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1. ABSTRACT

The adult mammalian lung is a beautifully
complex, integrated system of numerous types of epithelial
cells, supporting cells and matrix that synergize to make
gas exchange possible. Recent identification of putative
endogenous and extrinsic lung stem cell populations has
added to the diversity of the respiratory system. Despite
these new studies and data from years of analyses of lung
injury models, careful cellular and molecular analyses are
needed to further define the stem and differentiated cells in
the pulmonary system. New tools enabling lineage tracing
or transplantation in adult lung as well as understanding the
key microenvironmental clues that control the response to
lung injury will be important to advance the field of lung
stem cell biology.

2. ARCHITECTURE OF THE PULMONARY
SYSTEM

Stem cells are the self-maintaining, or self-
renewing, cells that are capable of giving rise to
specialized, or differentiated, cell types of a given tissue
during a particular stage of life (1-8). Progenitor cells, in
contrast, do not have self-renewal capability. Stem cells
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may be multipotent, as is the case for hematopoietic stem
cells that can give rise to every blood cell type, or
unipotent, as are germline stem cells (8). Key to the
identification of tissue-specific stem cells is the ability to
isolate them and show that they are capable of self-renewal
and differentiation. ~Due to the intimate association
between epithelial cells and their surrounding stroma, it has
been exceedingly difficult to identify solid tissue stem cells
until recently (2, 9-11). This is one aspect of lung biology
that has contributed to the paucity of lung stem cell
biology.

The adult mammalian lung presents a complex
problem to the stem cell biologist. It has been reported and
frequently cited that the lung contains 40 different cell
types (12, 13). Current analyses, however, suggest that this
number may be a gross underestimate, as new endogenous
lung cell populations and circulating transient cells found in
the lung have since been identified (9, 14-17). Lineage
relationships between the epithelial cells are poorly
understood in adult and embryonic lung. Beyond the level
of individual cells, the architecture of the lung lends itself
to being considered to consist of multiple organs; the
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Figure 1. Diversity of epithelial cells in the respiratory system. Cartoon representations of the epithelial components from the
trachea (proximal respiratory system), bronchi, bronchioles, and terminal bronchioles to the alveolar space (distal respiratory
system) are shown. The bronchioalveolar duct junction, located between the terminal bronchioles (lined with Clara cells, light
red) and the alveolar space (containing the squamous AT1 pneumocytes indicated in blue and the cuboidal AT2 cells indicated in
light green), has been proposed to provide a distal lung stem cell niche. Putative distal lung stem cells in this region include
BASC:s (yellow), variant Clara cells (dark red), and Oct4-positive cells (gray). Molecular markers for each cell type are indicated

in parentheses.

trachea, bronchi, bronchioles and proximal lung, distal lung
with terminal bronchioles, and alveolar spaces may, each,
be considered an organ within the respiratory system. Each
of these “organs” has been referred to as distinct
anatomical locations, niches, microenvironments or sub-
regions.

Unique cell types that have distinct form and
function house each of the sub-regions within the lung.
(12). Basal cells, secretory Goblet cells, submucosal
glands, and ciliated cells line the trachea and upper
airways. The non-ciliated, columnar Clara cells that line
the bronchioles and terminal bronchioles secrete surfactants
to aide in oxygen exchange and provide a protective
epithelial barrier in the airways. The alveolar epithelium is
composed of alveolar type II (AT2) cells, the cuboidal
epithelial cells that produce surfactants and the resulting
surface tension required for gas exchange, as well as the
alveolar type I (AT1) cells, the flat epithelial cells that
deliver oxygen to the blood (Figure 1). Numerous stromal
cells are inter-mingled with these epithelial cells, including
vasculature, fibroblasts, circulating immune cells, and
resident macrophages.
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3. LUNG INJURY MODELS AS A MEANS TO
IDENTIFY LUNG STEM CELLS

Analyses of lung injury models have suggested
that each epithelial niche contains its own stem or
progenitor cell population (18). Whereas several injury
models specific to the “organs” of the lung have suggested
that the trachea, bronchioles, terminal bronchioles, and
alveolar spaces may each harbor unique stem cell
populations (19), the remainder of this review will focus on
the distal lung niche. For example, naphthalene, a pollutant
that specifically ablates most Clara cells, has been used to
identify two subsets of “variant” Clara cells. In particular,
one population of naphthalene-resistant variant Clara cells
resides near neuroendocrine bodies in large airways and
another is found in the bronchioalveolar duct junction in
terminal bronchioles, the last portion of the airway before
the alveolar space. Variant Clara cells have been observed
to proliferate in response to naphthalene, and therefore they
have been referred to as lung stem or progenitor cells (20,
21). Similarly, AT2 cells are often referred to in the
literature as stem or progenitor cells. This nomenclature
derives from studies in which AT2 cells were reported to
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proliferate in response to AT1 cell injury resulting from
bleomycin administration (22, 23). However, most of these
conclusions were based on electron microscopy or BrdU
incorporation at given time points after lung injury.
Genetic evidence that new Clara cells or new alveolar cells
can be derived from the variant Clara cells or AT2 cells,
respectively, is lacking, as precise lineage tracing in adult
lung has not been performed. Furthermore, self-renewal of
Clara cells and AT2 cells in vivo has not been documented.

4. ISOLATION OF NEW PUTATIVE STEM OR
PROGENITOR CELLS IN THE DISTAL LUNG

Despite the suggestion from numerous lung
injury experiments that lung stem cells may exist, methods
to isolate resident cellular components from putative stem
cell niches in the lung had not been developed prior to our
work. We recently determined that cells expressing both
the AT2 cell marker, pro-surfactant protein C (SP-C), and
the Clara cell marker, Clara cell antigen (CCA, also known
as CC10 or Clara cell secretory protein, CCSP), are present
in normal lung, and that they constitute a population in the
distal lung epithelium with stem cell properties (9). These
cells, named bronchioalveolar stem cells (BASCs), can be
isolated using a fluorescence activated cell sorting (FACS)
methodology based on the presence of the surface markers
Sca-1 and CD34 and the absence of the hematopoietic and
endothelial cell markers CD45 and CD31, respectively.
BASCs self-renew over multiple passages and give rise to
bronchiolar and alveolar cells in culture, providing
evidence they are a stem cell population. In our
experiments, AT2 cells did not exhibit self-renewal
capacity nor were they able to differentiate into AT1 cells,
indicating that AT2 cells are more likely to be
differentiated cells than stem cells (9). Further supporting
the hypothesis that BASCs are stem cells, they are
quiescent in normal lung and proliferate or increase in
number in response to bronchiolar and alveolar injury,
including naphthalene treatment, bleomycin administration,
and partial pneumonectomy (9) (and unpublished data, A.
Hoffman and C. Kim).

Lacking precise lineage tracing, currently
published data leave open the possibility that either variant
Clara cells, AT2 cells, BASCs, or other cells are the
functional bronchioalveolar stem cells that maintain distal
lung homeostasis. Interestingly, BASCs were identified in
the bronchioalveolar duct junction, the region previously
described as a putative lung stem cell niche and the location
of one set of variant Clara cells (9, 20). Importantly, both
cell populations are resistant to naphthalene. It is likely
that at least a subset of variant Clara cells are BASCs, but
variant Clara cells have not been tested for expression of
BASC markers such as SP-C, Sca-1 or CD34. It is also
conceivable that BASCs give rise to variant Clara cells,
which go on to produce more differentiated Clara cells that
line the majority of the airways (9). In CCSP-HSVtk mice,
which express the thymidine kinase gene only in cells
expressing the Clara cell secretory protein (24),
administration of ganciclovir resulted in ablation of Clara
cells and death due to pulmonary failure (24). These data
indicate at least two possibilities: (1) that the stem cells
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required for repair of Clara cell injury express CCSP,
suggesting that either the variant Clara cells or BASCs are
stem cells, or (2) that CCSP-expressing cells are required as
a support (physical or signaling in nature, see below) for
the stem cells that give rise to new Clara cells.
Interestingly, Aso et. al., who originally reported the
division of AT2 cells after bleomycin treatment, also noted
a population of cuboidal epithelial cells that were
continuous with bronchiolar epithelium and which
exhibited “downgrowth” after alveolar injury (22). The
authors hypothesized that these cells were undifferentiated,
because their structural features were “strikingly similar to
fetal epithelium.” Given the location of these
undifferentiated cells as well as their response to lung
injury, they are likely to be BASCs; thus, this study
supports the possibility that both AT2 cells and BASCs
could be involved in repair of alveolar epithelium.

Recently, a new population of putative lung stem
or progenitor cells was also described. Ling et. al. isolated
cells from the neonatal lung that were able to form
epithelial colonies and differentiate into AT2- and ATI-like
cells (14). The colonies that these cells gave rise to were
positive for Oct4, a known marker of ES cells and germ
cell tumors (25, 26). Interestingly, the authors showed that
the postnatal cells could be infected with SARS virus,
raising the possibility that stem cells in the lung are the
specific targets of viruses that cause respiratory problems
(14).

The relationship of these Oct4-positive cells to
BASCs is unclear. Although the cultured Oct4-positive
cells did exhibit Sca-1-staining, Sca-1 was only assessed
after colony formation in culture rather than as a means of
cell isolation. Whereas BASCs exhibited self-renewal in
appropriate culture conditions, self-renewal capacity of the
Oct4-positive cells has not been demonstrated to date. In
addition, the methods used to culture BASCs and these
cells varied; growth-arrested mouse embryonic fibroblasts
were used to support undifferentiated growth of BASCs
(1), whereas the Oct4-positive cells were initially cultured
together with their resident stromal component cells in a
serum-free environment. BASCs exhibited ability to give
rise to Clara-, AT2- and AT1-like cells in the presence of
Matrigel. In contrast, the neonatal Oct4-positive cells
appeared to differentiate sequentially into AT2-like and
then ATl-like cells on collagen-coated plates. Distinct
from BASCs, the neonatal Oct4-positive cells stained for
CCSP and not SP-C, yet were also reported to be present in
the BADJ. The Oct4-positive cells reported were from
neonatal lung, but the precise age of isolation of these cells
was not clear; BASCs were identified in adult mice six to
eights weeks of age. As the developmental origins of
BASCs have yet to be identified, it is a formal possibility
that BASCs derive from the neonatal cells. Clearly, direct
comparison of BASCs, variant Clara cells, and Oct4-
positive lung cells will be needed to determine their
functional overlap, if any.

Aside from endogenous epithelial stem cells, a
number of other cells have recently been identified in the
lung that may also contribute to differentiated epithelial
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Figure 2. Two models for regulation of distal lung stem cell self-renewal and differentiation. A. Stromal cells sense and
regulate the activity of lung stem cells. Left, in normal lung, lung stem cells (e.g. BASCs, in yellow), remain quiescent (self-
renewal and differentiation arrows are blocked) due to inhibitory signals directly from nearby stromal or supportive niche cells in
the bronchioalveolar duct junction. Upon lung injury (right), stromal cells may detect the lack of Clara cells and reduce the
signal inhibiting differentiation to Clara cells, allowing lung stem cells to produce new epithelial cells to repair damage.
Importantly, stromal cells may also provide positive, stimulatory signals for lung stem cell self-renewal or differentiation, but this
possibility was not illustrated for simplicity. B. Overlapping signaling gradients from nearby specialized lung epithelial cells,
rather than particular stromal cells, regulate distal lung stem cell function. In this scenario, Clara cells and alveolar cells directly
release signaling gradients that uniquely overlap in the location of the distal lung stem cell. These signals may be inhibitory, as
illustrated, or positive regulatory signals (not shown) that prevent lung stem cell renewal or differentiation in the context of
normal homeostasis. After lung injury, loss of a particular epithelial cell type (as illustrated, Clara cells) results in the loss of that
cell-specific signal and thus stimulation of lung stem cells to produce new epithelial cells. The signals in either model would be
restored to baseline levels after epithelial repair.

cells or aide the function of lung stem cells. Circulating possible that distal lung stem cells are similarly regulated
epithelial cells have been identified as a potential source for by surrounding supportive cells (Figure 2A). However,
lung epithelial repair (17). Bone marrow cells and despite the diversity of epithelial cell types along the
fibrocytes are also found in the lung under certain airways, the surrounding stromal cell types seem to be
conditions (15, 16, 27). These cell types will not be quite uniform in type (e.g. ciliated cells, fibroblasts)
discussed further here, but it remains important to consider proximally to distally. The alveolar space, with its
the evolving complexity of the pulmonary system, and to combination of capillaries, macrophages, AT1 cells and
consider the possibility that stem cells within the lung as AT2 cells, certainly contains different supportive cells (e.g.
well as cells in the surrounding tissue influence lung endothelial cells, macrophages) than do bronchioles, but
epithelial homeostasis. the cellular components of the alveolar space do not appear
to be different whether the alveolar space is near terminal
5. DEFINING THE LUNG STEM CELL bronchioles versus an alveolar space in a more distal
MICROENVIRONMENT region. Therefore, it is unlikely that the bronchioalveolar
duct junction where BASCs, variant Clara cells and Oct4-
Just as the individual stem cell types within the positive cells reside is housed by a unique supporting cell
lung need to be identified and characterized, the lung stem type not found in any other lung sub-region.
cell microenvironment also needs to be defined. Other
tissue stem cells have been shown to be surrounded by Rather than being supported by specific stromal
discreet cell populations that provide signaling to inhibit cell types, distal lung stem cells in the bronchioalveolar
stem cell proliferation or differentiation during normal duct junction may be regulated by signals that result as a
maintenance or to stimulate stem cell division and/or consequence of the juxtaposition between Clara cells and
differentiation in times of needed tissue repair (28-30). It is AT2 cells (Figure 2B). In this model, Clara cells in the
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bronchioles and AT2 cells in the alveolar space may
produce distinct regulatory factors that overlap only in the
BADI to regulate lung stem cells and inhibit differentiation
or proliferation. Depletion of Clara cells or AT2 cells
would result in a lack of the signal inhibiting differentiation
toward the Clara cell lineage or the AT2 cell lineage,
respectively. This would then stimulate lung stem cells to
produce new epithelial cells until the corresponding
inhibitory signal is sufficiently restored. There is a
precedent for regulation of cell fate by morphogen
gradients in developmental biology, perhaps best examined
in the Drosophila embryo (31). Interestingly, cell surface
molecules, which are frequently used in identification of
stem cell populations, may be key players in establishment
of regulatory gradients (31). Signaling that influences lung
stem cells and other adult stem cells may or may not be
concentration-dependent, but regardless may involve
overlapping regulation from many neighboring cells rather
than just one stromal niche cell type. Clearly, more careful
descriptive molecular and cellular studies of putative lung
stem cell niches will be needed to test these ideas regarding
the lung stem cell microenvironment.

6. DEFINING LUNG CELL RELATIONSHIPS IN
Vivo

We proposed that BASCs are the stem cells that
maintain bronchiolar and alveolar cell homeostasis (9).
However, it is possible that BASCs will exhibit properties of
progenitors, rather than stem cells, in vivo. It is also possible
that, rather than a standard hierarchy of stem, progenitor, and
differentiated cells as is described for the hematopoietic and
other systems (32), that the lung exhibits a different lineage
relationship structure. For example, there may yet be distinct
populations of Clara cells and AT2 cells that harbor limited
self-renewal activity or differentiation capacity; a subset of
Clara and AT2 cells may either be stem cells or progenitor
cells. This possibility may explain the previous data showing
the proliferation of these cells after lung injury, even if they are
not the definitive regional stem cells. Of note, in the absence
of injury, mouse lung epithelial cells rarely exhibit cellular
turnover, perhaps necessitating longevity and self-renewal for
most of its resident epithelial cells.

To elucidate the biology of lung stem cells, and
to determine the lineage relationships between BASCs,
Clara cells, AT2 cells, and other putative distal lung stem
cells, two key developments are required. First, a
transplantation assay is needed to test the function of
isolated putative lung stem cells. For example, although
we have demonstrated the multipotency of BASCs in
culture, it will be important to define their potential in vivo
(9).  Therefore, transplantation methods to introduce
genetically marked lung stem cells into the respiratory
system of mice after lung cell damage will need to be
established. Second, tools for lineage tracing in adult lung
are required. A number of genetic marking tools could be
employed for lineage tracing, including doxycyclin or
tamoxifen-inducible alleles (33), Cre/loxP or Flp/Frt (34)
recombination, and reporters such as LacZ, luciferase,
GFP, YFP, or DsRed, given that they can work with high
efficiency in the lung.
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Transplantation of isolated hematopoietic stem
cells into lethally irradiated hosts to reconstitute all
hematopoietic lineages has served as a gold standard for
defining hematopoietic stem cells (35), but there is
currently no comparable system available to test lung stem
cells in vivo. One assay has been established for
reconstitution of epithelial cells in denuded trachea (36),
but this system provides a test for putative stem cells for
ciliated, submucosal, and Goblet cells rather than distal
Clara cells or alveolar cells. In addition, the denuded
trachea assay relies on subcutaneous implantation of the
tracheal graft (36), rather than mimicking the distal lung
region that is relevant for testing the functions of BASCs,
other putative distal lung stem cells, and differentiated
cells. There is an established protocol to deplete the
mammary gland of epithelial cells and orthotopically inject
putative stem cell populations to replace mammary
epithelial tissue, suggesting that a similar approach is
feasible in the lung (10, 37-39). In addition, FACS isolated
skin stem cells are capable of giving rise to new, functional
hair follicles when injected into nude mice (2). The lessons
learned from these transplantation studies in non-essential
tissues, combined with more sophisticated genetic
strategies, should be incorporated into studies designed to
test lung stem cell function in vivo.

Development of a transplantation assay for lung
stem cells in vivo would most likely involve injuring the
lung of a recipient animal as a means to ablate endogenous
lung stem cells, followed by introduction of genetically
marked, freshly isolated lung stem cells (Figure 3). It is
conceivable that bleomycin or naphthalene treatment would
provide a stimulus for engrafted lung stem cells. Genetic
means to eliminate endogenous lung stem cells may be
necessary to make a sufficiently empty niche for the
introduced stem cells to engraft and give rise to
differentiated cell types (40).

Addition of growth factors or other supportive
cell types may be needed to assist in an in vivo lung stem
cell transplantation assay (2), and so it may be necessary to
optimize transplantation conditions first using an ex vivo
lung culture system. Isolated and cultured lung buds at
embryonic day 11.5 have been shown to undergo
differentiation that parallels development in utero for up to
one week (41). In addition, lung explants placed under the
kidney capsule of immunocompromised mice displayed
lung cell differentiation beyond the cultured explants and
more accurately recapitulated alveolar differentiation in
vivo (42). These systems may prove useful in defining the
cell types and factors required for lung stem cell function.
Finally, it may be useful to inject putative lung stem cells
into chick embryos to determine if they contribute to lung
development in vivo, as has been previously performed to
test the differentiation potential of neural stem cells (43).

New tools for lineage tracing experiments will be
crucial for testing the function of lung stem cells without
removing them from their natural surroundings. Currently
available transgenic mice have provided tools to begin to
understand lung cell lineages in development (44, 45).
However, these strains have not proven useful in adult lung
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Figure 3. Approaches to testing the potential of lung stem cells in vivo. Top left, normal lung (pink) could be used for isolation
of lung stem cells by FACS. Subsequent injection of isolated, labeled lung stem cells into injured lungs (gray) of a recipient
animal followed by time for engraftment and repair of injured epithelia would provide a method to test the potential of isolated
lung stem cells to contribute to lung cells in vivo. A parallel approach would use genetic tagging methods provided at the same
time as lung epithelial injury, time for repair, and thus assessment of endogenous lung stem cell contribution to epithelial cells.

studies. For example, SP-C-rtTA; tetO-Cre mice are a
valuable tool for marking embryonic lung precursor cells in
utero, but limited Cre-mediated recombination has been
observed in these mice in adult lung (44, 46). In addition,
studies in our laboratory have indicated doxyclycline-
independent Cre expression in Clara cells in adult SP-C-
rtTA; tetO-Cre mice (C Kim, unpublished data). Our
observations suggest that the SP-C-rtTA transgene is
constitutively active in adult Clara cells, likely due to
aberrant effects on SP-C transcription at the genomic site of
transgene insertion. This finding underscores the
importance of using a knock-in approach that relies on
endogenous transcriptional regulation rather than using
transgenic strains for lineage tracing experiments, and
supports the need for generating new strains of Cre mice.

Lung stem cell-specific Cre-ER™ mice, in which
Cre is fused to a tamoxifen-inducible estrogen receptor
(33), would allow for spatial and temporal (in adult vs. all
of development) regulation of Cre to be used in
combination with Cre-dependent reporter alleles for lineage
tracing (47). This work would involve providing a genetic
mark to lung stem cells only after lung injury, followed by
repair time and analysis of the genetic tag in new epithelial
cells (Figure 3). Lung stem cell-specific Cre mice would
also be useful for studying the genetic networks that control
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lung stem cell self-renewal and differentiation, as well as
the mechanisms of lung disease and tumorigenesis.

In order to specifically manipulate BASCs, and
other lung stem cells, it will be crucial to identify novel
lung stem-cell specific markers. This may be achieved by
gene expression or proteomic analyses of highly purified
lung stem cell populations. This type of study would also
make it possible to compare the possible control
mechanisms that regulate lung stem cells and other adult
stem cells. Lung stem cells may share more common
features with stem/progenitor cells of infrequently dividing
tissues such as the mammary gland than with embryonic,
hematopoietic or skin stem cells. It remains to be
determined if stem cell signatures will be more reflective of
the developmental relationship of tissues, common among
all stem cells, or shared only between stem cell populations
undergoing similar proliferative demands.

7. CONCLUSION

Lack of knowledge of the potential of pulmonary
stem cells precludes understanding their role in the
mechanisms of lung disease as well as their potential
beneficial uses in treating disorders that affect lung
epithelia. It is conceivable that distal lung stem cell
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function is critically affected in diseases such as cystic
fibrosis, congenital lung hypoplasia, neonatal respiratory
distress syndrome, emphysema and chronic obstructive
pulmonary disorder (COPD), since these disorders all
involve injured or depleted bronchiolar or alveolar
epithelium (48). In terms of possible therapeutic uses,
transplanted lung stem cells might be useful in replacing
damaged lung cells in patients, or it may be useful to apply
stem cells to generate functional alveolar structures or
enhanced surfactant (48). Perhaps even more feasible, it
may be possible to design drugs that stimulate a patient’s
own endogenous stem cells. To make these possible
therapeutic advances a reality, however, it will be key to
directly test the potential of isolated lung stem cells in
animals or to have a system to assess endogenous lung stem
cell function.

The combination of creation of a lung stem cell
transplantation assay and endogenous lung stem cell
lineage tracing tools are essential to move the field of lung
stem cell biology forward. Once these systems are
established, it will be possible to compare the potency of
lung stem cells from diseased lung to that of stem cells
from normal lung. These advances will bring us closer to
understanding the intricacies of lung biology.
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