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Lung stem cells: New paradigms
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The intrinsic anatomical complexity of the lung, its slow cell turnover, and the lack of
regenerative models are among the factors that have complicated the study and isolation
of adult lung stem cells. Despite this, several endogenous lung progenitor cells have been
identified in the proximal and distal lung. However, there is limited data regarding the lineage
relationships, self-renewal properties, and clonality of these specific lung cell progenitors.
More recent work showing that marrow cells can engraft as differentiated cells of solid
organs has suggested new stem cell paradigms for the lung. In this review, we explore the
implications of these new studies for lung stem cell biology. We also summarize and discuss
the ongoing controversies that these studies have generated. © 2004 International Society
for Experimental Hematology. Published by Elsevier Inc.

The lung is an extremely complex three-diminensional struc-
ture composed of numerous morphologically distinct epithe-
lial cell types arrayed along bifurcating tubes. These tubes
serve to conduct inspired and expired gas to and from distal
alveolar-capillary units. This intrinsic complexity along with
several unique aspects of lung structure and biology has
complicated the study and identification of lung stem cells.
Unlike other epithelial surfaces (i.e., skin, gastrointestinal
tract), airway and alveolar epithelia have very slow cell turn-
over and minimal regenerative capacity. This overall tissue
quiescence has significantly impeded the identification of
lung stem cells. This is further compounded by the technical
complexities associated with isolating pure populations of
lung cells for in vitro study. One additional issue is the
technical difficulties associated with the histological evalua-
tion of an organ that contains a gas-tissue interface.
Despite these limitations, several types of endogenous
lung progenitor cells have been identified in the proximal
and distal lung. There is, however, a paucity of information
regarding the lineage relationships, self-renewal properties,
and clonality of these currently identified lung progenitors. In
the proximal conducting airways, basal cells, Clara cells,
and cells that reside in submucosal glands have been shown
to function as progenitors [ 1-4]. Most recently, variant-Clara
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cells residing within neuroepithelial bodies [5-8] or bron-
choalveolar duct junctions [9] have been shown to contribute
to airway epithelial repair after naphthalene injury.

In the gas exchange distal air sacs (alveoli), the cuboidal
type II cell is thought to function as the progenitor of the
alveolar epithelium based on a capacity to replenish itself and
to giverise to terminally differentiated flat type I cells [10,11].
This model has evolved from in vitro data showing that
cells with a type I cell phenotype arise during culture of
primary type II cells. Furthermore, classic in vivo thymidine
incorporation studies have shown serial progression of label-
ing from type II into type I cell nuclei after lung injury [12—
15]. To date, a single lung stem cell that can give rise to
multiple epithelial lineages in the proximal and distal lung
has not been identified.

New paradigms

A variety of recent studies in mice have suggested that
marrow stem cells can serve as progenitors of differentiated
cells of solid organs; these findings have challenged long-
held views regarding the fixed nature of adult stem cell
potential and suggest the possibility of circulating tissue
stem cells. The data supporting a new stem cell paradigm
are from experiments in which irradiated mice have under-
gone bone marrow transplantation with donor cells that ex-
press a tracking marker (i.e., green fluorescent protein [GFP];
B-galactosidase; lacZ; Y-chromosome) [16-21]. In these
studies, marrow-derived organ parenchymal cells were sub-
sequently identified through the histological colocalization
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of the tracking marker along with selective differentiation
markers. Based on this experimental approach, marrow-de-
rived cells have been proposed to contribute to a variety of
epithelial cell types in various organs.

Supporting this new paradigm are data from human trans-
plant studies. Using the Y-chromosome as a tracking marker,
analyses of sex-mismatched allografts have suggested the
presence of parenchymal cells of purported marrow origin
[22-24]. Similar to the findings in mice, marrow-derived
cells have been suggested to engraft in multiple types of
human epithelial tissues, such as skin, intestine, kidney, liver,
and lung [23,25-28].

Marrow to lung

Krause et al. found widespread engraftment as alveolar type
II cells and airway epithelial cells after transplantation of a
single marrow stem cell into mice [17]. In this study, single
male donor cells selected on the basis of size fractionation,
lineage depletion, and rapid marrow homing capacity were
used for transplantation into marrow-ablated female mice.
Engrafted cells were identified on the basis of colocaliza-
tion of the Y-chromosome and selective lung epithelial
markers. Levels of type II cell engraftment reached 20% at
11 months after transplantation. Follow-up studies by these
investigators using donor whole marrow or CD34*/Lin~
cells found that engraftmentin the lung as alveolar type Il cells
was detectable at 5 days after bone marrow transplantation,
and was robust by 2 months [29,30].

In another study, Kotton et al. injected 1 to 2 million
plastic-adherent lacZ™ marrow cells into mice that did not
receive prior marrow ablation [31]. In this study, the marrow
cells were not purified beyond plastic adherence, and were
cultured for 1 week in basic serum-containing media prior
to administration. At 5 to 30 days post—direct intravenous
injection into uninjured and bleomycin-injured recipients, a
small number of engrafted cells with the characteristic flat-
tened morphology of type I cells were found. In addition,
these cells appeared to assume the molecular phenotype
of type I alveolar cells as they expressed the type I cell
surface marker, T1o, and bound the lectin, Lycopersicon
esculentum. Despite careful analysis, type II cell engraftment
was not observed in this study, even at time points as early as
24 hours after cell injection. Engraftment was significantly
more robust following induction of bleomycin injury. Simi-
larly, Ortiz et al. found engraftment of marrow-derived mes-
enchymal stem cells in the lung after bleomycin injury
[32]; these cells were localized to areas of injury and exhib-
ited an epithelial morphology.

In more recent work, a marrow cell derivative obtained
after prolonged culturing in a defined growth medium was
found to engraft as multiple epithelial cell types after injec-
tion into nonirradiated or irradiated adult nonobese dia-
betic/severe combined immunodeficient (NOD/SCID) mice
[19]. These cells, termed multipotent adult progenitor cells

(MAPC), adhered to plastic, could be serially passaged,
and expressed primitive stem cell markers in vitro [33-36].
Injection of single MAPCs into blastocysts further demon-
strated the ability of these cells to contribute to cell lineages
from multiple tissues including blood, liver, intestine, and
lung [19]. In these studies B-galactosidase-labeled MAPCs
was found to engraft in lung tissue as cytokeratin™/CD45~
cells residing within the alveolar wall. Whether MAPCs
normally participate in tissue homeostasis is not yet clear.

Despite these findings, studies showing marrow-to-organ
engraftment remain a source of ongoing controversy. One
overriding issue relates to their reproducibility. For exam-
ple, Wagers et al. extensively analyzed tissues from multiple
mice transplanted with a single GFP* hematopoietic stem
cell (HSC) and observed almost a complete lack of non-
hematopoietic engraftment except for a single GFP™ cereb-
ellar Purkinje cell and 7 GFP™ hepatocytes [37]. Some have
argued that these types of observations can be accounted
for by major variations in experimental design [38]. These
variations include differing cell purification methods, appli-
cation of tissue injury, and the types of histological tech-
niques employed to evaluate engraftment.

One recurrent concern relates to the ability to distinguish
by immunohistochemical methods differentiated organ cells
from hematopoietic marrow-derived cells contained within
juxtaposed capillaries and tissue spaces [37,38]. This is a
significant issue for the lung because of the high number
of resident hematopoietic cells and the extensive capillary
network. It has been argued that deconvolution or confocal
microscopy, proof of absent CD45 expression in engrafted
cells, and the rigorous use of isotype control antibodies
may minimize these issues. Ultimately, the development of
transgenic mice that express fluorescent markers under the
control of lung cell-specific promoters may be necessary to
clarify these issues.

Importantly, several laboratories demonstrated that fusion
of marrow-derived cells with recipient cells explains the
colocalization of tracking and differentiation markers, rather
than true stem cell plasticity [39-43]. Fusion of marrow-
derived cells with organ cells has been documented in recipi-
ent liver, heart, and brain [39,44]. On the other hand, the
functional implications of fusion remain unclear and may
conceivably be a potential mechanism for injury repair
[16,44]. Fusion events, however, may not mediate all cell
engraftment events [39,45].

The appropriateness of the experimental models em-
ployed to detect engraftment in lung tissue of bone mar-
row—derived cells also remains at issue. Models that have
employed GFP or lacZ labels assume that detectable
transgene expression is maintained in all cell types after
transplantation. Models that track the Y-chromosome are not
susceptible to problems of transgene expression; however,
the Y-chromosome cannot be detected unless the plane of
tissue section being analyzed passes through the correct
portion of the cell nucleus. Even if a particular model
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Figure 1. Models of lung epithelial derivation from bone marrow cells.
Several possible marrow cell types may serve as the source of lung epithelial
cells. These include: 1) a pluripotent marrow cell, 2) hematopoietic stem cells
(HSC), 3) mesenchymal stem cells (MSC), 4) multipotent adult progenitor
cells (MAPC), or 5) a lung-committed progenitor cell. Three possible
biological mechanisms may mediate lung epithelial engraftment. These in-
clude: 1) trafficking of marrow cells to a local progenitor niche in the lung,
2) fusion of bone marrow—derived cells with differentiated epithelial cells
in the lung, or 3) direct “transdifferentiation” into lung epithelial cells.

is proven reliable, a difficult challenge remains to clarify
whether engraftment is only a feature of experimental condi-
tions or can occur in a more physiologic state in the
intact organism.

New strategies to identify resident lung stem cells
Recent work has shown that small populations of resident
cells within solid organs display phenotypic features of
known marrow stem cells. Taking this into account, investi-
gators have attempted to isolate and characterize tissue stem
cells by identifying organ cells that display these specific
stem cell phenotypes.

One such strategy is to identify organ cells that express
stem cell antigens, such as Sca-1 or c-kit [24,45-49]. This ap-
proach is limited by the relative lack of cellular specificity
for antigens expressed by stem cells. For example, in lung
tissue, Sca-1 is expressed throughout the endothelium of
arteries, veins, and capillaries [5S0]. Another strategy is based
upon the observed capacity of HSCs to efflux Hoechst dye,
a process mediated by the ABC half transporter Berpl (breast
cancer resistance protein) [51]. Such cells, termed side popu-
lation (SP) cells, can be isolated by dual-wavelength flow
cytometry due to an absence of staining with Hoechst dye
[52,53].

Marrow SP cells are CD45"/Sca-1"/c-kit"/Lin~ and are
highly enriched for hematopoietic stem cell activity. In addi-
tion to the bone marrow, SP cells have been identified in
various solid organs [21,46,54-56]. In the adult lung,
Summer et al. showed that these cells comprise 0.03% of

total cell suspensions [55]. In contrast to the marrow, two
subtypes of lung SP cells can be identified based on the
presence or absence of the hematopoietic marker CD45.
Notably, both lung SP sub-populations are Sca-1", Lin~,
and express Berpl [55]. Recently, cell suspensions prepared
from lung airway digests were also found to contain SP
cells, some of which appeared to express the phenotype of
variant-Clara cells of the neuroepithelial body [57]. While
the SP phenotype is a powerful tool for the identification of
stem cells, there are no functional studies to show that these
cells may represent lung stem cells. The role of lung SP cells
in tissue reconstitution as well as their relationship to defined
marrow stem cell populations is currently under study.

In conclusion, there is accumulating evidence supporting
the possibility that marrow-derived cells can engraft as dif-
ferentiated epithelial cells of the lung (Fig. 1). Furthermore,
resident lung cells with features of marrow stem cell popula-
tions have been identified. Although controversial, these
observations challenge fundamental concepts regarding
the origin and repertoire of adult stem cells and suggest
dramatic new cell-based therapies for lung disease.

References

1. Hong KU, Reynolds SD, Watkins S, Fuchs E, Stripp BR. In vivo
differentiation potential of tracheal basal cells: Evidence for multipotent
and unipotent subpopulations. Am J Physiol Lung Cell Mol Physiol.
2003; ([epub ahead of print:2003;0:1552003-0]).

2. Boers JE, Ambergen AW, Thunnissen FB. Number and proliferation
of basal and parabasal cells in normal human airway epithelium. Am
J Respir Crit Care Med. 1998;157(6 Pt 1):2000-2006.

3. Breuer R, Zajicek G, Christensen TG, Lucey EC, Snider GL. Cell
kinetics of normal adult hamster bronchial epithelium in the steady
state. Am J Respir Cell Mol Biol. 1990;2:51-58.

4. Borthwick DW, Shahbazian M, Krantz QT, Dorin JR, Randell SH. Evi-
dence for stem-cell niches in the tracheal epithelium. Am J Respir Cell
Mol Biol. 2001;24:662-670.

5. Hong KU, Reynolds SD, Giangreco A, Hurley CM, Stripp BR. Clara
cell secretory protein—expressing cells of the airway neuroepithelial
body microenvironment include a label-retaining subset and are criti-
cal for epithelial renewal after progenitor cell depletion. Am J Respir
Cell Mol Biol. 2001;24:671-681.

6. Reynolds SD, Hong KU, Giangreco A, et al. Conditional clara cell
ablation reveals a self-renewing progenitor function of pulmonary neu-
roendocrine cells. Am J Physiol Lung Cell Mol Physiol. 2000;278:
L1256-1.1263.

7. Peake JL, Reynolds SD, Stripp BR, Stephens KE, Pinkerton KE. Alter-
ation of pulmonary neuroendocrine cells during epithelial repair of
naphthalene-induced airway injury. Am J Pathol. 2000;156:279-286.

8. Reynolds SD, Giangreco A, Power JH, Stripp BR. Neuroepithelial
bodies of pulmonary airways serve as a reservoir of progenitor cells
capable of epithelial regeneration. Am J Pathol. 2000;156:269-278.

9. Giangreco A, Reynolds SD, Stripp BR. Terminal bronchioles harbor a
unique airway stem cell population that localizes to the bronchoalveolar
duct junction. Am J Pathol. 2002;161:173-182.

10. Brody JS, Williams MC. Pulmonary alveolar epithelial cell differentia-
tion. Annu Rev Physiol. 1992;54:351-371.

11. Mason RJ, Williams MC. Type II alveolar cell. Defender of the
alveolus. Am Rev Respir Dis. 1977;115(6 Pt 2):81-91.

12. Evans MJ, Cabral LJ, Stephens RJ, Freeman G. Renewal of alveolar
epithelium in the rat following exposure to NO,. Am J Pathol. 1973;70:
175-198.



16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

D.N. Kotton et al./Experimental Hematology 32 (2004) 340-343 343

. Evans MJ, Cabral LJ, Stephens RJ, Freeman G. Transformation of

alveolar type 2 cells to type 1 cells following exposure to NO,. Exp
Mol Pathol. 1975;22:142-150.

. Adamson IYR, Bowden DH. The type 2 cell as progenitor of alveolar

epithelial regeneration. Lab Invest. 1974;30:35-42.

. Adamson I'YR, Bowden DH. Bleomycin-induced injury and metaplasia

of alveolar type 2 cells. Am J Pathol. 1979;96:531-544.

Lagasse E, Connors H, Al Dhalimy M, et al. Purified hematopoietic
stem cells can differentiate into hepatocytes in vivo. Nat Med. 2000;6:
1229-1234.

Krause DS, Theise ND, Collector MI, et al. Multi-organ, multi-lineage
engraftment by a single bone marrow—derived stem cell. Cell. 2001;
105(3):369-377.

Theise ND, Badve S, Saxena R, et al. Derivation of hepatocytes from
bone marrow cells in mice after radiation-induced myeloablation. Hepa-
tology. 2000;31:235-240.

. Jiang Y, Jahagirdar BN, Reinhardt RL, et al. Pluripotency of mesenchy-

mal stem cells derived from adult marrow. Nature. 2002;418:41-49.
Petersen BE, Bowen WC, Patrene KD, et al. Bone marrow as a potential
source of hepatic oval cells. Science. 1999;284:1168-1170.

Gussoni E, Soneoka Y, Strickland CD, et al. Dystrophin expression in
the mdx mouse restored by stem cell transplantation. Nature. 1999;401:
390-394.

Deb A, Wang S, Skelding KA, Miller D, Simper D, Caplice NM. Bone
marrow—derived cardiomyocytes are present in adult human heart:
A study of gender-mismatched bone marrow transplantation patients.
Circulation. 2003;107:1247—-1249.

Alison MR, Poulsom R, Jeffery R, et al. Hepatocytes from non-hepatic
adult stem cells. Nature. 2000;406:257.

Quaini F, Urbanek K, Beltrami AP, et al. Chimerism of the transplanted
heart. N Engl J Med. 2002;346:5-15.

Korbling M, Katz RL, Khanna A, et al. Hepatocytes and epithelial
cells of donor origin in recipients of peripheral-blood stem cells. N
Engl J Med. 2002;346:738-746.

Kleeberger W, Versmold A, Rothamel T, et al. Increased chimerism of
bronchial and alveolar epithelium in human lung allografts undergoing
chronic injury. Am J Pathol. 2003;162:1487-1494.

Suratt BT, Cool CD, Serls AE, et al. Human pulmonary chimerism
after hematopoietic stem cell transplantation. Am J Respir Crit Care
Med. 2003;168:318-322.

Gupta S, Verfaillie C, Chmielewski D, Kim Y, Rosenberg ME. A role
for extrarenal cells in the regeneration following acute renal failure.
Kidney Int. 2002;62:1285-1290.

Theise ND, Henegariu O, Grove J, et al. Radiation pneumonitis in
mice: a severe injury model for pneumocyte engraftment from bone
marrow. Exp Hematol. 2002;30:1333-1338.

Grove JE, Lutzko C, Priller J, et al. Marrow-derived cells as vehicles
for delivery of gene therapy to pulmonary epithelium. Am J Respir
Cell Mol Biol. 2002;27:645-651.

Kotton DN, Ma BY, Cardoso WYV, et al. Bone marrow—derived cells
as progenitors of lung alveolar epithelium. Development. 2001;128:
5181-5188.

Ortiz LA, Gambelli F, McBride C, et al. Mesenchymal stem cell en-
graftment in lung is enhanced in response to bleomycin exposure and
ameliorates its fibrotic effects. Proc Natl Acad Sci U S A. 2003;100:
8407-8411.

Reyes M, Verfaillie CM. Characterization of multipotent adult progeni-
tor cells, a subpopulation of mesenchymal stem cells. Ann N Y Acad
Sci. 2001;938:231-233.

Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, Verfaillie
CM. Origin of endothelial progenitors in human postnatal bone marrow.
J Clin Invest. 2002;109:337-346.

Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfaillie CM. Purifi-
cation and ex vivo expansion of postnatal human marrow mesodermal
progenitor cells. Blood. 2001;98:2615-2625.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

Schwartz RE, Reyes M, Koodie L, et al. Multipotent adult progenitor
cells from bone marrow differentiate into functional hepatocyte-like
cells. J Clin Invest. 2002;109:1291-1302.

Wagers AJ, Sherwood RI, Christensen JL., Weissman IL. Little evidence
for developmental plasticity of adult hematopoietic stem cells. Science.
2002;297:2256-2259.

Theise ND, Krause DS, Sharkis S. Comment on “Little evidence for
developmental plasticity of adult hematopoietic stem cells”. Science.
2003;299:1317.

Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, et al. Fusion of
bone-marrow-derived cells with Purkinje neurons, cardiomyocytes and
hepatocytes. Nature. 2003;425:968-973.

Terada N, Hamazaki T, Oka M, et al. Bone marrow cells adopt the
phenotype of other cells by spontaneous cell fusion. Nature. 2002;
416:542-545.

Wang X, Willenbring H, Akkari Y, et al. Cell fusion is the principal
source of bone-marrow-derived hepatocytes. Nature. 2003;422:897—
901.

Wurmser AE, Gage FH. Stem cells: cell fusion causes confusion.
Nature. 2002;416:485-487.

Ying QL, Nichols J, Evans EP, Smith AG. Changing potency by sponta-
neous fusion. Nature. 2002;416:545-548.

Vassilopoulos G, Wang PR, Russell DW. Transplanted bone marrow
regenerates liver by cell fusion. Nature. 2003;422:901-904.

Oh H, Bradfute SB, Gallardo TD, et al. Cardiac progenitor cells from
adult myocardium: homing, differentiation, and fusion after infarction.
Proc Natl Acad Sci U S A. 2003;100:12313-12318.

Asakura A, Seale P, Girgis-Gabardo A, Rudnicki MA. Myogenic speci-
fication of side population cells in skeletal muscle. J Cell Biol. 2002;
159:123-134.

Tamaki T, Akatsuka A, Ando K, et al. Identification of myogenic-
endothelial progenitor cells in the interstitial spaces of skeletal muscle.
J Cell Biol. 2002;157:571-577.

Welm BE, Tepera SB, Venezia T, Graubert TA, Rosen JM, Goodell
MA. Sca-17 cells in the mouse mammary gland represent an enriched
progenitor cell population. Dev Biol. 2002;245:42-56.

Petersen BE, Grossbard B, Hatch H, Pi L, Deng J, Scott EW. Mouse
A6" hepatic oval cells also express several hematopoietic stem cell
markers. Hepatology. 2003;37:632-640.

Kotton DN, Summer RS, Sun X, Ma BY, Fine A. Stem cell antigen-
1 expression in the pulmonary vascular endothelium. Am J Physiol
Lung Cell Mol Physiol. 2003;284:L990-1.996.

Zhou S, Morris JJ, Barnes Y, Lan L, Schuetz JD, Sorrentino BP. Berpl
gene expression is required for normal numbers of side population
stem cells in mice, and confers relative protection to mitoxantrone
in hematopoietic cells in vivo. Proc Natl Acad Sci U S A. 2002;99:
12339-12344.

Goodell MA, Rosenzweig M, Kim H, et al. Dye efflux studies suggest
that hematopoietic stem cells expressing low or undetectable levels of
CD34 antigen exist in multiple species. Nat Med. 1997;3:1337-1345.
Goodell MA, Brose K, Paradis G, Conner AS, Mulligan RC. Isolation
and functional properties of murine hematopoietic stem cells that are
replicating in vivo. J Exp Med. 1996;183:1797-1806.

Asakura A, Rudnicki MA. Side population cells from diverse adult
tissues are capable of in vitro hematopoietic differentiation. Exp Hema-
tol. 2002;30:1339-1345.

Summer R, Kotton DN, Sun X, Ma B, Fitzsimmons K, Fine A. Side
population cells and Berpl expression in lung. Am J Physiol Lung
Cell Mol Physiol. 2003;285:L97-L104.

Wulf GG, Luo KL, Jackson KA, Brenner MK, Goodell MA. Cells of
the hepatic side population contribute to liver regeneration and can be
replenished with bone marrow stem cells. Haematologica. 2003;88:
368-378.

Giangreco A, Shen H, Reynolds SD, Stripp BR. Molecular phenotype
of airway side population cells. Am J Physiol Lung Cell Mol Physiol.
In press.



	Lung stem cells: New paradigms
	New paradigms
	Marrow to lung
	New strategies to identify resident lung stem cells
	References


