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Lung endothelium is believed to be a quiescent tissue with the
potential to exhibit rapid and effective repair after injury. Endothe-
lial progenitor cells derived from the bone marrow have been
proposed as one source of new endothelial cells that may directly
contribute to pulmonary endothelial cell homeostasis and repair.
Here we use bone marrow transplantation models, using purified
hematopoietic stemcells (HSCs)orunfractionatedwholemarrow, to
assess engraftment of cells in the endotheliumof a variety of tissues.
We find scant evidence for any contribution of bone marrow–
derived cells to the pulmonary endothelium in the steady state or
after recovery from hyperoxia-induced endothelial injury. Although
a rare population of CD452/CD311/VECadherin1 bone marrow–
derived cells, originating fromHSCs, canbe found in lung tissueafter
transplantation, these cells are not readily found in anatomic loca-
tions thatdefine thepulmonaryendothelium.Moreover, by tracking
transplanted bone marrow cells obtained from donor transgenic
mice containing endothelial lineage–selective reporters (Tie2-
GFP), no contribution of bone marrow–derived cells to the adult
lung, liver, pancreas, heart, and kidney endothelium can be de-
tected, evenafter prolonged follow-upperiodsof 11monthsor after
recovery from hyperoxic pulmonary endothelial injury. Our findings
argue against any significant engraftment of bonemarrow–derived
cells in the pulmonary vascular endothelium.
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The pulmonary vasculature continuously receives the entire car-
diac output, and the thin layer of endothelial cells lining this vas-
culature requires precise homeostatic mechanisms to effectively
maintain life-long circulation and gas exchange. Although it is
well known that subtle alterations in pulmonary vascular homeo-
stasis can lead to disease states such as pulmonary hypertension or
alveolar hemorrhage, the origins of new pulmonary endothelial
cells during homeostatic maintenance or after pulmonary endo-
thelial injury remains unclear. Until recently, in adult animals the
repair of any injured endotheliumor formation of new vessels had
been widely accepted as involving the paradigm of angiogenesis,
a mechanism whereby division of existing endothelial cells within
a vessel network produces new cells. Accumulating evidence
from several groups has challenged this paradigm with findings
that claim adult mammals have circulating endothelial progenitor

cells (EPCs) that may be derived from the bone marrow and may
become incorporated as endothelial cells into the vasculature of
organs or tumors (1–9).

Regarding the pulmonary endothelium, several investigators
have claimed a role for so-called “bone marrow–derived EPCs”
in endothelial maintenance and repair (10–20). These studies
define EPCs as precursors of cells meeting molecular and mor-
phologic criteria of mature endothelial cells, such as expression
of a diversity of endothelial lineage marker genes and a flattened
shape of cells lining pulmonary vascular lumens. For example,
bone marrow cells were suggested to contribute to the mouse
lung’s alveolar capillary endothelium after intratracheal elastase
injury (10). Furthermore, in human lung samples obtained at
various time points after bone marrow transplantation, an av-
erage of 40% of recipients’ pulmonary endothelium has been
claimed to be donor-derived (12). Compelling investigations
also suggest a potential role for circulating EPCs in lung disease
pathogenesis, including contributions to endothelial remodeling
and participation in lung cancer angiogenesis (21, 22). Circulat-
ing EPCs have also been proposed as biomarkers for lung dis-
ease. For example, increased numbers of circulating cells
expressing putative EPC markers have been found in patients
with bacterial pneumonia (11), and increased numbers of simi-
lar circulating cells are associated with improved survival in
acute lung injuries (13).

The potential contribution of bone marrow–derived EPCs to
the pulmonary endothelium would be especially intriguing if
confirmed because this putative novel paradigm raises the pros-
pect of using these easily accessible cells for cell-based therapies
to reconstitute injured or diseased lung endothelium. Indeed,
rescue of monocrotaline-induced pulmonary hypertension has
been demonstrated by using infusions of similar bone marrow–
derived endothelial-like progenitor cells (14), and these findings
have served as the basis for a “first-in-humans” clinical trial
of cell-based therapy for pulmonary vascular disease (23).

Most recently, the contribution of any bone marrow–derived
cell type, including EPCs, to adult endothelium has been called
into question by several studies that have failed to find any
significant contribution of bone marrow–derived cells to endo-
thelial cells in several organs (24–28). Here we attempt to ad-
dress the potential role of bone marrow–derived cells in lung
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CLINICAL RELEVANCE

So-called “endothelial progenitor cells” (EPCs) derived from
the bone marrow have been proposed as one source of new
endothelial cells that may directly contribute to pulmonary
endothelial cell homeostasis and repair. We find scant evi-
dence for any contribution of bone marrow–derived cells to
the pulmonary endothelium in the steady state or after re-
covery from hyperoxia-induced endothelial injury. Our find-
ings argue against the existence of bone marrow–derived
EPCs.
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endothelial maintenance and repair. Using mice expressing
reporter genes ubiquitously or under regulatory control of
endothelial-selective promoters, we find that a rare population
of bone marrow–derived cells that do not express the pan-
hematopoietic marker CD45 but express endothelial markers that
lack complete specificity (i.e., CD452/CD311/VECadherin1
cells) can be found in the lung for at least 1 year after bone
marrow transplantation. We find scant evidence, however, to sup-
port the contention that these cells or any other bone marrow–
derived cells give rise to true pulmonary endothelial cells because
no bone marrow–derived cells can be found in anatomic compart-
ments that define the pulmonary endothelium. Moreover, when
bone marrow–derived cells are tracked using lineage-selective
reporters rather than antibody-based methods, no contribution
of bone marrow–derived cells to the endothelium of the adult
lung, heart, liver, pancreas, or kidney is observed, even after
hyperoxic injury and recovery. Our findings argue against a direct
structural contribution of bone marrow–derived cells, previously
termed “EPCs,” to lung endothelial maintenance or repair in
adults.

MATERIALS AND METHODS

Mice

Transplantation studies involving lineage-specific reporters used 6- to
8-week-old donor mice that express enhanced green fluorescent protein
(GFP) under regulatory control of a Tie2 promoter (Tie2-GFP FVB/N
mice, cat#003658; Jackson Labs, Bar Harbor, ME) or lacZ targeted to
the thrombomodulin locus (TM-lacZ mice, generous gift of Dr. Robert
D. Rosenberg, Massachusetts Institute of Technology, Boston, MA).
Transplants involving ubiquitous reporters used 8–week-old donor
mice that express GFP under control of the chicken b-actin promoter
with cytomegalovirus enhancer C57BL/6j-Tg(ACTB-EGFP)1Osb/J
(Jackson Labs). Recipient mice were congenic 8- to 10-week-old
C57BL/6j mice (Jackson Labs) for b-actin or TM-lacZ transplants or
FVB/N (Jackson Labs) for Tie2-GFP transplants. All animal studies
were approved by the Institutional Animal Care and Use Committee of
Boston University School of Medicine

Hematopoietic Stem Cell Purification

Hematopoietic stem cells (HSCs) for transplantation were purified from
the bone marrow of mice by the Hoechst dye efflux method (29) with
modifications published previously (30). Detailed methods are avail-
able in the online supplement. Single stem cell transplants were pub-
lished in part previously (31), and archived fluorescence-activated cell
sorting (FACS) raw data files and frozen tissue sections from those
studies were stained and analyzed as indicated in the text.

Competitive Long-Term Blood Repopulation and Analysis

of Peripheral Blood Chimerism

Recipient mice were lethally irradiated with 11 Gy of radiation in a sin-
gle dose or 14 Gy delivered as two doses of 7 Gy given 3 hours apart on
the day before transplantation. Where indicated in the text, 200 donor
HSCs obtained from the indicated transgenic donor mice were mixed
with 2 3 105 unfractionated unlabeled competitor bone marrow cells
and intravenously injected retro-orbitally into unlabeled recipient
mice. Robust long-term hematopoietic reconstitution (.50% blood
chimerism for .3 mo after transplantation) was documented in all
recipients before further analysis. More detailed methods are available
in the online supplement.

Hyperoxic Lung Injury and Bromodeoxyuridine Labeling

For hyperoxic lung injury, mice were exposed to 95% oxygen versus
room air for 52 hours. For in vivo bromodeoxyuridine (BrdU) labeling,
injured or uninjured mice were recovered for 24 hours in room air
before receiving drinking water containing 0.8 mg/ml BrdU (BrdU
APC flow kit; BD Pharmingen, San Diego, CA) for 5 days. Mice that

received BrdU water were killed with isofluorane, and cells from the
lung and bone marrow were collected for analysis. Bleomycin injury
was performed as previously published (40).

Immunostaining of Lung and Bone Marrow Samples

for FACS

Lung tissue was harvested for FACS and tissue sectioning as previously
published (31) and as detailed in the online supplement.

Lectin Staining and Confocal Microscopy

Frozen lung tissue sections were stained with biotinylated GSL 1-isolectin
B4 (Vector Laboratories, Burlingame, CA) followed by streptavidin
(Sav)-conjugated Cy3 (Invitrogen, Carlsbad, CA). Each analysis included
negative control sections treated with CAS Block alone in place of lectin,
followed by Sav-Cy3. Detailed methods for lectin staining and confocal
microscopy analysis are available in the online supplement.

RESULTS

We previously reported that, in adult mouse recipients of bone
marrow transplants, we found no detectable engraftment in the
lung alveolar epithelium of bone marrow–derived cells (31, 32).
In those experiments, more than 99% of cells detected in the
lung after bone marrow transplantation were hematopoietic in
lineage, as defined by cell surface expression of the hematopoi-
etic marker, CD45 (31). Based on the presence of a rare bone
marrow–derived CD452 population in the lung (representing
,1% of cells; Figure 1), we sought to further phenotype this
population in recipient lung tissue.

Figure 1. Presence of green fluorescent protein (GFP)1 bone marrow

hematopoietic stem cell–derived cells in lung tissue after bone marrow

transplantation. Frozen lung tissue sections examined by fluorescence
microscopy without the use of antibody staining reveal GFP1 cells

easily detected in the lung tissue of recipient animals after transplanta-

tion of GFP1 bone marrow cells (representative section and flow

cytometry shown in B and D, compared with recipient controls in A
and C that did not receive GFP1 cells). The majority of GFP1 cells are

CD451, indicating their hematopoietic lineage. A small fraction

(0.48% of all live lung cells analyzed in B do not express CD45. Br ¼
bronchus; CTL ¼ control; PI ¼ propidium iodide. *Vascular lumen
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Using transgenic donor mice that ubiquitously express a GFP
reporter gene (b-actin GFP), we transplanted 2 3 106 unfrac-
tionated marrow cells, 200 purified HSCs (purified as Hoechst
effluxing bone marrow cells that are exclusively CD451 and
express HSC markers Sca11ckit1 and Lin2, also referred to
as SP cells; see Figure E4 in the online supplement) (29, 30, 33),
or single HSCs into lethally irradiated wild-type recipients. The
200 HSC donor number was chosen based on the expected 200
HSCs that would be found in a population of 2 3 106 unfractio-
nated marrow cells, given the frequency of SP cells of this phe-
notype in the bone marrow is 1/10,000 cells (30). At 1 to 12
months after transplantation, we analyzed the recipient lungs
by FACS and fluorescence microscopy of frozen tissue sections.
Consistent with our previous report (31), after transplantation
of unfractionated marrow (n ¼ 45), 200 purified HSCs (n ¼ 16),
or single stem cells (n ¼ 2), GFP1 labeled cells were easily
detected in recipient lung tissue with the predominance of en-
graftment found as blood cells expressing the hematopoietic
marker CD45 (Figure 1). To screen for putative bone marrow–
derived endothelial cells in recipient lungs, we used FACS anal-
ysis to isolate cells expressing a surface phenotype that selectively

identifies lung endothelial cells: CD452/CD311/VECadherin1
(Figure 2). An average of 1.74 6 0.75% (6SD) of all CD452/
CD311/VECadherin1 lung cell suspensions were GFP1, sug-
gesting their origin from bone marrow cells. Because 200 puri-
fied HSCs, single HSCs, or unfractionated bone marrow
transplants were all able to give rise to this CD452/CD311/
VECadherin1/GFP1 population, this suggested their origin
from bone marrow HSCs (Figure 2). Four additional secondary
recipients transplanted with whole marrow taken from one of
the primary recipients were similarly followed for 4 months after
this serial transplant (Figure E1), and these secondary recipients
of the original single GFP1 bone marrow stem cell also
exhibited similar evidence of CD452/CD311/VECadherin1/
GFP1 progeny in the lung tissues of these recipients analyzed
by FACS (0.4–2.0% of all lung CD452/CD311/VECadherin1
cells). Based on a prior report of liver endothelial engraftment
arising from a single transplanted HSC (34), we also evaluated
single cell suspensions from the livers of these recipients and
found a similar frequency of engrafted GFP1/CD452/CD311/
VECadherin1 cells deriving from the single transplanted GFP1
HSCs (data not shown).

Figure 2. Fluorescence-activated cell sorting (FACS) screening for potential lung engraftment of GFP-labeled endothelial cells after transplantation

of bulk bone marrow or purified hematopoietic stem cells (HSCs). (A) FACS analysis of live single-cell suspensions from wild-type control lung digests
demonstrating antibody specificity used to identify cells expressing candidate endothelial cell surface markers CD31 and VECadherin. (B) FACS data

from one representative experiment illustrating gating algorithm to determine the percentage of GFP1 cells present within live single-cell suspen-

sions gated on CD311/CD452/VECadherin1 putative lung endothelial cells. Note the absence of GFP1 cells in the endothelial compartment of the

wild-type control lung compared with 1.42% GFP1 cells in the transplant recipient of GFP1 bone marrow. (C) Putative engraftment over time of
GFP1 cells within the lung population defined as live/CD311/CD452/VECadherin1 cells in recipients of single GFP1 HSC transplants examined 4

months and 1 year after transplantation. (D) Summary graph of mouse recipients (as shown in B and C) transplanted with GFP1 unfractionated

whole marrow, 200 purified HSCs, or a single purified HSC. Each dot indicates results from an individual mouse recipient, quantifying the

percentage of GFP1 cells within the lung’s CD452/CD311/VECadherin1 population by FACS. Results are representative of four repeated experi-
ments analyzing a total of 61 recipients harvested 1 to 12 months after transplantation. WT ¼ wild type.
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Because a defining characteristic of vascular endothelial cells
is their anatomic location lining vascular lumens, we assessed fro-
zen lung tissue sections for the presence of GFP1 bone marrow–
derived cells by fluorescence microscopy. As in previous reports
using bone marrow transplants from donor transgenic mice car-
rying ubiquitously expressed GFP reporter genes (b-actin GFP)
(31), due to the presence of hematopoietic (CD451) lineages
within the lung, we found an abundance of GFP1 cells within
recipient lung tissue (Figure 1), making it difficult to clearly
distinguish any true rare endothelial progeny on tissue sections.
Indeed, only very rare cells (,1 per tissue section on fluores-
cence microscopy) initially appeared to exhibit an appropriate
anatomic location suggestive of lung or liver endothelial cells in
each respective organ (Figures 1 and 3). On further review of
lung sections, however, using confocal microscopy analysis of
GFP expression in combination with red fluorescent lectin stain-
ing (GSL-IB4) to identify the luminal surface of endothelial
cells, all bone marrow–derived cells that initially appeared to
mimic the morphology or location of lung endothelia were sep-
arated from vessel lumens by at least one cell layer typically
consisting of a native (GFP negative) endothelial cell (Figures 3
and E3). No cells of true pulmonary endothelial morphology
and anatomic location could be found in any recipient. These
observations called into question the existence of any bona
fide lung endothelial cells deriving from donor GFP1 bone
marrow cells.

We have previously reported the use of bone marrow trans-
plantation from transgenic lineage-specific reporter mice as
a powerful technique that enables antibody-independent meth-
ods for the identification of particular lung lineages (31, 32). The
use of lineage-specific reporters to track the progeny of bone
marrow–derived cells minimizes the considerable hematopoietic

background signal that accompanies engraftment in lung of cells
derived from mice ubiquitously expressing reporter genes. We
screened two published endothelial reporter mice (Tie2-GFP
[35] and thrombomodulin [TM]-lacZ [36]) whose GFP or lacZ
reporter genes have been described as selectively distinguishing
endothelial cells from cells of other lineages, such as hemato-
poietic cells (Figure 4). Four mice received unfractionated mar-
row transplants from a donor TM-lacZ mouse that contained
a lacZ reporter gene targeted to the thrombomodulin locus.
This locus is selectively active in all endothelial cells (36). Four
months after hematopoietic reconstitution, two recipients were
exposed to intratracheal bleomycin, an agent known to injure
lung epithelial and endothelial cells (37–39). Five months after
transplantation (1 mo after bleomycin injury), we performed
X-gal staining of all recipient lungs and used a whole mount
screening technique (40) to identify a small blue patch in one
lobe of one uninjured recipient for further study by paraffin
sectioning (Figure 4). No blue patches were observed in the
other three mice, including the injured recipients. Histologic
assessment revealed that the single blue patch consisted of ap-
proximately four cells lining a small vessel and alveolar capillary
lumen, consistent with the morphology and location of pulmo-
nary vascular endothelial cells expressing TM-lacZ. The re-
mainder of all lobes from this recipient and all lobes from
the other three recipients showed no detectable engraftment
of lacZ1 cells.

Next we sought to more precisely quantify and screen for any
potential engraftment of bone marrow–derived endothelial cells
by combining microscopy with FACS-based analysis of live lung
endothelial cells in recipients of marrow transplants from
Tie2-GFP mice. Irradiated recipient wild-type mice were trans-
planted with unfractionated marrow or purified HSCs prepared

Figure 3. Screening for candi-

date GFP1 lung endothelial
engraftment after bone mar-

row transplantation. (A) FACS

analysis of live lung single-cell

suspension suggesting 0.23%
of live cells are GFP1 and not

hematopoietic (CD452). (B)

Conventional fluorescence mi-
croscopy suggesting the rare

presence of rare flat GFP1 cells

(arrow) in a location appar-

ently suggestive of an endo-
thelial cell lining a vascular

lumen in a lung tissue section

and in a liver tissue section. (C)

Confocal microscopy analysis
of two candidate endothelial

cells (arrows) similar to those

shown in B demonstrate that

the GFP1 flat cells near a vas-
cular lumen are lectin negative

and are separated from this lu-

men by an intervening flat en-
dogenous (GFP2) endothelial

cell that binds the GSL-IB4 lec-

tin, indicating the GFP1 cell is

not an endothelial cell. No
bona fide GFP1 endothelial

cells were detected. Arrowhead

indicates a round bone

marrow2derived alveolar macrophage that is GFP1 and also stains for the GSL-IB4 lectin. DAPI ¼ 4’,6-diamidino-2-phenylindole nuclear stain;
GFP ¼ green fluorescence protein; GSL-IB4 ¼ endothelial cell surface marker, Griffonia simplicifolia, isolectin B4. *Vascular lumen.
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from donor mice that carry a GFP reporter gene under control
of a Tie2 promoter, which is selectively active in the majority of
endothelial cells (35). For analysis of engraftment, we applied
FACS-based methods developed to analyze large numbers of
living lung cells without the use of any antibodies or staining
methods that might introduce background artifacts in rare cells
(31). Propidium iodide (PI) staining to exclude dead cells has
been shown to be useful in these methods because it minimizes
the background autofluorescence of dead cells and debris (Fig-
ure E2). We first confirmed pan-endothelial GFP reporter gene
expression in the lungs of the donor Tie2-GFP mice by fluores-
cence microscopy as well as FACS analysis of single-cell sus-
pensions (Figure 4). More than 85% of live lung endothelial cells
(defined as PI2/CD452/CD311 cells) expressed the Tie2-GFP
reporter gene, whereas less than 0.5% of all nonendothelial lung

cells (defined as all other PI2 cells) expressed Tie2-GFP. In single-
cell suspensions prepared from heart, kidney, liver, and pancreas
tissue, the Tie2-GFP reporter was also expressed in the vast ma-
jority of endothelial cells analyzed by FACS (Figure 4). In contrast,
the Tie2-GFP reporter was expressed in less than 1% of cells in the
unfractionated marrow compartment, findings in keeping with
prior reports (27).

We analyzed single-cell suspensions from the lungs, hearts,
livers, pancreases, and kidneys of irradiated recipient mice 11
months after hematopoietic reconstitution with 103 106 unfrac-
tionated bone marrow cells from Tie2-GFP donor mice. Simul-
taneous positive controls were prepared consisting of single-cell
suspensions of these organs from age-matched Tie2-GFP re-
porter (positive control) and wild-type (negative control) mice.
More than 500,000 cells from each tissue of each recipient was

Figure 4. Little to no engraft-

ment detected in endothelium
of multiple tissues of mouse

recipients of bone marrow

transplants from donor mice

carrying endothelial lineage-
selective reporters. (A) FACS

characterization of lung cells

from the control donor

Tie2-GFP transgenic mouse.
Note 87% percent of live lung

cells (defined as PI2/CD452/

CD311 cells) express the Tie2

promoter–driven GFP reporter
gene. Alternatively, of all GFP1
cells from the lungs of these

mice, 89.5% fall within the en-
dothelial gate (C) defined as

CD452/CD311 cells. Frozen

lung tissue sections indicate

expression of the Tie2-GFP
reporter throughout the macro-

and microvasculature of the

donor control mouse’s lungs.

(D) FACS analysis of live lung
cells from recipients 11 months

after receiving bone marrow

transplants from Tie2-GFP do-
nors. Three recipients of whole

marrow transplants and three

recipients of purified HSC trans-

plants are shown, indicating no
evidence of engraftment of

Tie2-GFP1 lung cells. Note 10%

of all lung cells are Tie2-GFP1 in

the lungs of the donor control
mouse. (E) No evidence of en-

dothelial Tie2-GFP1 engraft-

ment was detected by FACS
in the livers, hearts, kidneys,

or pancreases of the three

recipients of whole bone mar-

row transplants shown in D.
(F) Very rare engraftment of

lacZ1 cells was found in lung

tissue of one out of four

recipients of whole bone mar-
row transplants from donor

thrombomodulin-lacZ knock-

in mice. Shown are three of the four lacZ1 (blue; arrows) cells found after screening of all lungs from these mice. *Vascular lumen. No lacZ1
staining was observed in lungs from mice transplanted with wild-type cells (see Figure E2 for additional negative controls and gating algo-
rithms.)
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analyzed with this method, which is able to specifically and sen-
sitively detect GFP expression in as few as 1 in 640,000 cells (31).
We found no evidence of engraftment of GFP-expressing cells in
the lungs, hearts, livers, pancreases, and kidneys of any recipient
(n ¼ 7; Figure 4). Similarly, in additional irradiated recipients of
purified HSC transplants from Tie2-GFP donors, we detected no
evidence of engraftment of GFP1 cells in recipient lung tissue
(n ¼ 3; Figure 4). No Tie22GFP1 cells were detected in lung
frozen tissue sections from any of the 10 recipients (Table 1).

We speculated that lung endothelial injury may be necessary
for the engraftment of bone marrow–derived cells in the lung,
although screening studies of bleomycin-injured recipients
had not revealed engraftment of TM-lacZ–labeled marrow–
derived cells. We selected the mouse model of hyperoxic lung
injury because it is a well characterized model resulting in dif-
fuse injury to lung alveolar epithelium and endothelium (41–
51), with rapid necrosis and apoptosis of lung endothelial cells
followed by rapid proliferation and recovery within 2 weeks
after injury. We confirmed exposure to hyperoxia as a valid
model of lung endothelial injury in our hands by exposing mice
to 60 hours of 95% oxygen (versus room air control) followed
by a 5- or a 14-day recovery period in room air. On Days 1
through 5 of recovery, the mice received BrdU-supplemented
water to label cells undergoing DNA synthesis, reflective of
proliferation or repair of DNA damage during the recovery
period. On Day 5 or 14 of recovery, mice were harvested, and
lung cell suspensions were analyzed by flow cytometry. We
found that 38% of lung endothelial cells (CD311/CD452
lung cells) showed BrdU labeling during the first 5 days of
recovery from hyperoxia. In contrast, control uninjured mice
exhibited BrdU labeling in less than 1% of their lung endothe-
lium (Figure 5), emphasizing the quiescence of the pulmonary
endothelium in the normal uninjured steady state. As expected,
the vast majority of bone marrow cells in all BrdU-exposed
mice were labeled during this period, consistent with the known
high proliferation rates of hematopoietic progenitors and indi-
cating that injured and uninjured mice had similarly ingested
sufficient quantities of the BrdU labeling agent. Additional con-
trol mice exposed to hyperoxia but not BrdU showed no label-
ing (Figure 5).

Having confirmed the utility of hyperoxic injury to damage
a significant portion of lung endothelial cells, we exposed recip-
ients of Tie2-GFP unfractionated bone marrow transplants to
hyperoxia versus room air (n ¼ 8 per group), followed by 5 or
14 days of recovery in room air before analysis (n ¼ 4 per
group). For these studies, hyperoxic injury was initiated 6
months after hematopoietic reconstitution of irradiated recipi-
ents. Surprisingly, no GFP1 cells were detected in single-cell
suspensions prepared from the lung tissue of any recipient. To verify
hyperoxic injury of the recipients’ endothelium, the experiment

was repeated with BrdU labeling during the 5-day recovery
period (n ¼ 4 per group). Five days after recovery from hyper-
oxic injury, the BrdU labeling indices of lung endothelial cells
were 136 6% (average6 SD) in injured recipients versus 1.26
0.3% in uninjured recipients (student’s t test; P ¼ 0.03). The
increased pulmonary endothelial BrdU labeling index confirmed
endothelial injury; however, no GFP1 cells were detected in the
lungs of any recipient after recovery from this injury (Figure 5;
Table 1).

DISCUSSION

Although bone marrow–derived EPCs have been described as
contributing to the endothelium of multiple tissues, including
the lung, heart, and liver, we found little evidence to support
this phenomenon using lineage-selective transgenic reporter
mice. Similar to previous reports, we detected the presence of
bone marrow–derived cells in these tissues that appear to ex-
press a compelling constellation of nonspecific markers consid-
ered to selectively identify endothelial cells (e.g., CD311,
VECadherin1, and CD452). Many markers used to identify
endothelial cells are known to be expressed on a variety of
other cell lineages (52–54), and the lack of specificity in avail-
able endothelial markers may explain the presence of CD311/
VECadherin1 bone marrow–derived cells in the lung that in
our hands do not appear to express the full molecular pheno-
type or correct anatomical location that defines lung endothelial
cells. Using these markers to identify putative EPC colonies
during culturing of blood or bone marrow is similarly problem-
atic because cells of myeloid or other nonendothelial lineage
appear to express a variety of these markers after culture ex-
pansion (52).

The bone marrow–derived cells found in lung tissue in our
studies may have important indirect roles in maintenance and
repair of lung tissue. Indeed, the potential of a variety of blood-
or bone marrow–derived leukocytes to modulate repair of a va-
riety of somatic tissue beds, whether through paracrine or other
mechanisms, is widely supported by many investigations (27,
55–57). However, our results add to a growing number of inves-
tigations questioning whether any of these bone marrow–
derived cells directly contribute to the maintenance of vascular
integrity in adults by contributing engrafted endothelial cells to
the luminal lining of vessels.

It has been suggested that the many conflicting reports on the
contribution of bone marrow–derived cells to the endothelium of
tissues or tumors is due to differences in histologic techniques or
differences in the injury (or tumor) models used by various inves-
tigators (31, 57). The methods used in our studies may be limited
if the transgenic reporters were not faithfully activated. Our
inclusion of transgenic (Tie2-GFP) and knock-in (TM-lacZ)

TABLE 1. SUMMARY OF EXPERIMENTS SCREENING FOR BONE MARROW–DERIVED LUNG ENDOTHELIAL CELLS

Donor Reporter Donor Cells Lung Injury T after Transplant T after Injury Recipients (n) Engrafted Endothelial Cells Analysis Method

Tie2-GFP 107 BM — 11 mo N/A 7 0, 0 FACS, Histo

Tie2-GFP 200 HSC — 11 mo N/A 3 0, 0 FACS, Histo

Tie2-GFP 107 BM Hyperoxia 6 mo 5 d 3 0, 0 FACS, Histo

Tie2-GFP 107 BM — 6 mo N/A 3 0, 0 FACS, Histo

Tie2-GFP 107 BM Hyperoxia 7 mo 16 d 3 0, 0 FACS, Histo

Tie2-GFP 107 BM — 7 mo N/A 6 0, 0 FACS, Histo

TM-lacZ 107 BM Bleomycin 5 mo N/A 2 0 X-gal Histo

TM-lacZ 107 BM — 5 mo N/A 2 4 X-gal Histo

b-actin-GFP 107 BM Hyperoxia 7 mo 16 d 2 0 Confocal Histo

Total 31 4 cells

Definition of abbreviations: BM¼ bonemarrow; FACS¼ fluorescence-activated cell sorting; Histo¼ histology; HSC¼ hematopoietic stem cells; N/A¼
not available; T ¼ time.
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reporter mice ensures that partial promoter fragments or posi-
tional effects are not limiting the faithfulness of reporter gene
expression because the lacZ reporter in the TM-lacZ mouse has
been targeted to the endogenous thrombomodulin locus known
to be active in endothelial cells. Our studies may also be limited
by the possibility that radiation exposure affected the capacity
of the lung endothelium to mobilize marrow cells after hyper-
oxic injury. Using parabiotic mice rather than irradiated recip-
ients in future studies may be a more sensitive mouse model for
studying marrow–derived endothelial reconstitution, although
a recent report did not detect any bone marrow–derived con-
tribution to a variety of endothelia in parabiotic mouse models
(28). Our results cannot exclude the presence in the bone mar-
row compartment of endothelial progenitor cells that reside
outside of the transplantable HSC compartment or that tran-
siently incorporate in the endothelium at different or earlier
time points than those we studied. Indeed, beyond HSCs, there
are a variety of additional cell types in the bone marrow, such
as marrow stromal cells and nonhematopoietic endothelial
cells, some of which may be difficult to transplant with the
myeloablative procedures used in this study. However, our myeloa-
blative techniques and use of marrow and HSC transplantation
reproduce the techniques of previous investigators who ob-
served the progeny of transplantable marrow-derived EPCs in
a variety of tissue endothelial beds. Our findings of no detect-
able transplantable marrow-derived endothelia engrafted in
these tissues differ significantly from these prior works. The
prior report observing no marrow-derived endothelial engraft-
ment in studies using parabiotic mouse models (28) suggests
that this is not simply due to failure to reconstitute a trans-
plant-resistant nonhematopoietic or other marrow subcompart-
ment.

Taken together, we believe our results support a model where
adult lung endothelia are maintained primarily by cells that

originate from other endothelial cells rather than from bone
marrow cells. The low BrdU labeling index observed in the lung
endothelium of uninjured mice confirms previous reports that
the resting pulmonary endothelium is quiescent (54, 58), and
the significant increase in the BrdU labeling index of lung
endothelial cells during recovery from hyperoxic injury suggests
that local proliferation of endothelial cells is an important com-
ponent of endothelial reconstitution after injury, as suggested
by others (reviewed in Reference 59). Our results do not ex-
clude a contribution to the pulmonary endothelium from a local
endothelial progenitor cell or from circulating cells that may be
mobilized from tissue beds other than the hematopoietic bone
marrow (52, 60). Nevertheless, our findings suggest that the
term “bone marrow–derived EPC” should be discouraged in
clinical trials without definitive evidence supporting the pres-
ence of cells in the bone marrow with endothelial reconstituting
capacity.

The absence of evidence in support of a marrow-derived cir-
culating EPC in adults is surprising given the common develop-
mental origin of hematopoietic and endothelial cells from
primordial hemangioblasts found early in the developing embryo
(61). Because blood and endothelial lineages develop from the
mesodermal germ layer and appear to share a common devel-
opmental origin in a variety of in vivo and in vitro studies, the
presence of a multipotent hemangioblast in adults has been long
postulated. However, in contrast to previous reports, our results
do not support the residual presence in adult animals of a multi-
potent hemangioblast cell that is able to readily contribute to
endothelial maintenance or repair.
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Figure 5. Lack of evidence for

endothelial engraftment of
bone marrow–derived cells af-

ter hyperoxic lung endothelial

injury. (A) BrdU labeling index

of lung endothelial cells after 6
days of recovery from hyper-

oxic lung injury. BrdU was ad-

ministered to each mouse for

5 days after recovery from ex-
posure to hyperoxia versus

room air control. (B) Represen-

tative FACS plots of live lung

cells from recipient mice after
bone marrow transplantation

from Tie2-GFP donor mice.

FACS gating based on GFP
fluorescence versus Pacific Blue

autofluorescence is designed

to detect true GFP fluorescence

versus autofluorescence. Note
expression of the Tie2-GFP re-

porter in 10% of live lung cells

from the control transgenic do-

nor mouse and the absence of
detectable reporter expression

in lung tissue of uninjured or

hyperoxia-injured recipientmice.
(C) Bar graph summarizing lung

endothelial engraftment rates (defined as Tie2-GFP1 lung cells identified by FACS of 1 million events) after transplantation of bone marrow from Tie2-GFP

mice. Further subgroups based on follow up times are detailed in Table 1. Bars indicate average6 SEM.1control n¼ 4 individual mice; wild type (WT), n¼
6; whole marrow (WM) bone marrow transplant (BMT), n ¼ 16; HSC BMT, n ¼ 3; BMT1hyperoxic injury, n ¼ 6.
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