligand binding resulted in
completely different airway epithelial differentiation profiles [38]. It seems that
components of the Notch pathway play complicated and tightly regulated roles in
directing basal cell destiny. Paul et al. examined Notch pathway components both
in vitro and in vivo to determine their role in controlling basal cell proliferation in
response to injury [39]. Wild type mice received intratracheal polidocanol in order
to slough off the airway surface epithelium and then the repairing airway epi-
thelium was examined for Notch pathway components. Several components were
upregulated during the repair process and were weakly expressed under steady-state
conditions, suggesting that some Notch pathway components are active during
basal cells proliferation.

Paul et al. also showed that dynamic changes in the level of reactive oxygen
species (ROS) directly influence the ability of basal cells to self-renew and proli-
ferate and that this is a tightly regulated process. This intriguing finding also
suggests that exogenous ROS from air pollutants and cigarette smoke may influence
airway epithelial cell proliferation and differentiation by altering the balance
between the self-renewal and differentiation of basal stem cells. Thus, homeostasis
is achieved by a regulatory loop in which the rise in ROS levels activates NRF2, the
master transcription factor regulating the antioxidant response and NRF2, in its
turn, has a direct regulating role on the Notch-mediated role in basal cell
proliferation [39].

The epidermal growth factor receptor (EGFR) pathway in the lung epithelium
regulates several key cellular processes including self-renewal, proliferation,
repair, and differentiation. Aberrant EGFR signaling can cause basal cell hyper-
plasia, goblet cell hyperplasia, and induction of mucus production and/or promote
fibrosis and collagen deposition [40]. An activating mutation in EGFR is associated
with non-small cell lung cancer (NSCLC) and drugs that specifically target the
EGFR pathway are now being used to treat NSCLC [41]. EGFR was found to have a
role in controlling basal cell proliferation in homeostasis and during repair
[42]. The EGFR inhibitor, AG1478, decreased basal cell proliferation and mucin
production in experimental models [42, 43]. The Wnt-f-catenin pathway has also
been shown to play a role in basal cell proliferation and differentiation both in vivo
and in vitro [44—46].

One additional aspect of basal cell regulation was delineated with the identifi-
cation of Myb as a key transcription factor that is expressed in post-mitotic
epithelial cells that are destined to become multi-ciliated cells. Myb was shown
to act downstream of Notch and upstream of Foxjl and thus to be an essential
regulator of basal cell differentiation towards ciliated lineages [47]. Another study
demonstrated that Myb not only marked intermediate cells of the airway epithelium
but was also critical in controlling their differentiation to both the ciliated and
secretory lineages. Inhibiting Myb in airway epithelium in vitro, and Myb gene
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deletion in vivo, resulted in p63-negative cells which could not proceed to differ-
entiate into ciliated or secretory cell lineages [48].

The Stem Cell Niche of the Airway Epithelium

It is well established that transcriptional regulation of a stem cell’s decision to
proliferate or differentiate towards a specific lineage is markedly affected by mutual
signaling with various components in the stem cell niche [49]. Tadokoro et al. have
recently described a novel interaction between IL-6, a niche component, and Stat3,
a transcription factor. They showed that IL-6 originating from cells in the nearby
stroma activate basal cell Stat3-dependent signaling resulting in a shift of basal cell
differentiation towards a ciliated cell fate. This regulation was found to be both at
the level of ciliogenesis-related genes and transcription factors like the Multicilin
gene and FoxJ1, as well as by inhibition of the Notch pathway [50].

Culturing human bronchial and mouse tracheal epithelial cells (MTEC) at an
air-liquid interface (ALI) has been the standard assay for studying airway epi-
thelium and its niche in vitro for many years [51, 52]. In this assay, a mixture of
airway epithelial cells is seeded on a collagen-coated membrane in a transwell.
Cells are submerged in medium and allowed to form “cobblestones” for several
days before the medium is removed from the upper chamber to generate an ALL
A pseudostratified epithelium containing basal, Club, ciliated, and goblet cells is
usually apparent starting after 5 days at the ALI. Various experiments, treatments,
and interventions can be applied to the ALI and the effect on cells can be examined
at varying time points.

More recently, the sphere/colony formation assay in a 3D culture system has
emerged as a useful method to study and characterize various stem cell properties,
such as proliferation, differentiation, and niche interactions [53, 54]. In this assay,
the size and number of spheres reflects the proliferation capacity of stem and
progenitor cells, while the ability to serially propagate spheres with subsequent
passages is considered a measure of self-renewal potential of the basal cells. The
sphere assay has several advantages for studying stem cells over the ALI culture
system. It allows for direct observation of the proliferation and self-renewal poten-
tial of basal cells with various treatments or genetic alterations. Mixing of different
types of cells or differently labeled cells, allows for identification of the spatial
relationship between putative stem cells and putative niche cells and/or their
differentiated progeny. There are an increasing number of studies exploiting this
sphere/colony formation assay to identify various properties of airway basal cells
and niche interactions [17, 19, 24, 31, 39]. However, as with any in vitro assay, the
interpretation of findings about the behavior of basal cells from the sphere/colony
formation assay needs to be evaluated carefully and further validated in vivo.
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Intermediate Cells

Using specific markers, cell types populating the airway pseudostratified epithelium
were identified as basal (30 % of cells), ciliated (30 %), secretory (goblet, serous
and/or Club cells) (30 %), and rare neuroendocrine cells (1-2 %) [1, 3]. However,
about 8—10 % of cells do not stain for any of these known markers and are known as
“indeterminate” cells or “intermediate” cells which are thought to be in a state of
transition/differentiation [1, 55]. They were also thought of as early short-lived
progenitor cells because they were observed to arise from basal cells that survived
SO, injury before eventually differentiating into ciliated or secretory cell lineages.
During this transition, they lost their basal cell markers and had not yet acquired
ciliated or Club cell markers [37]. A disturbance in basal cell proliferation and
differentiation programs, as might be seen in smokers and patients with COPD,
characterized by basal cell hyperplasia or metaplasia is associated with an increase
in incidence of both basal and intermediate cells [48]. Likewise, there is an
increased incidence of intermediate cells and goblet cells in goblet cell hyperplasia
[48]. The recent identification of the transcription factor, Myb, as a marker of these
intermediate or early progenitor cells in both mouse and human (Fig. 6.1) [48] will
likely pave the way for their further characterization by lineage tracing and explo-
ration of their role during homeostasis and potential contribution to diseases of the
lungs.

The Submucosal Glands

SMGs are complex branching structures located in the submucosal tissue of the
human trachea and bronchi, but only in the most upper part of the trachea in mice.
The SMG ducts open into the epithelium lining the surface of the airways. The duct
branches into several collecting ducts which collect secretions from multiple mucus
and serous tubules that form the glandular acini. Serous and mucus tubules are lined
with polyhedral serous and mucus cells. The SMG tubules are surrounded by
elongated MEC which express K5 and K14 in addition to a-smooth muscle actin.
The SMG ducts are lined with a thin layer of stratified/pseudostratified epithelium.
In the proximal part of the ducts, the luminal cells are ciliated. Both ciliated and
basal cells of the SMG ducts seem to be in continuity with the ciliated and basal
cells on the surface epithelium but basal cells of the SMG ducts differ from surface
epithelial basal cells in that they are more flattened and express K14 [17, 18, 27].
Serous cells of the SMGs secret electrolyte-rich watery secretions, lysozyme,
neutral mucins, and immunoglobulins. Mucus cells secret acidic mucins. The rate
and nature of secretions from the SMGs is regulated by the cholinergic and
non-cholinergic nervous systems and is affected by interactions with inflammatory
cells, chemokines and allergens [56, 57]. Hypertrophic SMGs with enhanced
secretion volume and a change in secretion constituents are important components
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of several lung diseases such as chronic bronchitis [58], cystic fibrosis [59], and
asthma [60].

Stem Cells of the SMG

Much of the research on SMG stem cells has been conducted using animal models.
It is therefore important to consider the structural and cellular differences between
rodents and human airways and SMG [61], also highlighted in the introduction,
when extrapolating these studies to humans. SMGs develop from the so-called
primordial glandular placodes (PGPs), which are clusters of basally positioned
epithelial progenitor cells within the developing airway epithelium. These PGPs
start to invade into the submucosa and branch in response to signaling cues from the
surrounding mesenchyme, eventually forming the branched networks of serous and
mucus tubules of the SMGs [61].

Interestingly, when labeled human proximal airway epithelium was used to
reconstitute a denuded tracheal xenograft, epithelial cells not only reconstituted
the denuded tracheal surface but also invaded the submucosa and formed labeled
SMGs, though infrequently [23]. Recently, the gradual appearance of age-related,
gland-like structures (ARGLS) has also been described [62]. Interestingly, these
ARGLS also seemed to arise by budding from the surface epithelium, similar to
what is seen during SMG development and in the xenograft model (Fig. 6.1).

Collectively, it seems that some cells within the proximal airway surface epi-
thelium, presumably some of the basal cells, are responsible for SMG embryonic
development and they seem to preserve the potential to “bud” into the submucosa in
a transplantation model and with aging.

SMG Duct Cells Are a SMG Stem Cell

Being in a relatively protected environment compared to the airway surface epi-
thelium, SMG cells are expected to cycle even more slowly than the surface
epithelium. Ciliated cells in the ducts of the SMG have a turnover rate of more
than 18 months, much longer than the 6 months suggested for tracheal ciliated cells
[10]. As mentioned above, LRCs were identified in SMG ducts after repeated injury
to the surface epithelium [7]. In the same study, the ability of mouse SMG cells to
contribute to the tracheal epithelial lining was suggested because when an enzyme-
denuded trachea was transplanted subcutaneously in a nude mouse and examined
after 28 days, the submucosal region showed cystic spaces lined by a
“bronchiolized” ciliated epithelium [7]. These results suggest the potential partic-
ipation of SMG duct stem cells in repairing injured surface epithelium. However,
there is currently no injury model or cell ablation technique available that will
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specifically injure the SMG to help identify the stem cells maintaining and/or
repairing the glands themselves.

Hegab et al. performed several studies to characterize the stem cells in the SMG
ducts. In one study, they examined the chronological persistence or reappearance of
epithelial cells in a tracheal graft after severe acute hypoxic/ischemic injury
[27]. At day 1 after injury, all cells in the SMG bed were apoptotic and only a
few K5+/K14+ cells in the gland ducts survived. These surviving duct cells were
presumed to be the cells responsible for the ensuing repair [27]. Over the following
days, these cells proliferated and gradually differentiated into secretory cells and
MEC that invaded deeply into the submucosa eventually forming tubules that
appeared to be functional. BrdU labeling confirmed that most proliferating cells
during the early repair phase were K5+ duct cells while MECs were also seen to be
proliferating during the later stages of repair and remodeling (Fig. 6.1) [27]. This
study also confirmed the previous findings of Borthwick et al., [7] by demonstrating
the ability of SMG cells to reconstitute the tracheal epithelium; enzymatically
denuded prior to transplantation. Hegab et al. showed that SMGs could regenerate
the denuded surface epithelium but this process was much slower than when
surviving basal cells repaired the surface epithelium (Fig. 6.1) [27]. In another
study, an alternative strategy was used to enrich SMG cells based on the finding that
SMG duct cells, but not tubular cells, express Trop2 [17]. A 2-step enzyme
digestion protocol was used to firstly detach the surface epithelium, and then digest
SMG and other stromal cells in a second step prior to FACS sorting SMG duct cells
based on their differential expression of Trop2 [17]. In human bronchi, a similar
2-step enzyme digestion protocol was used to separate surface epithelium from
SMG cells and then sort basal and SMG duct cells on the basis of their differential
expression of CD44 and CD166, respectively [19]. In the mouse, the self-renewal
and differentiation potential of sorted SMG duct cells was demonstrated using both
in vivo ectopic transplantation and in vitro colony/sphere formation assays, as well
as lineage tracing of cells expressing K14 during repair after transplantation.

As mentioned above, in the naive mouse trachea, K14 is expressed in basal cells
of SMG ducts and in MECs but K14+ basal cells only represent about 10 % of the
tracheal surface epithelial cells. They used K/4CrePRI mice crossed with
ROSA26-floxSTOP-YFP mice in order to express YFP only in K14+ cells on
administration of RU486. To induce a proliferative state in the SMGs that turn
over extremely slowly, the lineage tracing was performed using the hypoxic-
ischemic injury model [17]. When the lineage marker was turned on with RU486
after airway injury, YFP expression was found in the SMGs, SMG ducts, and the SE
adjacent to and overlying the SMG ducts but not in the surface epithelium of the
distal trachea where SMGs are not present. The detection of this pattern of YFP+
cells strongly suggested that K14+ SMG duct cells contributed to repair of the SMG
gland and participated in repair of the surface epithelium together with the basal
cells that survived the injury (Fig. 6.1) [17]. As was seen with mouse basal cells
[31], colony/sphere forming cells within SMG duct cells were enriched in the
ALDH-expressing cell population [19].
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SMG Myoepithelial Cells

MEC:s are flat, thin cells that wrap around the glandular acini, such as mammary,
salivary, and airway SMG. Their function is to squeeze acini to help push their
secretions into the ducts. They express both smooth muscle actin and keratins. In
mammary glands, MECs were found to be the main stem cell of the gland [63]
while in salivary glands it was found that the duct cells, rather than MECs,
possessed stem cell characteristics [64]. On the other hand, both duct and MEC
of the sweat glands seemed to harbor cells with stem cell properties [65, 66]. No
study to date has examined the stem cell potential of airway SMG MECs even
though they are a potentially clinically relevant cell type as their hypertrophy is
commonly associated with fatal asthma [67].

Occasional YFP positive acinar cells were seen shortly after activation of the
K14/GFP transgene in the K/4CrePRIx ROSA26-floxSTOP-YFP mice by admini-
stration of RU486 [Hegab AE unpublished data]. These cells were so distal in the
SMGs that it is more likely that they descended from their immediate neighboring
K14+ MECs rather than from the more proximally positioned K14+ duct cells.
During SMG repair from the severe acute hypoxic/ischemic injury described above,
MECs were the first differentiated cell type to appear in addition to the surviving
duct cells. BrdU labeling was seen in duct and MECs but not in secretory cells
(Fig. 6.1) [27 and Hegab AE unpublished data]. More studies are required to
characterize SMG MECs both in vitro and in vivo and to identify their possible
contribution to various diseases that involve SMGs.

As the K5/K14-expressing SMG duct cells seem to be the anatomical continuum
of the K5/K14-expressing MECs at the junction between the SMG ducts and
tubules [17, 19, 27], it is possible that SMGs are hierarchically organized as
follows: SMG duct cells have the potential to self-renew and differentiate into
both MECs and acinar secretory cells, MECs self-renew and differentiate into
acinar secretory cells, while acinar secretory cells are terminally differentiated
cells. This is more or less similar to the tracheal cell hierarchy of basal, Club, and
ciliated cells, respectively (Fig. 6.1).

Conclusion

In conclusion, much progress has been made over the last 5 years in increasing our
understanding of the mechanisms of airway basal stem cell proliferation and
differentiation to produce the mucociliary airway epithelium. However, there is
still much to be learned about the development and repair of the proximal airway
epithelium, its niche and the SMGs. It appears that there are multiple transcriptional
pathways that are regulating these processes and the timing of signaling in each is
critical for the initial proliferation followed by differentiation in normal airway
repair. There is a large amount of overlap of these pathways with those that are
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active in adult stem cells of other epithelia, and there is much to be learned in
studies from organs such as the skin, intestines, breast, and prostate and from other
model organisms such as Drosophila melanogaster and Chlamydomonas. Many
lung diseases arise from poor mucociliary clearance due to abnormal repair, and
premalignant lesions of the large airways arise due to excessive self-renewal and a
block in differentiation of basal cells. Thus, there is a great clinical need for the
development of new therapies to improve mucociliary clearance and promote the
normal pseudostratified columnar airway epithelium. Understanding the airway
epithelial cell populations, their stem cell subpopulations, their niche, and the
mechanisms involved in their repair will ultimately lead to novel therapies to
promote repair of the normal airway epithelium, and a functional mucociliary
escalator and thereby improve lung health.
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