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Objective. Previous studies have demonstrated the production of various types of lung cells
from marrow cells under diverse experimental conditions. Our aim was to identify some of
the variables that influence conversion in the lung.

Methods. In separate experiments, mice received various doses of total-body irradiation fol-
lowed by transplantation with whole bone marrow or various subpopulations of marrow cells
(Lin2/+, c-kit2/+, Sca-12/+) from GFP+ (C57BL/6-TgN[ACTbEGFP]1Osb) mice. Some were
given intramuscular cardiotoxin and/or mobilized with granulocyte colony-stimulating factor
(G-CSF).

Results. The production of pulmonary epithelial cells from engrafted bone marrow was estab-
lished utilizing green fluorescent protein (GFP) antibody labeling to rule out autofluorescence
and deconvolution microscopy to establish the colocaliztion of GFP and cytokeratin and the
absence of CD45 in lung samples after transplantation. More donor-derived lung cells
(GFP+/CD452) were seen with increasing doses of radiation (5.43% of all lung cells, 1200
cGy). In the 900-cGy group, 61.43% of GFP+/CD452 cells were also cytokeratin+. Mobiliza-
tion further increased GFP+/CD452 cells to 7.88% in radiation-injured mice. Up to 1.67% of
lung cells were GFP+/CD452 in radiation-injured mice transplanted with Lin2, c-kit+, or
Sca-1+ marrow cells. Lin+, c-kit2, and Sca-12 subpopulations did not significantly engraft
the lung.

Conclusions. We have established that marrow cells are capable of producing pulmonary ep-
ithelial cells and identified radiation dose and G-CSF mobilization as variables influencing the
production of lung cells from marrow cells. Furthermore, the putative lung cell–producing
marrow cell has the phenotype of a hematopoietic stem cell. � 2006 International Society
for Experimental Hematology. Published by Elsevier Inc.

Introduction
There is a growing body of evidence to suggest that adult
hematopoietic marrow cells have much more versatile dif-
ferentiation capabilities than once believed. Numerous
studies have now demonstrated the ability of adult stem
cells to differentiate into a variety of cells from nonhema-
topoietic organs, including the skin [1], muscle [2,3], bone
[4], heart [5], brain [6], liver [7,8], and lung [9–13]. In

murine models, structurally and functionally normal pul-
monary epithelial cells, including bronchial epithelial cells
[9] and type I (AE I) [10] and type II pneumocytes (AE II)
[11], have been shown to be derived from exogenous mar-
row cells. These findings are exciting and of particular im-
portance as a ‘‘normal’’ phenotype may be achieved in
certain human pulmonary diseases (i.e., cystic fibrosis) if
a relatively small number of normally functioning cells
were to replace defective cells.

Injury is thought to be among the factors that influence
the homing of marrow cells to the target organ and produc-
tion of cells of the target organ. Intratracheal administration
of bleomycin to the lung induces pulmonary fibrosis in
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mice and has served as a valuable injury model. AE I are
particularly sensitive to bleomycin and are the first alveolar
cells to be injured, while AE II have a more variable sensi-
tivity [14]. Kotton et al. [10] demonstrated the appearance
of donor-derived cells in the lungs of mice as soon as one
day after an infusion of LacZ-labeled plastic-adherent cul-
tured bone marrow cells following intratracheal bleomycin
injury. Donor cells had the morphologic appearance and
molecular phenotype of AE I. Other investigators have used
radiation as a mode of lung injury. Alveolar epithelium
damaged by radiation is repopulated as a result of AE II
proliferation and conversion into AE I. Theise et al. [11] in-
fused whole bone marrow cells into mice exposed to 1200
cGy of total-body irradiation (TBI). Within three days, their
lungs appeared hypocellular, with breakdown of capillaries
within alveolar septa and extravasation of erythrocytes into
alveolar spaces. This effect peaked at day 5, at which time
functioning, donor-derived AE II could be detected. Based
on these and other studies, it would appear that injury is an
essential catalyst that enables the production of lung cells
from marrow; however, the degree of organ injury, the
mode of injury used, and characteristics of the donor mar-
row cells may be among the multitude of factors that gov-
ern the extent of tissue replacement and the phenotype of
newly produced cells.

We evaluated the role of a variety of factors in the pro-
duction of lung cells from murine marrow cells. TBI was
used not only to produce chimeric mice with exogenous
marrow cells, but also as a mode of injury to the lung. In
the present study, we show that higher doses of radiation
lead to more blood cell chimerism, injury, and lung cell
production.

Recombinant granulocyte colony-stimulating factor
(G-CSF) is widely used to induce mobilization of blood pre-
cursors in different clinical settings such as chemotherapy-
induced myelosuppression and peripheral blood stem cell
recollection for autologous and allogeneic bone marrow
transplantation [15]. It is the major growth factor responsi-
ble for regulating granulopoiesis and promoting the sur-
vival, proliferation, functional activation, and maturation
of cells of the neutrophil lineage [15]. G-CSF has also been
shown to increase the expression and function of adhesive
receptors on the surface of both hematopoietic progenitors
and stromal cells, including vascular cell adhesion mole-
cule (VCAM-1) [15], potentially influencing the homing
of marrow cells to certain tissues. We demonstrate here that
G-CSF augments the homing of exogenous hematopoietic
marrow cells to the radiation-injured mouse lung and pro-
duction of lung cells.

Cardiotoxin, a component of cobra venom, causes an in-
tense inflammatory reaction, resulting in muscle necrosis
soon after direct injection. Its cytotoxic effect is thought
to be mediated by its ability to competitively bind ATP, thus
blocking the enzymatic activities of NaD/KD-ATPase [16].
Cardiotoxin is also believed to mediate inflammation by

interacting with glycosaminoglycans (GAG), which are
abundantly expressed in the tissues of the cardiovascular
system [17]. GAGs function as co-receptors that facilitate
the proper presentation of growth factors and chemokines
necessary for cell migration, adhesion, and differentiation
during wound healing and embryogenesis [17]. Cardiotoxin
also directly injures the lungs as it has been shown to de-
crease the dynamic compliance of the lungs, induce hypox-
emia by increasing the shunt fraction, and elevate
pulmonary arterial pressures when injected into dogs [18].
It appears to induce these physiologic derangements by
stimulating hemolysis and vascular congestion and increas-
ing vascular permeability in the lungs by disrupting endo-
thelial surfaces [19]. Our data indicate that this form of
lung injury in irradiated mice has a minimal but statistically
significant effect on the production of lung cells.

Cells with stem cell activity comprise only a very small
percentage of the total number of cells present in unpurified
whole bone marrow. Those with certain phenotypic charac-
teristics, including the presence of stem cell antigen 1 (Sca-1)
[20,21] and c-kit [21] or the absence of any cell markers
(Lin2) [20,21] that would define the cell as being differenti-
ated, appear to be especially enriched with stem cell activity.
We also demonstrate that hematopoietic marrow cells with
these phenotypic characteristics preferentially reconstitute
the bone marrow of radiation- and cardiotoxin-injured mice
and produce lung cells.

Methods

Experimental animals
Six- to 8-week-old female C57BL/6 (H2Kb) mice were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA) and were
used as bone marrow transplant (BMT) recipients. Animals were
certified to be pathogen free, housed in our animal facility, and
given ad libitum access to food and acid water. GFP-transgenic
breeding pairs C57BL/6-TgN(ACTbEGFP)1Osb were also pur-
chased from The Jackson Laboratory. Animals were bred in our
animal facility by mating heterozygous GFPD mice, separated
by using a UV light source, to C57BL/6 mice to produce GFPD

transgenic animals. Our model is a b-actin promoter GFP trans-
genic. Homozygote animals die early. Other transgenics can be
bred as homozygotes and we are evaluating these.

Isolation and preparation of whole bone marrow
Six- to 8-week-old female GFPD mice were used as donors. Mice
were anesthetized with halothane and sacrificed by cervical dislo-
cation. Whole bone marrow (WBM) was obtained by flushing the
femurs, tibias, and pelvic bones with sterile 13 phosphate-
buffered solution (PBS). Cells were centrifuged at 1300 rpm for
10 minutes at 4�C, then resuspended in sterile 13 PBS. Cells were
counted after staining an aliquot with crystal violet.

Isolation and preparation
of whole bone marrow for lineage depletion
WBM was isolated and prepared as described above. Cells were
passed through a 25-gauge needle to make a single-cell suspen-
sion, then lineage depleted (Lin2) by adding the following
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