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Failure of Bone Marrow to Reconstitute Lung Epithelium
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A new paradigm of epithelial tissue reconstitution has been sug-
gested whereby circulating cells derived from bone marrow contrib-
ute to a variety of epithelial cell types. With regard to the lung,
several recent reports have used immunofluorescence microscopy
to demonstrate engraftment of bone marrow-derived cells as type I
pneumocytes, the endogenous progenitors of the lung alveolus.
We show here that immunofluorescence microscopy, as has been
used in previous reports, cannot reliably identify rare engrafted
cells in lung tissue sections after transplantation of bone marrow
cells or purified hematopoietic stem cells tracked with ubiquitous
labels. We have employed a lineage-specific reporter system based
on transgenic mice that express the GFP reporter gene only in lung
epithelial cells (surfactant protein C-GFP) to assay for engrafted
cells by flow cytometry, histology, and molecular methods. Using
this approach to evaluate transplant recipients, including those
subjected to bleomycin-induced lung injury, we demonstrate that
when autofluorescence, dead cells, and contaminating blood cells
are excluded from analysis, there is no detectable reconstitution of
lung alveolar epithelial cells by unfractionated bone marrow cells
or purified hematopoietic stem cells.
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Initial reports of transplanted hematopoietic stem cells (HSCs)
able to engraft in a variety of nonhematopoietic tissues and
assume epithelial phenotypes have suggested a new paradigm
for epithelial tissue repair (1). Enthusiasm has been diminished,
however, by subsequent studies that either failed to reproduce
these initial findings (2) or concluded that engraftment events
were due to transplanted cells fusing with endogenous somatic
cells (3, 4). With regard to the lung, however, evidence of cell
fusion was not found (3, 5), and multiple reports have now
suggested that bone marrow—derived cells can become alveolar
type II (AT2) pneumocytes (1, 5-10), the known progenitors of
the lung alveolus (11). The implications of these controversial
findings are profound, as the ability to exogenously deliver cells
into the progenitor niche of the alveolus provides the first oppor-
tunity to reconstitute the injured lung via cell-based therapy.
At issue in previous reports of engrafted epithelia is the
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almost exclusive reliance on immunostaining and fluorescence
microscopy, by which fluorescing antibodies or DNA probes
have been used to track and phenotype transplanted cells. This
technique has been described as prone to artifact, as antibodies
may react with cells other than their intended targets, and micros-
copy is by nature a subjective assay (12). Particularly problematic
is the intrinsic structure of the lung, where each alveolus is
comprised of septae containing capillaries filled with circulating
blood cells that can be misinterpreted as hematopoietic deriva-
tives “engrafted” in the lung (2). Furthermore, dead cells, fixative
exposure, and the extensive elastin content of the lung may
contribute to high background autofluorescence that can be dif-
ficult to distinguish from true fluorescent labeling.

Using mice that express transgene reporters under lineage-
specific control, we sought to objectively test the hypothesis that
HSCs or unfractionated bone marrow can form AT2 cells in
normal or injured lungs. We avoided assays that depended on
antibody or probe binding to track transplanted cells, and en-
sured objective analysis of only live lung cells by fluorescence-
activated cell sorter (FACS) to reach conclusions that were sup-
ported by both histologic and molecular biology techniques.
We report here that, when autofluorescence and dead cells are
excluded from analysis, there is no detectable reconstitution of
lung alveolar epithelial cells by unfractionated bone marrow or
purified hematopoietic stem cells after transplantation.

MATERIALS AND METHODS

Mice

Transplantation studies involving lineage-specific reporters used 8-wk-
old donor mice that express enhanced green fluorescent protein (GFP)
under regulatory control of a 3.7-kb human surfactant protein C pro-
moter (SP-C-GFP mice [13]; generous gift of Dr. Michael O’Reilly,
University of Rochester, Rochester, NY). Transplants involving ubiqui-
tous reporters used 8-wk-old donor mice that express GFP under control
of the chicken B-actin (B-actin) promoter with cytomegalovirus en-
hancer (C57BL/6j-Tg[ACTB-EGFP]10sb/J; Jackson Labs, Bar Harbor,
ME). Recipient mice were congenic 8- to 10-wk-old C57BL/6j-Ly5.2
(CD45.2; for B-actin transplants) or C57BL/6-Ly5.1 (CD45.1; B6.SJL-
Ptprca Pep3b/BoylJ; for SP-C-GFP transplants). All recipients were
obtained from Jackson Labs. Mice were maintained in a pathogen-free
animal facility, and all animal studies were approved by the Standing
Committee on Animals of Harvard Medical School.

HSC Purification

HSCs were purified from the bone marrow of mice by the Hoechst dye
efflux method originally developed in our laboratory (14) with the fol-
lowing modifications (15). This method identifies the bone marrow side
population (SP) that is highly enriched in hematopoietic stem cell activity.
Bone marrow single cell suspensions were prepared by crushing femurs,
tibiae, and iliac crests with a pestle. A quantity of 4.5 million cells/ml in
calcium- and magnesium-free Hanks’ Balanced Salt Solution supple-
mented with 2% heat-inactivated fetal bovine serum (FBS), 1% penicillin/
streptomycin, and 10 mM HEPES (HBSS+; Invitrogen, Carlsbad, CA)
were incubated with 8.8 mcg/ml of Hoechst 33342 dye (Molecular
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Probes, Eugene, OR) for 90 min at 37°. After Hoechst staining, cell
suspensions were washed in HBSS+, and red blood cells were depleted
by centrifugation over Ficoll-Paque Plus (830 X g for 20 min; Amersham
Biosciences, Piscataway, NJ). The buffy coat layer was collected and
stained with 2 pg/ml of propidium iodide (PI) and filtered through a
40-pum Falcon cell strainer (BD Biosciences, San Jose, CA) for purifica-
tion by flow cytometry.

Flow Cytometry

Cell sorting was performed on a MoFlo triple laser instrument (Dako-
Cytomation, Fort Collins, CO) using Summit 3.1 software (Dako-Cyto-
mation). Analysis of raw data was completed with FlowJo software
(Treestar, Ashland, OR). The laser emissions were 488, 350, and 647
nm. Fluorescence was detected with the following bandpass filters; 530/
40 for FITC and GFP, 580/30 for phycoerythrin (PE), 670/30 for PI,
405/30 for Hoechst Blue, 570/20 for Hoechst Red, and 670/20 for APC
(Omega Optical Inc., Brattleboro, VT). Hoechst blue and red fluores-
cence was detected in linear scale acquisition. First a live cell gate was
created excluding cell fragments (low forward scatter) or events that
contained high PI fluorescence. Cells within this live cell gate were
displayed on a Hoechst Red-Hoechst Blue histogram, and 200 SP cells
per recipient were sorted for transplantation studies.

Competitive Long-Term Blood Repopulation and
Analysis of Peripheral Blood Chimerism

CD45.1 recipient mice were lethally irradiated with either 11 Gy or
12 Gy of radiation in a single dose, or 14 Gy delivered as two doses of
7 Gy given 3 h apart on the day before transplantation. Recipients were
maintained on standard chow and water supplemented with 2 mg/ml
of neomycin sulfate antibiotic (Sigma-Aldrich, St. Louis, MO) for 14 d.
Two hundred donor hematopoietic stem cells obtained from SP-C-GFP
or B actin-GFP transgenic donor mice (both of CD45.2 genotype) were
mixed with 2 X 10° unfractionated CD45.1 competitor bone marrow
cells and intravenously injected retro-orbitally into CD45.1 congenic
recipient mice (or CD45.2 wild-type mice recipients for B-actin GFP
transplants). Peripheral blood was obtained from the retro-orbital plexus
every 4 wk, and red blood cells were depleted by lysis (Red Blood Cell
Lysing Buffer; Sigma-Aldrich). White blood cells were then stained
using either fluorescence-conjugated anti-CD45.1-PE and —CD45.2-
APC antibodies (for recipients of CD45.1 transplants) or pan-anti—
CD45-PE (for recipients of B-actin GFP+ transplants). All FACS anti-
bodies were purchased from BD Pharmingen (San Diego, CA). Levels
of blood chimerism were calculated as the proportion of CD45 labeled
white blood cells that expressed the donor CD45.2 or GFP marker
gene. For whole marrow transplantation, 10 million unfractionated do-
nor bone marrow cells were injected without competitor into recipients.
Robust long-term hematopoietic reconstitution (> 50% blood chime-
rism for > 3 mo after transplantation) was documented in all recipients
before further analysis.

Single Hematopoietic Stem Cell Transplantation

Single bone marrow SP cells from a donor GFP+ transgenic mouse
(B actin—-GFP; Jackson Labs) were sorted into separate wells of a 96-
well plate that contained 100 pl of HBSS+ and 3 X 10° Sca-1-negative
competitor marrow cells from a wild-type mouse. The entire contents
of each well were then injected into the retro-orbital venous plexus of
each recipient. A separate syringe was used for each well to avoid cross-
contamination. An additional 96-well plate sorted with single cells by
this method was examined by microscope to confirm that 100% of wells
contained only 1 sorted cell. Eighteen mice that received single cell
transplants were then followed to select two recipients with > 40%
GFP+ blood chimerism. These highly chimeric recipients were then
harvested for further analysis of bone marrow, peripheral blood and
lung engraftment at 4 mo and 1 yr after transplantation as detailed in
the text. Self-renewal of the transplanted single stem cells was docu-
mented by serial transplantation of bone marrow from these recipients
into secondary recipients.

Lung Histology

Lung tissue was perfused free of blood by saline irrigation via the right
ventricle. The left mainstem bronchus was ligated and the left lung
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excised for RNA, DNA extraction, and enzyme digestion for FACS.
The right lung was then inflated with 4% paraformaldehyde for over-
night fixation followed by embedding in optimal tissue compound
(OCT) for frozen tissue sectioning. Five-micrometer-thick frozen sec-
tions from each of the four lobes of the right lung were examined.
For recipients of SP-C—-GFP marrow transplants, frozen sections were
treated with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI)-
supplemented mounting medium (Vectashield; Vector Labs, Burlingame,
CA), coverslipped, and examined for GFP expression by fluorescence
microscopy. No antibody labeling was employed in analysis of SP-C—
GFP recipient mice. Frozen tissue sections from recipients of B actin—
GFP transplants were processed for pro-SP-C immunostaining by
incubation with a polyclonal rabbit anti-pro-SP-C antibody (Chemicon,
Temecula, CA) followed by Cy3-conjugated secondary goat anti-rabbit
IgG antibody (Jackson Immunoresearch Laborotories, West Grove,
PA). Two negative control sections stained with nonspecific rabbit
IgG in place of the primary antibody were included in each analysis.
Background autofluorescence was determined through examination of
10 simultaneously prepared negative control sections that were stained
with DAPI alone. All sections were examined using a Zeiss Axioplan
2 fluorescence microscope (Carl Zeiss, Inc., Thornwood, NY) equipped
with GFP (green), Cy3 (red), and DAPI (blue) filter set. Digital images
were captured and processed using Axiovision 3.1 software (Carl Zeiss,
Inc.).

Preparation of Lung Single Cell Suspensions for FACS

Saline-perfused lung samples were finely minced with razor blades, and
enzymatically digested for 1 h at 37°C in a solution of 0.1% Collagenase
A in 2.4 U/ml Dispase II (Roche, Indianapolis, IN) with 2.5 mM CacCl,.
The resulting digest was then filtered through a 70-wm Falcon cell
strainer (BD Biosciences) to remove debris and washed with HBSS+.
Where indicated in the text, lung suspensions from B actin-GFP trans-
plants were stained with Fc Block and monoclonal PE-conjugated rat
anti-mouse CD45 or isotype control antibody (BD Pharmingen). All
single cell suspensions were stained with 2 pg/ml of PI, filtered through
a 40 um Falcon cell strainer, and analyzed by flow cytometry (laser and
filter settings listed above; MoFlow, Fort Collins, CO). Raw data were
then processed with FlowJo software (Treestar). Forward/side scatter
properties were used to exclude cell fragments and red blood cells. PI
staining was used to exclude dead cells. The live lung cell subgate was
then analyzed for GFP fluorescence and red (PE) autofluorescence.

RT-PCR and PCR

RNA was extracted from snap-frozen tissue excised from the left lung
according to the manufacturer’s instructions (RNEasy Kit; Qiagen,
Valencia, CA) and all samples were treated with DNase to minimize
contamination with genomic DNA. cDNA was prepared by reverse
transcription under standard conditions using random hexamer priming
(First-Strand cDNA Synthesis Kit; Amersham Biosciences). PCR am-
plification of GFP and B-actin cDNA was performed using FastStart
Taq DNA Polymerase (Roche) and the following primer pairs: GFP
forward, ATGGTGAGCAAGGGCGAGGAGCTG; GFP reverse, CTT
GTACAGCTCGTCCATGCCGAG:; B-actin forward, AAGAGAGGT
ATCCTGACCCT; B-actin reverse (intron spanning) GCTCGTTGC
CAATAGTGATG. RNA aliquots that were not exposed to reverse tran-
scriptase (—RT) were included as negative controls in all RT-PCR analy-
ses. PCR conditions were: (GFP) 95°C X 1 min, 60°C X 1 min, 72°C X
1 min, 30 cycles; (B-actin) 95°C X 1 min, 55°C X 1 min, 72°C X 1 min,
30 cycles. For detection of GFP and -actin in genomic DNA, DNA was
extracted from lung tissue according to the manufacturer’s instructions
(DNeasy; Qiagen) and subjected to PCR using the above primer pairs
and conditions. All RT-PCR and PCR assays were analyzed qualitatively
to screen for engraftment of donor-derived cells.

Lung Injury

Mice were subjected to bleomycin-induced lung injury as previously
described (16). After long-term hematopoietic reconstitution (> 3 mo
after transplantation), recipient mice were anesthetized with isoflurane,
and a blunt-end canula was used to intratracheally instill 0.05 U bleomy-
cin sulfate in 100 pl sterile PBS. One month after bleomycin exposure,
recipients’ lungs were harvested for analysis.
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RESULTS

Lung Engraftment after Transplantation of Ubiquitously
Labeled Bone Marrow Cells

Initial transplant experiments were aimed at assessing the capac-
ity of unfractionated bone marrow cells, highly purified HSCs,
or single bone marrow stem cells to engraft as lung AT2 cells.
Donor marrow populations were obtained from donor mice that
express the GFP reporter gene under control of ubiquitously
active promoter elements (B-actin-GFP). After long-term he-
matopoietic reconstitution of lethally irradiated recipients with
unfractionated marrow (n = 3), HSCs (n = 3), or single stem
cells (n = 2), the vast majority (> 99%) of lung cells that immu-
nostained red with a AT2 marker (pro-SP-C) did not exhibit
GFP fluorescence. Conversely, the vast majority of GFP+ cells
within the lung (> 99% of 300 GFP+ cells per section) did not
express pro-SP-C (Figure 1). This quantification was based on
analysis of eight frozen sections per recipient with ~ 2,000 nucle-
ated cells present on each section. FACS-based phenotyping of
25,000 live GFP+ cells present in each recipient’s lungs demon-
strated that > 99% were hematopoietic cells that expressed CD45
(Figure 2). By immunofluorescence microscopy, 1.39 cells =
0.79 (mean =+ SD) per tissue section did appear to exhibit both
green (GFP) and red (pro—SP-C immunostaining) fluorescence
(Figures 1 and 2); however, this number was no different than
background (Figure 3), as negative control sections that were
not exposed to primary anti-pro-SP-C antibody exhibited similar
rare cells that fluoresced in both green and red channels.

We found that the majority of this rare background signal
was due to autofluorescent cells in the lung parenchyma, because
unstained sections from wild-type mice also revealed 1.30 + 1.16
cells per section that exhibited both green and red fluorescence
(Figure 3A). In contrast, true GFP+ cells on recipient sections
could be distinguished from rare autofluorescing cells by ensur-
ing that the GFP+ cells exhibited green but not red fluorescence
(Figure 3B). Even 1 yr after bone marrow transplantation and
reconstitution of > 80% of recipients’ hematopoietic compart-
ments with donor cells, no recipient exhibited cells within the
lung that exhibited both GFP and AT2 marker fluorescence at
frequencies above negative control background (Figures 1-3).
We concluded that immunofluorescence microscopy could not

determine with certainty whether rare engraftment of AT2 cells
was occurring after transplantation of bone marrow cells that
ubiquitously express the GFP marker.

Use of a Lineage-Specific Transgenic Reporter Shows No
Reconstitution of AT2 Cells by Bone Marrow Cells

Next, a lineage-specific reporter system was employed to track
the fate of donor marrow populations. Donor unfractionated
marrow or highly purified HSCs for transplantation were ob-
tained from transgenic mice that express the GFP reporter gene
under regulatory control of the SP-C promoter (SP-C-GFP
mice) (13); generous gift of Dr. Michael O’Reilly, University of
Rochester). By transplanting marrow from these donors into
wild-type recipients, our goal was to develop a sensitive en-
graftment assay that would exclude background autofluores-
cence and would avoid any possibility of nonspecific binding
of antibodies. The lineage-specific reporter system employed
would also avoid mistakenly counting donor-derived blood cells
“engrafted” in the lung and would allow the detection of the
fluorescent reporter gene only in AT2 cells.

Specific expression of GFP in AT2 cells of donor mice (13)
was confirmed to be at a high level (10- to 1,000-fold above
background) in 25% of all AT2 cells or 3.5% of total lung
cell suspensions obtained by enzyme digestion (Figure 4). GFP-
expressing AT2 cells in these transgenic mice are thus easily
distinguishable from background lung autofluorescence on fro-
zen tissue sections as well as FACS analyses without the use of
antibody-based labeling (Figure 4). As previously described (13),
we found that this transgene was not expressed in lung endothe-
lium, peripheral blood, or bone marrow (data not shown).

To test the ability of bone marrow cells to form AT2 cells,
unfractionated bone marrow or purified HSCs from SP-C-GFP
donors were transplanted into congenic Ly5.1 wild-type recipient
mice that had undergone lethal irradiation at escalating doses
of ionizing radiation (11Gy, 12Gy, or 14Gy). After long-term
robust blood reconstitution (70-93% Ly5.2+ blood chimerism
for > 3 mo), the lungs of each recipient were analyzed for engraft-
ment of donor-derived cells by three antibody independent assays:
(1) FACS analysis of 10° live lung cells for engrafted AT2 cells
(defined as cells that excluded PI and were GFP+ but not
autofluorescent; i.e. PI negative/PE negative); (2) fluorescence

Figure 1. Transplantation of unfractionated bone marrow
ubiquitously labeled with GFP (B-actin—-GFP). Representa-
tive lung frozen tissue section from a recipient analyzed 1 yr
after transplantation of 10 million unfractionated GFP+
bone marrow cells. At the time of analysis this recipient had
88% GFP+ peripheral blood chimerism. (A) DAPI nuclear
counterstaining (blue); (B) immunostaining with an anti-
body against a specific alveolar type Il (AT2) pneumocyte
cell marker (Cy3 anti-pro—SP-C; red); and (C) fluorescence
of GFP (B-actin—GFP; green) are merged in D, illustrating
the 1 cell (of 200 AT2 cells examined on this section) that
appeared to express both markers (arrows). The number
of cells that are “double-labeled” with GFP fluorescence
and AT2-specific red immunostaining in this recipient lung
is no different than the number of cells per section that
show background autofluorescence on negative control
sections (shown in Figure 3 below).
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Figure 2. Hematopoietic reconstitution by a single GFP+ bone marrow stem cell. A single hematopoietic stem cell was purified from the bone
marrow of a B-actin~GFP donor mouse, and 1 yr later recipient blood and lung tissue were harvested for analysis. (A) FACS histogram illustrates
robust hematopoietic reconstitution of 79% of the recipient’s peripheral blood with donor-derived GFP+ cells. (B) FACS-analysis of live cells
(PI-negative) from the left lung of this recipient, shows the presence of GFP+ marrow-derived cells (25% of the lung cell suspension). (C) FACS-
analysis of the GFP+ and GFP(—) subgates of the lung cell suspension from B demonstrates that 99% of the GFP+ cells (green histogram) express
the panhematopoietic marker CD45. In contrast, 22% of GFP(—) cells in this sample are CD45+ (black histogram). An aliquot of this sample stained
with a negative control antibody of identical isotype illustrates specificity of the CD45 antibody staining (purple histogram). Similar engraftment
results were obtained from recipients that received either unfractionated marrow or 200 purified HSC transplants. (D) A frozen tissue section
prepared from the right lung of this recipient was immunostained with Cy3-conjugated anti-pro-SP-C antibody showing that AT2 cells (red) and
donor marrow—derived cells (green) are distinct, with the possible artifactual exception of two cells whose tips appear to overlap (arrow).

microscopy of frozen tissue sections from each of four lung lobes
for GFP+ cells (defined as green positive/red negative cells);
and (3) RT-PCR-based assessment of GFP mRNA expression.

As shown in Table 1, Figure 4, and Figures E1-E3 in the
online supplement, in 28 recipients studied, we found no donor-
derived AT2 cells on any recipient tissue section or in any FACS
sample. At the molecular level, we found no evidence of AT2
cell engraftment, as GFP mRNA was not expressed in any recipi-
ent lung. As expected, DNA from donor-derived cells, predomi-
nantly of hematopoietic lineage, was easily detected by PCR for
the GFP transgene.

Because the lung is normally a quiescent organ, it is possible
that lung injury might be required to facilitate engraftment of
bone marrow-derivatives in lung tissue. For this reason, 3 mo after
hematopoietic reconstitution with SP-C-GFP donor marrow cells,
we exposed eight recipients to intratracheal bleomycin, which
is known to cause epithelial lung injury (17, 18) (see Figure E4
for hematoxylin and eosin-stained lung sections). After a 1-mo
recovery period after bleomycin exposure, recipients of un-
fractionated marrow (n = 4) or HSC transplants (n = 4)

showed no AT2 cell reconstitution by bone marrow—derived
cells (Table 1).

Sensitivity of FACS-Based Assays of Engraftment

To test the ability of the cell sorter used in these experiments
to detect very rare engraftment events, five GFP+ cells from
the lungs of SP-C-GFP mice were added to a sample of 8 X 10°
wild-type lung cells. Four of five GFP+ AT?2 cells were success-
fully identified by cell sorting; thus engraftment rates as low as
1 in 640,000 cells should have been detectable using this assay.
As an average of 35,000 brightly GFP fluorescent AT2 cells were
present in each transgenic control sample, we estimated that
980,000 AT2 cells were present in the 28 million total lung cells
from 28 recipients that were analyzed by FACS in these studies,
and no engrafted GFP+ cells were detected.

DISCUSSION

Our finding that neither unfractionated bone marrow nor hema-
topoietic stem cells reconstitute the pulmonary alveolar epithe-
lium is in contrast to previous reports. We demonstrated that
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Figure 3. Distinguishing au-
tofluorescent artifact from en-
graftment is not possible with
dual channel immunofluores-
cence microscopy. (A) Lung
frozen tissue section from a
wild-type mouse that has not
been exposed to antibody
staining shows rare cells that
exhibit equal red and green au-
tofluorescence (arrows). (B) Re-
cipient lung after bone marrow
transplantation from a B-actin—
GFP mouse (no antibody expo-
sure). Donor-derived cells in
this section fluoresce green but
not red, indicating true GFP+
fluorescence. Nuclei are coun-
terstained with DAPI.
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Figure 4. Assessment of bone marrow—derived lung engraftment after transplantation of bone marrow cells from the SP-C-GFP lineage-specific
reporter mouse. (A) Bright GFP fluorescence only in alveolar type Il (AT2) cells is seen in lung frozen tissue sections from the transgenic (positive
control) mouse. (B) Representative lung section from a recipient mouse 4 mo after transplantation of 10 million unfractionated bone marrow cells
obtained from a donor SP-C-GFP mouse. No GFP+ engrafted cells are seen. (C) Peripheral blood analyzed from this same recipient shows 93%
blood chimerism (red box) arising from the donor (CD45.2) transplanted marrow cells (recipient is a CD45.1 congenic mouse). (D) FACS analysis
of 1 million live (propidium iodide excluding) lung cells from a SP-C-GFP transgenic mouse (positive control) shows GFP+ fluorescence in 3.56%
of cells. (E) Representative FACS of 1 million live lung cells from a recipient transplanted with SP-C-GFP bone marrow shows no GFP+ events.
(F) Representative analysis of RNA and DNA extracts from six recipients’ lungs shows donor-derived cells are present in recipients’ lungs (GFP
DNA™), but are not AT2 cells because they do not express GFP mRNA. Controls are labeled as: “+" (SP-C-GFP transgenic lung); WT (wild-type
lung); —RT (RNA extract from SP-C-GFP lung minus reverse transcription). RT-PCR of the housekeeping gene B-actin illustrates that cDNA is
present in each sample.
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TABLE 1. SUMMARY OF LUNG ENGRAFTMENT AFTER TRANSPLANTATION OF BONE MARROW
POPULATIONS FROM DONOR SP-C-GFP REPORTER MICE

Engrafted AT2 cells
out of no. of cells

Engrafted AT2 cells/
sections analyzed

Cells Transplanted No. of Recipients Radiation Dose Lung Injury analyzed (FACS) (microscopy)
Whole marrow (107) 3 11 Gy No 0 of 3 x 10° 0/60
Whole marrow (107) 4 12 Gy No 0 of 4 X 10° 0/80
Whole marrow (107) 9 14 Gy No 0 of 9 X 10° 0/180
Whole marrow (107) 4 14 Gy Bleomycin 0 of 4 x 10¢ 0/80
HSCs (200) 4 14 Gy No 0 of 4 X 10° 0/80
HSCs (200) 4 14 Gy Bleomycin 0 of 4 x 10¢ 0/80
TOTAL 28 0 of 28 x 10¢ 0/560

Definition of abbreviations: FACS, fluorescence-activated cell sorter; GFP, green fluorescent protein; HSCs, hematopoietic stem

cells; SP-C, surfactant protein C.

immunofluorescence microscopy alone is not a reliable assay for
bone marrow engraftment, because rare autofluorescent cells can
be mistaken for “engraftment.” In contrast, the use of multiple
methods of analysis (based on histology, FACS, and molecular
biology) and a lineage-specific reporter system ensures that non-
specifically labeled cells, hematopoietic cells, as well as dead or
autofluorescent cells were not included as “engraftment” events.
When these background events were excluded from analysis, there
was no longer evidence of bone marrow—derived cells contribut-
ing to the lung epithelium, even after bleomycin-induced injury.
Although we cannot entirely exclude the possibility that epithe-
lial engraftment in these studies could have occurred without
activation of the SP-C promoter, this seems unlikely, as trans-
genic lineage-specific reporter systems have been widely employed
to trace the differentiation of cell lineages in vivo (19, 20).

These findings suggest that the differentiative repertoire of
hematopoietic stem cells likely does not include AT2 cells and
calls into question whether other epithelial cell types are, in fact,
reconstituted to any degree by HSCs or their progeny. As HSCs
derive from embryonic mesoderm, transdifferentiation or de-
differentiation into endodermal lineages, such as lung epithelium,
may not be possible for this hematopoietic cell type. Although it
appears increasingly likely that HSCs are more “tissue-committed”
than recently claimed, the availability of lineage-specifc reporter
systems should allow more rigorous testing of the differentiative
potential of transplanted HSCs. For example, recent reports that
other mesodermal derivatives, such as endothelial cells and their
circulating progenitors, may be derived from HSCs (21, 22)
should be extensively tested with lineage-specific reporter meth-
odology. In addition, the question of whether pulmonary mesen-
chymal cell types may be derived from bone marrow populations,
as has been reported (23-25), similarly warrants further testing.
Indeed, endothelial or mesenchymal engraftment may account
for the 0.1-1% of cells in our studies that appeared to be
B-actin-GFP positive and CD45-deficient by FACS.

It is important to note that the reported epithelial en-
graftment potential of cultured marrow populations (such as
mesenchymal stem cells [26] or plastic-adherent cultured marrow
[16,27]) was not tested in our experiments. The epithelial recon-
stituting potential of these bone marrow subsets is therefore
still possible. However, these plastic-adherent marrow cell types
should be present in the large doses of unfractionated bone
marrow transplanted in our experiments, and the lack of AT2
engraftment we observed suggests that they either form other
cell types in the lung, do not truly engraft, or obtain an epithelial
differentiative repertoire only after culturing.

Fusion of donor-derived hematopoietic cell types with differ-
entiated somatic cells has been proposed as one mechanism
whereby marker gene expression can be transferred to recipient

somatic cells, such as hepatocytes and muscle fibers (3, 4). How-
ever, our failure to detect derivatives of unfractionated bone
marrow or HSCs contributing to surfactant-expressing cells in
the lung suggests that AT2 marker gene expression arising from
bone marrow cells, whether by fusion or transdifferentiation,
does not readily occur.
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