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Airway epithelial healing is defined as restoration of health or
soundness; to cure. Our research indicates that two types of pro-
genitor cells participate in this process: the tissue-specific stem cell
(TSC) and the facultative basal progenitor (FBP). The TSC restores
the epithelium to its normal structure and function. Thus, the TSC
regenerates the epithelium. In contrast, the FBP-derived epitheliumis
characterized by regions of cellular hyperplasia and hypoplasia.
Since the FBP-derived epithelium deviates from normal, we term
the FBP-mediated process repair. Our work indicates that the TSC
responds to signals from other epithelial cells, including the FBP.
These signalsinstruct the TSC to proliferate or to select one of several
differentiation pathways. We interpret these data in the context
of Stephen Padget’s “seed and soil” paradigm. Therein, Padget
explained that metastasis of a tumor, the seed, to a specific site,
the soil, was determined by the growth and differentiation require-
ments of the tumor cell. By extending the seed and soil paradigm to
airway epithelial healing, we suggest that proliferation and differ-
entiation of the TSC, the seed, is determined by its interactions with
other cell types, the soil. Based on this concept, we provide a set of
suggestions for development of cell-based therapies that are di-
rected toward chronic airways disease.
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The field of epithelial progenitor cell biology is hampered by
a complex vocabulary. As a consequence, two well-meaning
[pun intended] biologists may use the same word to describe dif-
ferent cell types and functions. To establish a common language
and avoid potential misunderstandings, we will first define our
terms. This glossary is an adaptation of a previously published
version (1) that focuses on our cell of interest, the basal cell
progenitor. Within the glossary the reader is directed to excel-
lent reviews that present subjects that are beyond the scope of
the work presented in this Aspen Lung Conference State of the
Art presentation.

AIRWAY REGIONS

Cartilaginous Airways

Cartilaginous airways are defined as those supported by cartilage.
The human trachea and first six generations of the intrapulmonary
airway meet this definition (2, 3). These airways are referred to
collectively as the “tracheobronchial” airways. Human tracheo-
bronchial architecture, including epithelial structure and cellular
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composition, are recapitulated by the mouse trachea (4-8). Thus,
we and others have used mouse trachea to model the epithelium
that lines cartilaginous airways of the human lung.

Tracheobronchial Subregions

The tracheobronchial region is further divided into subregions.
The region that is defined by cartilage rings accounts for approx-
imately two-thirds of tracheal wall mass and forms the ventral
and lateral surfaces of the airway tube. The epithelium in this
region is pseudostratified: each cell is in contact with the base-
ment membrane. However, the extent of this contact varies with
cell type. The other main subdivision of the tracheobronchial air-
way is termed the membranous region and is located on the dor-
sal side of the airway tube. The epithelium in this region is quite
different from that overlaying the cartilaginous region. Differen-
ces include cell composition, cellular organization, and cell origin
(9). Our studies have not delved into this very interesting sub-
region of the trachea.

TRACHEOBRONCHIAL EPITHELIAL AND INTRAEPITHELIAL
CELL TYPES

Multiple Epithelial Constituents

The tracheobronchial epithelium is populated by multiple cell
types including basal, ciliated, secretory (mucus or nonmucus),
serous cells, brush cells (also termed cholinergic chemosensory
cells [10] and solitary chemosensory cells [11]), and neuroendo-
crine cells. Among these cell types, basal, ciliated, and secretory
cells account for the majority of cells within the epithelium and
are the focus of our work and that of others. These major ep-
ithelial cell types are defined below. The tracheobronchial epi-
thelium is also populated by inflammatory cell types including
dendritic cells, granulocytes, lymphocytes, and macrophages, and
the frequency and function of these inflammatory cells changes
with epithelial injury (12, 13). Finally, some epithelial cells are
innervated (brush cells and neuroendocrine cells), while other
epithelial cells interact indirectly with intraepithelial nerve pro-
cesses. Herein, we focus only on the major epithelial cell types.
For information on other tracheal cell types, the reader is re-
ferred to several excellent papers and reviews (14-18).

Basal Cells

Tracheal basal cells are pyramidal cells (8). These cells have
more contact with the basement membrane than other tracheal
cell types. We showed that normal tracheal basal cells express
keratins (K) 5 and 15 (19) (Figure 1A). All tracheal basal cells
are identified by immunostaining for these pan-basal cell markers.
We also showed that 20% of steady-state basal cells co-express
K14 (19) (Figure 1B). The K14™ basal cells are in equilibrium
with the K14— basal cell population (20). Finally, we showed that
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Figure 1. Mouse tracheal histology. Tracheal sections from normal
mice were stained using dual immunofluorescence methods. (A) The
intercartilaginous region. Clara-like cells are detected as CCSP™ (red)
cells. Basal cells are detected as Keratin (K) 5 (green) cells. Note the
pseudostratification in this region of the trachea. (B) The midcartilagi-
nous region. Clara cells are stained as indicated above. The K14 subset
of basal cells is shown by K14 (green) staining. Note that this region is
less stratified than the intercartilaginous region. Arrow indicates the
transitional zone between the two regions.

100% of basal cells express K14 after naphthalene (see below)
injury (19). Thus, genetic modifications can be induced in all basal
cell subtypes using the K14-cre:er” transgene.

Clara-like Cells

Tracheal nonmucus secretory cells are a subtype of Clara-type
cells (21). These cells, like the bronchiolar Clara cell (22), ex-
press Clara cell secretory protein (CCSP; also known as CC10
and Scgblal) and cytochrome P450-2F2 (Cyp2F2). However,
tracheal Clara-like cells express less CCSP and Cyp2F2 than
bronchiolar Clara cells and have a distinct ultrastructure. Clara-
like cells also have a distinct secretory protein repertoire: they
express high levels of the CCSP-related protein Scgb3A1l (23)
and the antibacterial protein PLUNC (also termed SPURT)
(24, 25). In recognition of the differences between nonmucus se-
cretory cells of the cartilaginous and bronchiolar airways, we refer
to tracheal secretory cells as Clara-like cells. Clara-like cells have
less contact with the basement membrane than do basal cells.

Ciliated Cells

Tracheal ciliated cells are defined by motile cilia that are detected
by immunostaining for acetylated tubulin (26) or B-tubulin (27).
These cells also express the transcription factor, FoxJ1 (28, 29),
a nuclear marker. Selection of a ciliated cell marker depends on the
other antigens that are being evaluated. Ciliated cell contact with
the basement membrane is a similar to that of the Clara-like cell.

TRACHEOBRONCHIAL PROGENITOR CELL TYPES

Tissue-specific Stem Cell

We used classical statements to develop our definition of a tra-
cheal tissue-specific stem cell (TSC). For instance, Becker and
coworkers indicated that a TSC is “the one [cell] that is capable
of self-renewal as well as differentiation to the different mature
cell types that make up a specific tissue” (30). Thus, a TSC is
distinguished from other progenitor cell types on the basis of
proliferation and differentiation potential. The TSC has more
proliferation and differentiation potential than its descendants.
We define the tracheal TSC as a cell that maintains itself (it self-
renews) and has the ability to generate a basal cell and a Clara-
like cell and a ciliated cell (it is multipotential).

Transit-amplifying Cell

The transit-amplifying cell (TAC) is the direct descendant of the
TSC. In contrast with TSC, TAC proliferate repeatedly over
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a short time frame. Each TAC then commits to a differentiation
pathway. In the case of the tracheobronchial airways, a TAC may
commit to the basal or the secretory/ciliated differentiation pro-
gram. Thus, the differentiation potential of a TAC is one or two
cell types and is less than that of the TSC (which is three cell

types).

Facultative Progenitor Cells

The cells that populate the tracheal epithelium are long-lived but
can be killed by environmental agents (biological and chemical).
Injuries that result in epithelial cell death are repaired by pro-
liferation of basal cells and/or Clara-like cells (3, 8, 19, 31-33).
Since basal and Clara-like cells can proliferate, they have been
referred to simply as “progenitor” cells. However, this termi-
nology did not account for the fact that basal and Clara-like
cells existed in two functional states. In the normal epithelium,
basal and Clara-like cells are quiescent and contribute to homeo-
stasis through their differentiated functions. Following injury,
these cells enter the cell cycle and produce nascent differentiated
cells. After repair, the progenitor cells return to their original
state. In recognition of lung progenitor cell plasticity we termed
these cells facultative progenitor cells (1).

Facultative Basal Brogenitor

The facultative basal progenitor cell (FBP) we will discuss briefly
is analogous to the K5* cells evaluated by others (3, 34, 35). FBP
contribute to lung homeostasis via their differentiated functions:
epithelial anchorage, barrier formation, and immunomodula-
tion (8). FBP can also proliferate. We showed that FBP mitotic
index is approximately 1% in the steady state and that FBP in-
crease their mitotic index 10-fold after naphthalene injury (19).
We showed that each FBP can generate a basal cell or a Clara-
like cell or a ciliated cell (20, 36, 37). Since each FBP generates
only one of several possible cell types, it is not a TSC. The
molecular signals that regulate FBP differentiation involve direct
and indirect cell—cell interactions that function through B-catenin
(38, 39). A summary of these results is presented in the Vermont
Stem Cell Meeting Report (manuscript in preparation).

Terminally Differentiated Cells

Cells that do not proliferate are defined as terminally differen-
tiated cells (TDC). Following age-related attrition or injury,
TDC are replaced through proliferation and differentiation of
other progenitor cell types. Ciliated and mucus-secreting cells
are examples of TDC within the tracheobronchial epithelium
(40, 41). Although these cells do not proliferate, they can change
their phenotype (42). The latter type of change is termed phe-
notypic plasticity (43). Although a fascinating process, we will
not discuss this process herein. The reader is referred to the
NHLBI workshop summary report for more information on this
subject (43).

INJURY MODELS FOR ANALYSIS OF BASAL
PROGENITOR CELLS

Lung epithelial cells are long-lived and as a consequence prolif-
erate infrequently (32). Thus, the pulmonary epithelium is con-
sidered to be a mitotically quiescent tissue. For instance, the
steady state mitotic index of the tracheal epithelium is approx-
imatelyl %, that of the bronchiolar epithelium is approximately
0.1%, and that of the alveolar epithelium is approximately
0.01%. As a consequence, studies focused on epithelial cell pro-
liferation and differentiation employ injury to increase the mi-
totic index. Two of these models are discussed below.
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Naphthalene Chemical Injury Model

Naphthalene is a xenobiotic chemical agent that is activated to
a toxic epoxide by CyP450-2F2 (44-47). In the pulmonary ep-
ithelium, the CyP450-2F2 enzyme is expressed specifically in
Clara-like and Clara cells. Thus, naphthalene-treatment is used
to deplete Clara-type cells. As part of our focus on basal-type
progenitor cells, we carefully evaluated naphthalene-mediated
injury and repair response in the trachea (19). Adult female
Fvb/n mice were exposed to 300 mg/kg naphthalene and recov-
ered 3 to 13 days. All mice lost weight on Days 1 to 3, and 90%
of treated mice gained weight between Days 3 and 13. Ten
percent of naphthalene-exposed mice exhibited linear decreases
in body weight after Day 3 and died between Days 6 and 9. Both
Clara-like and ciliated cells were depleted in the naphthalene-
injured trachea. We suspect that ciliated cell depletion was a sec-
ondary consequence of compromised cell-cell contacts that are
needed to maintain the pseudostratified tracheal epithelium. On
Recovery Day 13, most of the tracheal epithelial surface was
normal (19), whereas approximately 20% of the epithelium
showed basal and ciliated cell hyperplasia, and Clara-like hypo-
plasia. We reported similar results for male or female C57Bl/6
mice that were exposed to 275 mg/kg naphthalene (38). These
data showed that naphthalene exposure resulted in acute injury
that was rapidly resolved. The healed airway epithelium was
a composite of normal and abnormal zones. We use this model
to study both TSC and FBP.

Air-Liquid Interface Model

We and others have shown that air-liquid-interface (ALI) cul-
tures of primary mouse tracheal epithelial cells can be used to
evaluate the cellular and molecular mechanisms regulating FBP
function (20, 29, 38, 39, 48-50). We showed that FBP initiate
ALI cultures and that K5/K15/K14 triple-positive basal cells
comprise 98% of the ALI culture on Culture Day 2 (38). FBP
proliferate, form a polarized epithelium, and then differentiate
into ciliated and Clara-like cells. The advantage of ALI cultures
over in vivo analysis is that ALI cultures separate FBP prolif-
eration from FBP differentiation and resolve FBP-to-ciliated
and FBP-to-Clara-like cell differentiation into distinct waves.
Thus, ALI cultures are an optimal model for analysis of the
signaling pathways that regulate FBP behavior.

To study signaling in FBP, we developed a method for AdS-
cre transduction of FBP harboring floxed alleles. We showed that
FBP viability and function were not altered by transduction or
recombination of a marker allele (ROSA26-floxed STOP-LacZ)
(39). Interestingly, Ad5-cre transduction of FBP harboring a floxed
allele resulted in generation of a mosaic epithelium that was
composed of wild-type and recombined cells (38, 39). This mo-
saicism was fortuitous, as it allowed us to study FBP behavior
in genetically modified cells under identical conditions. We use
these mosaic epithelia, which are a classical developmental bi-
ology technique, to evaluate the extracellular and intracellular
signaling cascades that regulate FBP-mediated repair.

IDENTIFICATION OF TSC IN SITU

Label-Retention Assay

TSC are distinguished from other progenitor cell types on the
basis of proliferation and differentiation potential. As indicated
above, TSC have more proliferation and differentiation potential
than other progenitor cell types. The labeled-nucleotide reten-
tion assay (51, 52) is used to distinguish cells that proliferate
infrequently (i.e., the TSC) from other progenitor cells that
proliferate repeatedly (i.e., the FBP). The label retention assay

29

can be used to locate putative TSC on a tissue section or to
evaluate the mitotic history of sorted cell populations. Interpre-
tation of label-retention studies in the lung is challenging be-
cause differentiated cells are established early in the repair
process and are long-lived (53). We address this below.

Lineage Tracing

Lineage tracing is used to determine the differentiation potential
of a single cell (9, 33, 54, 55). This method, like label retention,
is compatible with histologic approaches. Clones that contain
“each of the different mature cell types that make up a specific
tissue” are termed multipotential and are putative TSC-derived
clones. We identified multipotential clones that were derived
from steady and reparative K147 cells (20, 36, 37). These data
suggest that the tracheal epithelium is maintained and regener-
ated by a TSC. Similar results were reported for lineage-traced
K57 cells (3).

THE TSC NICHE

Niche Definition

The TSC is thought to reside in a protective microenvironment
that is termed the stem cell niche (56-61). Initially the niche was
thought to protect the stem cell from genotoxic agents. More
recently the protective function of the niche has been expanded
to regulation of TSC proliferation and insulation of the stem
cell from differentiation signals.

Niche Location

Despite its fundamental relationship with the TSC, the niche is
a poorly delineated structure. A typical description of the niche
indicates that it is located at complex junctions where different
cell types converge and/or at the interface with the extracellular
matrix. However, the universality of these observations has not
been determined.

EPITHELIAL HEALING

Age-related Changes in Lung Function

Pulmonary function, as measured by FEVy, declines as a func-
tion of age (62). Acute injury causes a further decrease in lung
function that is followed by a return to the normal FEV; versus
age relationship. In contrast, the decline in lung function is
accelerated in individuals with chronic lung disease. An acute
exacerbation of the disease is often followed by an even more
rapid decrease in lung function. In epithelial cells that are main-
tained by well-delineated TSC, the TSC restores the epithelium
to its normal structure and function. Thus, the TSC regenerates
the epithelium. In contrast, lower-ranking members of the TSC
hierarchy generate an epithelium that is characterized by re-
gions of cellular hyperplasia and hypoplasia. Since this epithe-
lium deviates from normal, this process is termed repair. Below,
we discuss the concept that a shift from TSC-mediated regener-
ation to FBP-mediated repair may underlie age-related decreases
in lung function.

Paget’'s Seed and Soil Concept

Chronic lung diseases such as chronic obstructive pulmonary dis-
ease (COPD) and idiopathic pulmonary fibrosis (IPF) are asso-
ciated with increased risk for lung cancer. These carcinomas, like
others, tend to metastasize to specific locations. Such secondary
tumors are cause of death in many patients. The metastatic pro-
cess involves detachment of a cancer cell from the primary tumor,
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entrée into the blood stream, attachment at the secondary site,
and development of a secondary tumor. The secondary attachment
site is nonrandom and often predictable. In 1889, Dr. Stephen
Paget established a paradigm to explain the curious specificity
of tumor metastasis. Using botany as an analogy, Paget stated:
“When a plant goes to seed, its seeds are carried in all directions;
but they can only live and grow if they fall on congenial soil”
(63). Thus, he proposed the “seed and soil” hypothesis, which
states that cancer cells (the seeds) need the proper microenvi-
ronment (the soil) for them to grow, spread, and metastasize
systemically. For years the soil component was thought be the
extracellular matrix and the soluble milieu. More recently the
tumor microenvironment, including the vasculature and inflam-
matory cells, has been added to the list of soil components (64).
Below, we present a modification of Paget’s seed and soil con-
cept, which we hope will serve as the basis for future cell-based
therapy of lung disease.

STEM CELL HUNTING

Cell culture analysis of colony-forming cells is a typical starting
point for studies that subset progenitor cells into subtypes. For
instance, Barrandon and Green demonstrated that keratinocytes
proliferated on tissue culture plastic and form three distinct colony
types: TSC-like holoclones, TAC-like meroclones, and TDC-like
paraclones (65). A clone is defined as a group of cells that are
derived from a single cell. Clonality is often evaluated in vivo by
analysis of colonies that were generated from differently marked
cells (e.g., LacZ and alkaline phosphatase tagged cells [55, 66]).
However, statistical approaches, including limiting dilution, are
the preferred method for in vitro analysis (67).

Tracheal Progenitor Cell Clone Types

Tracheal cell culture. Lung progenitor cell types require fibro-
blast feeders or an extracellular matrix film to form a colony
or an extracellular matrix gel to form a spheroid (3, 34, 68—
72). Interestingly, the functional properties of lung progenitor
cells vary with culture condition (73). Many of these studies
evaluated clones by limiting dilution and reported the clone-
forming cell frequency (68-70, 72).

Tracheal rimmed and nonrimmed clones. We recovered tra-
cheal cells using dispase/collagenase/trypsin digestion (74) and
cultured these cells on irradiated NIH3T3 fibroblast feeder
layers in mouse tracheal epithelial culture-plus (MTEC™") me-
dium (48) (Figure 2A). Two types of clones were detected: non-
rimmed (Figure 2B) and rimmed (Figure 2C). The nonrimmed
clone cells were a typical cobblestone epithelial clone type and
mitotically quiescent on Culture Day 14. Nonrimmed clones
could not be passaged (75). These results indicated that non-
rimed clone forming cells had limited proliferation potential.

In contrast with nonrimmed clones, rimmed clones were highly
mitotic on Culture Day 14 (75). The mitotic cells were K5 /K14™
basal cells and were spatially restricted within the clone (see
below). Rimmed clones also contained a small population of
BrdU label-retaining cells that were spatially restricted (Figure 3).
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Rimmed clones could be passaged, at clonal density, up to five
times (75). These data suggested that rimmed clones were de-
rived from the TSC. We describe additional analysis of stem cell
function of rimmed clone-forming cells below.

Rimmed clones are, in fact, a three-dimensional structure that
is composed of two domains (Figure 3). The rim domain is
approximately 4 cells wide and 10 cells tall. This raised structure
is reminiscent of the intercartilaginous region of the trachea
(Figure 1A). The rim domain is inhabited by K5%/14" basal
cells, and the majority of these cells are mitotically active
(75). In contrast, the cobblestone domain contains a single cell
layer that is a classical cobblestone epithelium (Figure 3). This
flat domain is reminiscent of the midcartilaginous region of the
trachea (Figure 1B). The cobblestone domain is composed of
mitotically quiescent K5/14™ basal cells (75). Rimmed clones
that are cultured on Transwell membranes generate an electri-
cally tight epithelium. These data indicate that the cell layer
adjacent to the membrane forms a barrier.

Purification of Basal Cell Subsets

Previous analysis of lung epithelial progenitor cell types. Analysis
of lung stem and progenitor cells has used markers that were ini-
tially identified in other tissues. Among these, Stem cell antigen-1
(Sca-1) has received a great deal of attention. This marker was
used as part of an iterative sorting strategy to isolate a putative
TSC that was termed the bronchoalveolar stem cell (BASC) (68).
Subsequently, two groups demonstrated that Sca-1 was expressed
by multiple lung cell types (70, 71). These studies illustrated the
power of FLOW cytometry, which uses both positive and nega-
tive selection markers, for identification of putative lung TSC.
Markers for fractionation of the tracheal basal cell population.
The purpose of a TSC purification project is to isolate viable cells
that can then be tested for TSC properties using functional
assays. As a consequence, TSC are typically selected using cell
surface markers and vital stains that a indicate unique biochemical
property. For instance, the mouse hematopoietic TSC is frequently
defined as lin/Sca-1*/C-kit™/CD38*/CD34'°/Thy1.17"°. Other
activities such as Hoechst dye efflux (76, 77) and Aldehyde dehy-
drogenase activity (measured by metabolism of ALDEFLUOR)
have been added to (78, 79) and subtracted from (78, 80) this
definition. Markers are typically “discredited” if a knockout study
indicates that the gene product is unnecessary for TSC survival,
proliferation, and/or differentiation. However, their utility as a
component of an iterative sorting strategy is not disputed.
Selection of rimmed clone-forming tracheal basal cells. We used
rimmed clone formation as an assay to test tracheal cell subsets
for stem cell characteristics. This function was tested in six tra-
cheal epithelial cell subsets. We found that rimmed clone-forming
activity was highly enriched in the CD45 /CD31 /Ter1197/
CD49f""8"/Scal */ALDH ™ (CD49f""8"/Scal*/ALDH™) cell
subset (75). Immunostaining and gene expression analysis ver-
ified that CD49f*€"/Scal*/ALDH™ cells were highly enriched
for basal cell markers (K 5, K14, p63) and for the aldehyde
dehydrogenase (ALDH) isoforms ALDHIlal and ALDH3al
(75). CD49f*"8"/Scal */ALDH™ did not express markers or genes

Figure 2. Tracheal progenitor clone types. (A) Tracheal
progenitor cells growing on an irradiated NIH3T3 fibro-
blast feeder layer. Giemsa stain. Arrows indicate rimmed
clones. (B) Phase-contrast image of a non-rimmed clone.
(C) Phase-contrast image of a rimmed clone. The rim do-
main is indicated by the arrows. The cobblestone domain
is located in the center of the clone.
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Cobblestone

Figure 3. The rimmed clone is a three-dimensional structure. A rimmed
clone was generated from tissue stem cells (TSC) that harbored the K5-
rTA and TRE-Histone 2B transgenes. The clone was cultured in doxycy-
cline-free medium to identify label-retaining (GFP™) cells. Confocal
microscopy was used to generate a three-dimensional rendering of
the rimmed clone. The central cobblestone domain is to the left and
the rim domain is to the right. Label-retaining cells have green nuclei.
Label-diluting cells are GFP negative and are stained with DAPI (blue).

associated with differentiated tracheal epithelial cell types (Clara,
ciliated) or mesenchymal cells. Limiting dilution analysis demon-
strated that CD49f"80%/Scal*/ALDH™ cells generated only
rimmed clones.

NIH3T3 fibroblasts can be replaced by normal tracheal
fibroblasts. One concern with the clone formation system we de-
veloped for analysis of tracheal progenitor cells is that fibroblast
feeder layer may alter the function of the test progenitor cell
type. To determine if rimmed clone formation was a consequence
of co-culture with a fibroblast cell line (irradiated NIH3T?3 fibro-
blast cells), we tested rimmed clone formation on irradiated nor-
mal tracheal fibroblasts. This study showed that the rimmed
clone formation was equivalent on normal fibroblast feeders
and on irradiated NIH3T3 fibroblast feeders. In addition, we
showed that rimmed clone formation required direct contact be-
tween the fibroblasts and the epithelial cells. When the feeder
cells were separated from the CD49f*"€"/Scal*/ALDH™" cells
by a 0.6-pm pore Transwell membrane, rimmed clones were not
formed. Instead, the CD49f*"¢"/Scal"/ALDH ™" cells created an
electrically tight monolayer. We also tested purified matrix com-
ponents (collagen I, fibronectin, laminin) and matrigel (growth
factor—containing and growth factor-reduced) for rimmed clone
growth. Each of these simple and complex matrices failed to
support formation of a rimmed clone. Thus, we concluded that
direct cell-cell contact between the TSC and a fibroblast medi-
ated formation of the rimmed domain. Additional studies are
needed to identify the tracheal fibroblast subtype(s) that is re-
sponsible for rimmed clone formation in vitro. For more infor-
mation about this critical cell type, the reader is referred to
several papers that evaluate lung fibroblast subtypes and review
of tracheal fibroblast subsets (43, 81-85).

Proliferation Potential of the CD49f°"9"/Sca1* /ALDH" Cell

Limiting dilution analysis. We used the iterative sorting strategy
described above to select the CD49f™"€"/Scal */ALDH ™" cell and
tested its proliferation potential using the limiting dilution assay
(67). This functional analysis demonstrated that a CD49f°rieht
/Scal™/ALDH™ cell generated a small number of progeny cells
that retained BrdU label over 13 to 14 population doublings (75).
Since a caveat to interpretation of BrdU label retention is BrdU-
induced senescence, we recovered viable label-retaining
CD49f*"#"/Scal™ cells from clones that harbored the K5-rTA/
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TRE-Histone 2B:GFP transgenes (75) (Figure 3). These GFP*
label-retaining cells initiated secondary and tertiary rimmed
clones and retained their GFP label. These data indicated that
the rimmed clone label-retaining cells were quiescent rather
than senescent and that the CD49f""'¢"/Scal*/ALDH " was a
self-renewing cell type.

Mitotic potential. Each CD49f*"€"/Scal*/ALDH™ cell func-
tioned as the progenitor for 8,000 to 10,000 cells per generation
(75). Seventy-five percent of CD49f""¢"/Scal™/ALDH"-
derived rimmed clones could be serially passaged, at clonal
density, for four to five generations. These CD49f™€"/Sca1*/
ALDH™ cells were the precursor to approximately 40 x 10°
progeny cells over five passages. These data indicate that the
CD49f""€"/Scal"/ALDH™ cell has vast mitotic potential.

Differentiation Potential of CD49f°"9"t/Sca1*/ALDH™ Cells

Differentiation of homogenous CD49f"""/Scal*IALDH" cells.
We evaluated the differentiation potential of CD49f*"e"
Scal*/ALDH" cells using the ALI culture technique (75). Pas-
sage 0 rimmed clones were cultured on collagen-coated Trans-
well membranes in MTEC* medium. Under these conditions,
rimmed clone cells generated an polarized epithelial monolayer.
These cultures were switched to differentiation conditions: air-
lifting (establishment of the air-liquid interface) and removal of
growth factors (switch to NuSerum medium). Under these con-
ditions rimmed clone cell cultures were viable and polarized for
at least 14 days. Surprisingly, these homogeneous cultures of
CD49f""€"/Scal */ALDH " cells did not differentiate into cili-
ated or Clara-like cells. All cells remained K5% and p63™.
Differentiation of CD49f""¢"/Scal*JALDH™ cells in mixed cell
cultures. In contrast, with the homogenous cultures, CD49¢Pright/
Scal"/ALDH™ cells that were co-culture of with unfractionated
tracheal cells differentiated into both Clara-like and ciliated
cells. These two differentiated cell types were generated at
equal frequency (75). (Note that FBP-derived ALI cultures typ-
ically generate more ciliated cells than Clara-like cells [20, 38,
39].) Rimmed clone cell differentiation was also stimulated by
tracheal cells that were not in contact with the rimmed clone
cells. We concluded that differentiation of CD49f*"¢"Y/Scal™/
ALDHT™ cells required tracheal cell-derived paracrine factors.

TSC Function In Vivo

Limitations of the FLOW sorting method. The CD49f*"8hYSca1*/
ALDH" cell, as identified by FLOW cytometry, cannot be iden-
tified on a histologic section. This cell is defined in toto as a CD45™/
CD317/TER1197/CD49f*"#"/Scal "/ALDH™ cell. Thus, a set of
three exclusion markers (the cell is CD45 /CD31 /TER1197),
an intensity difference (the cell is CD49F bright), an inclusion
marker (the cell is Scal®), and a biochemical activity (the cell
metabolizes ALDEFLUOR) are used to identify the cell of inter-
est. These parameters can be combined using a multiparametric,
quantitative method such as FLOW cytometry. However, they
cannot be utilized to identify the TSC in situ.

Double naphthalene injury model. We used naphthalene injury
and BrdU-label retention to identify the tracheal TSC in vivo
and to determine its position relative to other anatomical
markers. In the original study, FVB/n mice were treated with
corn oil (vehicle) or naphthalene and labeled with BrdU on
Recovery Days 1-6. BrdU-positive cells were phenotyped after
a 40-day chase period. This analysis detected label-retaining
basal cells as well as Clara-like cells. (A similar data set is
presented in Reference 19.) This study supported the previously
reported lineage relationship between basal cells and Clara-like
cells (3, 20, 36, 37, 55, 86), but did not allow us to identify the
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tracheal TSC. Thus, we evaluated label retention in mice that
were treated with naphthalene, had recovered for 40 days, and
were then retreated with naphthalene. This study demonstrated
that BrdU label-retaining cells proliferate in response to two
injury cycles, and that the subset that retained label through
both injury cycles were K5* basal cells. These data suggested
that the tracheal TSC was a K5™ basal cell.

Relationship between label-retaining and CD49f*""/Scal™/
ALDH" cells. To determine the relationship between the
CD49t"18hYScal*/ALDH™ cell and the tracheal label-retaining
cell, we treated FVB/n mice with corn oil (vehicle) or naphtha-
lene and pulse-labeled mitotic cells with BrdU on Recovery Days
1-6. On Recovery Day 40, TSC were recovered by FLOW cytom-
etry and cytospun onto glass slides. In corn oil-treated mice, the
frequency of label-retaining TSC was 10% (75). These data in-
dicated that TSC participated in tracheal epithelial homeostasis.
In naphthalene-treated mice, 21% CD49f™¢"/Scal*/ALDH"
cells retained the BrdU label. We were able to further subset these
cells into BrdU-bright and BrdU-dim subpopulations using 1?ixel
intensity analysis. This study demonstrated that 5% of CD49f°r&hY
Scal"/ALDH™ cells did not proliferate between Recovery
Days 6 and 40. In contrast, 95% of the CD49f>""Y/Scal™/
ALDH™ cell population proliferated during this time period.
These data indicated that TSC proliferated in response to epi-
thelial injury and that they contributed to the regeneration pro-
cess.

Summary 1

These data demonstrated that CD49f*"¢"/Scal*/ALDH™ cells
are a rare subset of basal cells that are label-retaining, clono-
genic, self-renewing, and multipotential. These cells contribute
to tracheal epithelial homeostasis and regeneration after injury.
Therefore, we conclude that the CD49*"#"/Scal*/ALDH™" cell
is the tracheal TSC.

NICHE HUNTING
In Vitro TSC Niche

The in vitro niche. We reasoned that the niche could be defined
by the location of the TSC. We showed that the BrdU or GFP
label-retaining cells that were derived from a single CD49frighY
Scal*/ALDH™" cell were located in the rim domain of the
rimmed clone (Figure 3) (75). Thus, we concluded that the
rim domain functioned as the TSC niche. Further, the rim do-
main cells were the progeny of the TSC. Thus, we concluded
that the TSC generated its own niche. Finally, the rim domain
was composed of K57/K14*/E-cadherin™ cells. This study in-
dicated that the tracheal TSC niche was epithelial in character.

In vitro niche formation kinetics To determine the kinetics of
niche formation, rimmed clones were generated from cells har-
boring the Actin-DsRed transgene, and clone formation was fol-
lowed over 14 days (Figures 4A—4D). This study showed that
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proliferation initiated between Days 3 and 4. By Day 5, the
clones reached the 16-cell stage and a rudimentary rim was
visible. Between Days 5 and 7 the rim domain developed into
a distinct structure. On Days 8-9 the clones were large enough
to be visualized with the (less than 40-year-old) naked eye.
Rimmed clones continued to grow radially to establish the ma-
ture rimmed clone on Day 14. These observations suggest that
the TSC cell population expands between Culture Days 0 and 5
and that niche formation follows this event. Confocal micros-
copy demonstrated that the label-retaining cells within a rimmed
clone were located at the base of the rim domain (Figure 3) and
that the label-retaining cells were adjacent to the fibroblast
feeder layer. These data suggested that niche formation re-
quired an interaction between the TSC and the feeder layer.

The TSC and its niche function as an autonomous unit. In sys-
tems in which the TSC is well defined, (e.g., the epidermis and
intestine), the TSC maintains a discrete region of the epithelium
(56). For instance, the bulge stem cell maintains a single hair
follicle, and the intestinal stem cell maintains a single crypt-
villus region. To determine if the tracheal TSC had a similarly
limited “region of influence,” we evaluated the behavior of
rimmed clones generated from actin-DsRed and ubiquitin-
GFP transgenic mice, in vitro. Two TSC that initiated rimmed
clone formation at a similar location formed a conjoined clone
(Figure 4E). These clones contained two independent rim and
cobblestone domains: the cells from one clone did not mix with
those from another clone. Interestingly, a rim did not demarcate
the intersection between the two clones. We also noted that the
rimmed domain broke down if two rimmed clones came into
contact with each other (not shown). After contact, clone growth
decreased. These data suggested that TSC and their descendents
functioned as an autonomous unit and that interactions between
these units limited the region maintained by each TSC.

Niche Location In Vivo

Rationale based on in vitro studies. We used our in vitro studies
to begin to address the question, “Where is the niche in vivo?”
Our in vitro studies indicated that the TSC niche was derived
from the TSC, that it was epithelial in character, that it required
fibroblasts to form, and that it was limited in size. Further, TSC
interactions with other tracheal cells converted the niche from
a promitotic environment to a differentiation environment. Thus,
we surmised that the in vivo niche should be defined by a label-
retaining cell, that it would be located in a region of epithelial
hyperplasia, and that it would be adjacent to fibroblasts.
Label-retaining cell location. To evaluate the location of the
TSC niche, we determined the location of BrdU label-retaining
cells after a double-naphthalene injury. The BrdU label-retaining
cells were located exclusively in the surface epithelium of the
trachea and tended to be located at the transition zone between
the intercartilaginous and midcartilaginous regions (Figure 1B,
arrow). This niche location is in agreement with that reported

Figure 4. Kinetics of rimmed
clone formation. Rimmed clones
were generated from mice har-
boring the actin-DsRed trans-
gene or the Ubiquitin-GFP
transgene and imaged over
time. (A) Culture Day 3. Only

single cells are observed (arrow). (B) Culture Day 4. A clone of 2-3 cells (arrow) is detected. C. Culture Day 5. A clone of 16-20 cells is detected. Single
cells form a cobblestone epithelium (white arrow) and are the majority of clone cells. A rim (yellow arrow) is forming. (D) Culture Day 7. A rimmed clone
with a well developed rim (yellow arrow) is detected. (E) Adjacent rimmed clones, one generated from a DsRed-expressing cell (red) and another from
a GFP-expressing cell (green), form a conjoined clone. Note that cells from the two clones do not mix and that a rim domain does not form between the

two clones.



Reynolds, Brechbuhl, Smith, et al.: Lung Epithelial Healing

by Randell’s group (87) and with the location of multilineage
clones derived from K147 cells (20). The Randell and Gomperts
(86) groups also identified label-retaining cells at the submucosal
gland duct junction (87). We reported similar results (75), but did
not identify multipotential clones in this region (20).

Niche plasticity. Since TSC proliferation varied between the
steady state and regenerating epithelium, we also expected that
the niche would change over time. Histologic analysis of the nor-
mal and naphthalene-treated tracheal epithelium demonstrated
that the boundary between the epithelial layer and the underly-
ing fibroblasts was transiently lost on Recovery Day 2 (Figure 5).
Although additional studies are needed, these preliminary
results indicate that the TSC niche is indeed located at a com-
plex junction where epithelial and fibroblasts cells converge and
the basement membrane is disrupted.

The TSC domain. Our in vitro analysis suggested that the
TSC and its niche function autonomously. A physical interaction
with a second TSC-niche unit resulted in clone arrest. These
observations suggested that the TSC-niche domain might be dis-
crete in vivo. To estimate the size of this putative domain, we
determined the average number of TSC per trachea (250 TSC/
trachea), tracheal area (~28 mm?), and the average number of
tracheal epithelial cells (2.5 X 10° cells/trachea). These data sug-
gest that a single tracheal TSC maintains an area of 0.1 mm? For
comparison the area maintained by an epidermal TSC is though
to be 0.25 to 0.5 mm? (88, 89). The ratio of TSC to all tracheal
cells is 1 in 1,000. Thus, the TSC may be responsible for a patch of
cells that is 32 X 33 cells. These data suggest that the tracheal
TSC domain is similar to that of the skin.

Summary 2

These data indicated that the tracheal TSC generated its own
niche. The niche is epithelial in nature, and niche formation re-
quired interactions with tracheal fibroblasts. In vivo analysis
suggested that the niche was located at the junction between
the epithelium overlying the intercartilaginous region of the
trachea and the underlying fibroblast compartment.

INTERPRETATION OF THE IN VIVO AND
IN VITRO STUDIES

Naphthalene-induced Injury Is a Good Model for TSC and TSC
Niche Analysis

Booth and Potten summarized the issues surrounding analysis of
TSC when they stated: “Unfortunately, stem cells responsible
for tissue homeostasis and regeneration cannot be identified
morphologically or distinguished from other cells by any recog-
nized set of markers. Hence, interpretations of stem cell behav-
ior are based on monitoring cohorts of cells before and after
perturbation of the tissue. This approach offers direct insights
into the dynamics of the stem cell population, but only limited
information about stem cell behavior in the steady state” (90).
This statement summarizes the issues we face in analysis of
tracheobronchial TSC as well as TSC that might maintain other
respiratory epithelial compartments.

We recognize that TSC behavior (and for that fact human
lung disease) is far more complex than that modeled by a chem-
ical injury such as naphthalene-exposure (19, 20, 37, 38, 47, 53,
91-94). However, the naphthalene model has several attributes
that make it optimal for the analysis of the interactions that
regulate TSC and FBP function. First, this injury model can be
applied to all mouse strains, inbred or mixed background, after
appropriate dose-response analysis (19). Second, the repair pro-
cess is rapid and does not compromise alveolar structure or
function (95). Consequently, survival is high (90%). Third, the
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Figure 5. Tracheal histology. (A) An intercartilaginous region from
a normal mouse. Periodic Acid Schiff stain. White arrows indicate the
basement membrane. (B) An intercartilaginous region from a mouse
that was treated with naphthalene and recovered for 2 days. Black
arrows indicate the disrupted epithelium. Note that the boundary be-
tween the injured epithelium and the subepithelial space is distorted
and that the subepithelial compartment is hyperplastic. Asterisks indi-
cate cellular debris.

TSC and FBP that repair the NA-injured airway epithelium, like
their human counterparts (55), are located in the surface epithe-
lium (36, 37). In contrast, other injury models (e.g., acid and
detergent) destroy this progenitor pool (87). Fourth, the naph-
thalene model is relatively noninflammatory. The number of
lavagable macrophage and neutrophils increases approximately
twofold over control on Recovery Day 6. We have shown that
the NA injury-repair response is similar in wild-type and immu-
nocompromised (Nod/Scid) mice, indicating that lymphocytes
are not necessary for epithelial repair. This attribute of the naph-
thalene model allows us to avoid confounding variables associ-
ated with lymphocyte-mediated injury and alteration of epithelial
cell phenotype (40). We surmise that a simple model, such as
naphthalene-induced injury, will lay the fundamental ground-
work for analysis of TSC and their niche in disease.

Not All Basal Cells Are Stem Cells

Our data and those of others indicate that the tracheal progenitor
cell population consists of two subsets: Clara-like and basal cells
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TSC

Figure 6. The tracheal progenitor cell population consists of Clara-like
and basal cells. There are two subsets of basal cells. Facultative basal
progenitor (FBP) cells are 90% of the basal cell pool. TSC are 10% of
the basal cell pool.

(Figure 6) (19, 36, 37). Our studies also indicate that the basal
cell population can be subdivided into two functionally distinct
subtypes (Figure 6). Ten percent of basal cells are TSC (75) and
the remainder are facultative basal progenitor (FBP) cells (75).
Since we showed that the TSC was a subset of the basal cell
population, we question the claim that “all basal cells are stem
cells” (3, 34, 35).

Tracheal TSC Niche Function Can Be Modified

Our analysis of TSC-derived rimmed clones used an in vitro
model to define three niche functions that can now be evaluated
in vivo. First, we showed that the niche contains both label-
retaining TSC and their label-diluting progeny. The fact that
both quiescent (TSC) and actively proliferating TAC were lo-
cated in the niche indicated that the niche differentially regu-
lated the cell cycle frequency of the TSC and the TAC. Second,
we showed that the TSC and TAC phenotype was distinct from
that of the cobblestone domain cells. Interestingly, the pheno-
type of the TSC and TAC was the same as cells that repair the
tracheal epithelium in vivo. In contrast, the cobblestone cells
had a steady state basal cell phenotype. These data indicated
that the niche inhibited differentiation of constituent TSC and
TAC into a resting basal cell phenotype. Finally, we showed
that rimmed clones failed to generate ciliated or Clara-like cells
under standard differentiation conditions. This TSC function
was stimulated through interactions with other tracheal cells.
This study suggested that the niche could be modified such that
its differentiation-suppression function gave way to one that
was permissive for differentiation.

COMMENTS ON THE CONCEPTS THAT GUIDE
CELL-BASED THERAPY

A New Healing Concept

Our analysis of the tracheal epithelium after naphthalene exposure
indicates that the TCS-mediated regeneration and FBP-mediated
repair processes function synergistically to heal the epithelium. We
demonstrated that TSC-mediated regeneration is dependent on
FBP-mediated repair to achieve its full potential. Importantly, dif-
ferentiation of TSC-derived cells is dependent on paracrine signals
that are most likely derived from the FBP and its progeny. Thus,
a process that depletes the FBP population or decreases production
of these cells by the TSC would diminish the ability of the TSC to

PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 9 2012

regenerate the epithelium. This situation could lead to alterations
in epithelial health and possibly sensitization to additional injury.
We suggest that epithelial healing, the process that restores the ep-
ithelium to health, requires a balance between regeneration and
repair. Disruption of this interaction may lead to chronic lung dis-
eases that involve the airways.

A Modified “Seed and Soil” Paradigm

Our data supports a corollary to Paget’s “seed and soil” para-
digm. In the context of tracheal epithelial healing, we suggest
that Paget’s seed could be the TSC and that Paget’s soil could
be the cells that modify the TSC niche and thus regulate TSC
proliferation and differentiation. Our data indicate that the TSC
must interact with (at least two) additional cell types, fibroblasts
and FBP, to regenerate the epithelium. Thus, we suggest that
fertile ground for analysis of epithelial healing and deviations
that result in chronic disease lays in a better understanding of
TSC interactions with the mesenchyme and other epithelial
cells.

Our immediate focus is on the TSC-fibroblast interaction.
We hope to address the following questions. (/) How does the
TSC initiate niche formation? (2) How does the niche maintain
TSC quiescence while driving TAC proliferation? By focusing
on the TSC-niche-tracheal cell interaction, we hope to deter-
mine (/) how niche function is changed from proliferation to
differentiation, and (2) the signals that allow one TSC-derived
cell to generate each of the differentiated cell types. Finally, by
comparing the TSC interaction with fibroblasts and epithelial
cells, we hope to determine (/) the differences between a mitotic
and a differentiation niche, (2) how the TSC domain is deter-
mined, and (3) if the TSC domain can be reduced or expanded
in health and disease.

Our long-term goal is to broaden our in vitro model to in-
clude the complexities of the intact trachea. For instance, the
normal tracheal epithelium is separated from fibroblasts by
a well-defined matrix that exhibits compositional and func-
tional micro-heterogeneity (14, 15, 96-100). Similarly, the
term fibroblast does not indicate a single cell type. Further
work is needed to determine if the cells we termed “normal
tracheal fibroblasts” are in fact a specific subtype or part of
a continuum of pericohondrial/connective tissue fibroblasts
that anchor the smooth muscle, pericondrium, and cartilage
(to name a few). Finally, our in vivo studies concentrated on
the cartilaginous region of the trachea. Thus, other putative
stem cell niche that reside in the membranous region have not
been evaluated and are unexplored territory that is open to the
intrepid.

The Politics of Cell-based Therapy: Hope and Change

Our corollary to Paget’s Seed and Soil concept is relevant to the
lung, but its broader impact will be application of the new “cellular-
soil” paradigm to stem cell therapy for all organ systems. Support
for our corollary will identify cellular and molecular mechanisms
that can be used to enhance the success of cell-based therapy. We
anticipate that purification of tracheal stem cells and demonstra-
tion that they recreate the niche in situ will overcome the key
impediment to use of tracheal stem cells for cell-based therapy:
generation of significant numbers of autologous cells. Our data
also indicate that host conditioning protocols should focus on
insuring appropriate regulation of stem cell proliferation and
differentiation. Importantly, we suggest that therapeutic inter-
ventions should provide three cell types: the replacement stem
cells and the cells that form the proliferation and differentiation
niche.
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Our seed and soil corollary also highlights considerable issues
and potential dangers associated with cell-replacement therapy,
particularly those that utilize the TSC exclusively. Of significant
concern is the finding that TSC clones proliferate unless they en-
counter a physical boundary. Although tracheal TSC did not
cause tumors under any of the conditions tested thus far, treat-
ment of patients with highly mitotic cells deserves more thought.

Author disclosures are available with the text of this article at www.atsjournals.org.
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