Hierarchical Organization of Lung Progenitor Cells
Is there An Adult Lung Tissue Stem Cell?
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Dynamic changes to the developing lung endoderm during the
process of lung development result in the establishment of func-
tionally distinct epithelial compartments that vary both in their
cellular composition and mechanisms contributing to their mainte-
nance in adulthood. This focused review compares the hierarchical
organization of cells within slowly and rapidly renewing tissues as
a basis to better understand cellular and molecular mechanisms
regulating epithelial maintenance and repair in the lung.
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The lung develops as a result of dynamic interactions between
endoderm and mesoderm (1). These interactions result in the
establishment of functionally distinct epithelial compartments
that vary both in their cellular composition and mechanisms con-
tributing to their maintenance in adulthood. This focused review
compares the hierarchical organization of cells within slowly and
rapidly renewing tissues as a basis to better understand cellular
and molecular mechanisms regulating epithelial maintenance
and repair in the lung.

DIFFERENCES BETWEEN TISSUES IN THE RATE
OF EPITHELIAL REPLACEMENT: CONTINUOUS
VERSUS INTERMITTENT

The life span of epithelial cells varies considerably between
tissues, suggesting that distinct cellular and molecular mecha-
nisms must operate to regulate their maintenance during nor-
mal and diseased states. The epithelium of the small intestine
and colon is replaced every 5 days, whereas that of the lung and
other foregut-derived organs (pancreas, liver, and thymus) turns
over with very slow kinetics in the normal adult state. These
distinctions can be used to classify epithelia as either rapidly
renewing (e.g., intestinal epithelium) or slowly renewing (e.g.,
lung, pancreas, liver, and thymus). A second distinction be-
tween rapidly and slowly renewing epithelia is their response to
acute or chronic injury. Since the intestinal epithelium is in
a state of constitutive renewal due to the rapid rate of epithelial
turnover, perturbations to the epithelium are not associated
with dramatic changes in cell cycle frequency. However, injury
to slowly renewing tissues results in their acquisition of a rapidly
renewing state, the duration of which is dependent upon the
magnitude and persistence of the injured condition. Based upon
these tissue-specific differences between normal and injured
conditions, distinct regulatory mechanisms must exist in which
signaling pathways involved in regulation of cell proliferation,
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GLOSSARY*

Progenitor cell: A collective term used to describe any cell
that has the capacity to proliferate. Terminology that takes
into account the functional distinctions between progeni-
tor cells of the same tissue and between tissue types is
suggested below.

Adult tissue stem cell: A relatively undifferentiated cell that
has the capacity for unlimited self-renewal. Adult tissue
stem cells have a differentiation potential equivalent to the
cellular diversity of the tissue in which they reside. The
hematopoietic stem cell is a prototypical adult tissue stem
cell.

Transit-amplifying cell: The progeny of a tissue stem cell that
retain relatively undifferentiated character and have a
finite capacity for proliferation. The sole function of transit-
amplifying cells is generation of sufficient specialized prog-
eny for tissue maintenance. Examples of transit-amplifying
cells include lineage committed progenitor cells such as the
myeloid and lymphoid progenitors of the hematopoietic
system.

Facultative progenitor cell: A cell with proliferative capacity
that has functional properties of differentiated cell types in
its quiescent state. Functions of facultative progenitor cells
in their quiescent state can render them susceptible to envi-
ronmental or nutritional stress. Examples of facultative
progenitor cells include bronchiolar Clara cells, hepato-
cytes, and pancreatic beta cells. Facultative progenitor
cells in their active proliferative state exhibit many of the
properties of a transit-amplifying cell.

Classical stem cell hierarchy: A stem cell hierarchy in which
the adult tissue stem cell is required for normal tissue
maintenance and gives rise to a transit-amplifying cell.
Within this type of hierarchy, renewal potential resides in
cells at the top of the hierarchy (i.e., stem and transit-
amplifying cells).

Nonclassical stem cell hierarchy: A stem cell hierarchy in
which the adult tissue stem cell does not typically partic-
ipate in normal tissue maintenance but can be activated to
participate in repair after progenitor cell depletion. Non-
classical stem cell hierarchies are typical of slowly renew-
ing tissues such as the lung.

* Adapted from Reference 26.

self-renewal, and differentiation are differentially used to ac-
commodate the unique requirements for tissue maintenance
and repair.

PROGENITOR CELLS IN TISSUE MAINTENANCE
AND RENEWAL

Progenitor cells are broadly defined as a population of pro-
liferative cells that either directly or indirectly give rise to spe-
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cialized cell types important for organ function. Tissue-specific
differences are observed in the relative contribution of endog-
enous versus recruited progenitor cells. In the lung, despite
earlier reports of circulating progenitor cells contributing to ep-
ithelial renewal (2-5), it is now generally accepted that if cir-
culating cells can give rise to lung epithelium, these events are
extremely rare and unlikely to be of physiological relevance (6—
8). Progenitor cells differ in their capacity for long-term self-
renewal, their cell cycle frequency, their differentiation poten-
tial, and their molecular phenotype relative to other cell types
within the tissue. The application of such functional criteria to
stratify progenitor cells has formed the basis for their hierarchi-
cal organization and the concept of tissue stem cell hierarchies.

ORGANIZATION OF PROGENITOR CELLS AND THEIR
DIFFERENTIATED PROGENY INTO A CLASSICAL
STEM CELL HIERARCHY

The prototypical stem cell hierarchy is that described for
maintenance of the diffuse hematopoietic system. This hierar-
chy was defined by a combination of fractionation methods
involving use of cell surface markers coupled with in vitro and/
or in vivo assays to assess the capacity for self-renewal and
differentiation (9, 10). Using these approaches, a progenitor cell
type was defined that retained the capacity for long-term
reconstitution of hematopoiesis in vivo when introduced back
into the circulation of myeloablated (ablation of the hemato-
poietic lineage using either chemical or radiation treatments)
syngeneic hosts. The basis for this finding was that this pro-
genitor cell, referred to as the hematopoietic stem cell, had the
capacity for unlimited self-renewal in addition to having the
capacity to generate all differentiated cell types of the hemato-
poietic system. Other progenitor cell types defined using these
assays were shown to exhibit finite capacity for self-renewal and
in most cases a differentiation potential that represented a sub-
set of that possessed by the hematopoietic stem cell. These
progenitor cells were referred to as lineage-committed progen-
itor cells, such as those capable of giving rise to either lymphoid
or myeloid derivatives. As such, hierarchical ordering of these
cell types according to their capacity for self-renewal and
differentiation potential led to the development of the classical
stem cell hierarchy (Figure 1).

The epithelium lining the intestine is also maintained
through the action of a classical stem cell hierarchy (11, 12).
Isolation and transplantation assays analogous to those de-
veloped for characterization of the hematopoietic system are
lacking for the intestine. However, other approaches have been
used to define the hierarchical organization of intestinal pro-
genitor cells and their differentiated progeny that take advan-
tage of differences in their spatial distribution, gene expression,
and capacity for self-renewal. Epithelial progenitor cells of both
the small intestine and colon are localized exclusively within
protected invaginations that in the small intestine are referred
to as crypts of Lieberkuhn. Specialized cell types are derived
from the rapidly cycling pool of progenitor cells referred to as
transit-amplifying cells. Transit-amplifying cells are termed as
such due to their finite capacity to proliferate; up to six to eight
cell divisions. In the small intestine, these specialized cell types
either migrate out of the crypt and give rise to the absorptive
and secretory cell types of the villus epithelium, or migrate to
the crypt base in the case of paneth cells. Progenitor cells of the
colon differ from those of the small intestine with respect to
their differentiation potential; lacking the capacity to generate
Paneth cells. As such, regional specialization of functions within
the intestine results in distinct populations of progenitor cells
that differ not only by their spatial localization along the prox-
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imal to distal axis of the intestine but also by their differenti-
ation potential. This property is shared by other organs such as
the lung, for which regional differences in epithelial cell func-
tion are maintained through the action of region-specific stem
cell hierarchies (13-16).

Even though it is generally accepted that the intestinal
epithelium is maintained through the action of a classical stem
cell hierarchy, the identity of the progenitor cell thought to
represent the stem cell has changed with improving technolo-
gies. The physical location of the stem cell within the crypt of
the small intestine was initially defined based primarily upon
their proximal location relative to paneth cells and use of DNA-
label retention assays to identify the infrequently cycling frac-
tion of progenitor cells. Using these criteria, the stem cell of the
small intestinal epithelium was predicted to reside approxi-
mately four cell diameters proximal to the crypt base. However,
a new candidate stem cell has been proposed based on iden-
tification of novel genes expressed within subpopulations of
intestinal stem cells and on use of this knowledge to generate
new tools to investigate roles for these cell types in epithelial
maintenance (17). Barker and colleagues found that epithelia of
both the small intestine and colon harbor a population of pro-
genitor cells that are each unique in their expression of Lgr5.
They were able to show that Lgr5-expressing progenitor cells
were located at the base of intestinal crypts and interspersed
by Paneth cells. Moreover, through use of lineage tracing ap-
proaches they were able to demonstrate that these cells were
capable of long-term self-renewal and gave rise to all other
progenitor and specialized cell types of the epithelium.

PROGENITOR CELLS OF SLOWLY RENEWING TISSUES

Differences in steady-state proliferative kinetics between pro-
genitor cells of rapidly and slowly renewing tissues make it
difficult to appropriately apply the terminology developed to
define the cellular components of a classical hierarchy to those
cells of slowly renewing tissues. The most readily apparent
difference can be observed in the normal adult state when
progenitor cell proliferation in slowly renewing tissues is in-
frequent. This is in dramatic contrast to the continuously pro-
liferating population of progenitor cells within the intestinal
crypt. A second important distinction is the capacity of cells that
fulfill critical differentiated functions in the normal tissue to
undergo the transition to an actively proliferating progenitor
cell after injury. In the bronchiolar airways of the lung, now
classical studies of Evans and colleagues demonstrated that
Clara cells have the functional capacity to transition to a bi-
potential progenitor cell following selective injury to ciliated
cells (Figure 1B) (18). In their study, ozone exposure resulted in
the appearance of a nonciliated cell in bronchiolar airways that
lacked ultrastructural features of a mature nonciliated cell and
could be labeled with the DNA precursor [3H]J-thymidine
deoxyribose ([*H]-TdR). These [*H]-TdR-labeled cells, referred
to as Type A cells, were shown to have the capacity to generate
mature Clara cells and ciliated cells based upon the ability to
chase labeled DNA into these cell types during a post-labeling
recovery period. They were subsequently able to demonstrate
that Clara cells labeled with [*H]-TdR during recovery from
initial ozone exposure gave rise to immature nonciliated cells
and underwent another round of the cell cycle with a second
exposure to ozone (19).

The capacity of the bronchiolar progenitor to transition from
a “differentiated” to an “undifferentiated” state between nor-
mal and repairing conditions represents a clear distinction from
the constitutively undifferentiated phenotype of progenitor cells
observed within rapidly renewing tissues such as the small
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intestine (Figure 1). Based on this distinction, Clara cells are
more appropriately termed a facultative progenitor cell to
reflect their changing roles in the normal and injured airway
(Stripp and Reynolds, unpublished data). Equivalent facultative
progenitor cells can be found in other slowly renewing tissues,
including the liver, pancreas, and thymus, suggesting that this
change in progenitor cell function is an important adaptation to
balance their contrasting functions in the normal and repairing
states. When activated to proliferate, these cells behave in
a fashion that is equivalent to the transit-amplifying cells of rap-
idly renewing tissues. However, whereas the lifespan of the
intestinal transit-amplifying cell can be accurately determined
due to the rapid rate of epithelial turnover, this is not the case
for the facultative progenitor cell pools of slowly renewing
tissues.

With the recent demonstration that intestinal stem and
transit cells cycle with similar frequency (17), the relative
lifespan of progenitor cell types is the only functional charac-
teristic that can be equally applied to the hematopoietic and
intestinal hierarchies to distinguish stem cells from transit cells.
This more limited criterion for distinguishing stem and transit-
amplifying cells of rapidly renewing tissues cannot easily be
applied to the hierarchical organization of progenitor cells in
slowly renewing tissues due to the longevity of the facultative
progenitor cell. Accordingly, the role and even existence of
adult tissue stem cells has been questioned in the pancreas
and by inference in other slowly renewing tissues (20, 21).
Particularly in the liver and lung, the normal functions of the
facultative progenitor cell render them susceptible to environ-
mental agents. Clara cells of the bronchiole and hepatocytes of
the liver are the primary sites for xenobiotic metabolism within
their respective organ. This functional property of the faculta-
tive progenitor cell renders it susceptible to pollutants (such as
naphthalene in the case of mouse Clara cells) whose toxicity is
related to their metabolic bioactivation. Furthermore, Clara
cells have been shown to undergo phenotypic changes in the
setting of allergic inflammation that may compromise their
capacity to function as a progenitor cell (22). As such, the func-
tions of the facultative progenitor in the normal state suggest
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Figure 1. Hierarchical organization of
progenitor cells and their differentiated
progeny within rapidly (classical stem cell
hierarchy; left) and slowly (nonclassical
stem cell hierarchy; right) renewing
tissues. S, adult tissue stem cell; TA,
transit-amplifying cell; TD, terminally dif-
ferentiated cells.

that its lifespan may vary considerably depending upon envi-
ronmental and nutritional status.

The finding in rodent models of a population of pollutant-
resistant cells capable of contributing to either lung or liver
regeneration suggests that this criterion may be effectively used
to hierarchically organize progenitor cell types in a manner that
is of functional importance to slowly renewing tissues. Adult
tissue stem cells may not be a required participant in normal
epithelial maintenance but represent a critical reserve pool of
cells that can contribute to repair when environmental or nu-
tritional factors lead to depletion of the abundant facultative
progenitor. Bronchiolar airways harbor a population of progen-
itor cells that can be distinguished from Clara cells based upon
their resistance to naphthalene (23). Naphthalene-resistant cells
are located within discrete microenvironments within bronchi-
oles that include the neuroepithelial body (NEB) and bron-
choalveolar duct junction (BADJ) (14, 16). The unique spatial
distribution of naphthalene-resistant bronchiolar progenitor
cells coupled with evidence indicating that they possess a
unique molecular phenotype (13) suggest that these cells are
intrinsically naphthalene-resistant and that this property is
most likely conferred by the microenvironment in which they
reside. Both NEB- and BADJ-associated naphthalene-resistant
cells share the property of CCSP expression with the abundant
population of Clara cells (16). More recently, naphthalene-
resistant cells that localize to the BADJ were shown to co-
express both CCSP and surfactant protein C, a gene expressed
within the early lung endoderm and restricted primarily to
alveolar type 2 cells of the adult lung (24, 25). Kim and col-
leagues were able to define a unique cell surface phenotype,
ScalPos/CD34ros'CD45gCD31"<g, associated with SPC/CCSP
dual positive cells isolated using methods developed for enrich-
ment of type 2 alveolar epithelial cells (24). Collectively, these
studies define distinct members of the bronchiolar progenitor
cell pool. If organized according to their relative susceptibility
to naphthalene, these cells can be hierarchically stratified. We
propose that this strategy for stratification of the bronchiolar
progenitor cell pool defines a nonclassical stem cell hierarchy
in which the naphthalene-resistant bronchiolar epithelial cell is
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analogous to the adult tissue stem cell of a classical stem cell
hierarchy (Figure 1B).

SUMMARY AND FUTURE DIRECTIONS

Herein and in a related article (Stripp and Reynolds, unpub-
lished data), a basis is provided for hierarchical organization of
progenitor cells within slowly renewing tissues. We propose that
relative resistance to environmental and nutritional factors is
a functional basis for placing progenitor cells in these tissues
into a “nonclassical” stem cell hierarchy. In the lung, rare pro-
genitor cells that localize to discrete anatomical sites exhibit the
property of pollutant resistance. These cells represent a reserve
population of progenitor cells whose longevity is ensured by
virtue of their resistance to environmental agents. Ongoing and
future studies are aimed at:

1. Understanding the unique cellular and molecular regula-
tion of progenitor cells located within distinct epithelial
compartments distributed along the proximal-distal axis
of the airway.

2. Providing a more rigorous molecular definition of distinct
airway progenitor cell types.

3. Developing methods for prospective isolation and in vitro
characterization of distinct airway progenitor cell popu-
lations.

4. Developing strategies for the modulation of epithelial
reparative capacity through either molecular/pharmaco-
logic or cell-based strategies.
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