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Although prompt reperfusion within a narrow time window has sig-
nificantly reduced early mortality from acute myocardial infarction,
post-infarction heart failure resulting from ventricular remodeling is
reaching epidemic proportions1. The remodeling process is charac-
terized by progressive expansion of the initial infarct area and dila-
tion of the left ventricular lumen2,3, with cardiomyocyte
replacement by fibrous tissue deposition in the ventricular wall4–6.
One approach proposed to reverse myocardial remodeling is regen-
eration of cardiac myocytes using bone-marrow–derived mesenchy-
mal stem cells7,8. Such multipotent cells have been identified in
adult-human bone marrow, do not express hematopoietic lineage
markers such as CD34 or CD45 and can be induced under appropri-
ate culture conditions to differentiate into lineages of diverse mes-
enchymal tissues such as bone, cartilage, fat, tendon and both
skeletal and cardiac muscle9. Cardiomyocyte differentiation and im-
provement in myocardial function requires in vitro culture with 5-
azacytidine7,10.

Another integral component of the remodeling process is the de-
velopment of neoangiogenesis within the myocardial infarct
scar11,12, a process requiring activation of latent collagenase and
other proteinases13. Under normal circumstances, the contribution
of neoangiogenesis to the infarct-bed capillary network is insuffi-
cient to keep pace with the tissue growth required for contractile
compensation and is unable to support the greater demands of the
hypertrophied but viable myocardium. The relative lack of oxygen
and nutrients to the hypertrophied myocytes might be an impor-
tant etiological factor in the death of otherwise viable myocardium,
resulting in progressive infarct extension and fibrous replacement.
Because late reperfusion of the infarct vascular bed in both humans
and animal models significantly benefits ventricular remodeling

and survival14–16, we postulated that augmentation of vascular-bed
neoangiogenesis might improve cardiac function by preventing loss
of hypertrophied but otherwise viable cardiac myocytes.

Bone-marrow–derived elements have the potential to induce
therapeutic angiogenesis of ischemic tissues17–20; however, the pre-
cise nature of such endothelial precursors is not known21–23. In the
prenatal period, hemangioblasts derived from the human ventral
aorta give rise to cellular elements involved in both vasculogenesis
and hematopoiesis24,25. In addition to hematopoietic lineage mark-
ers, embryonic hemangioblasts are characterized by expression of
the vascular endothelial cell growth factor receptor-2 (VEGFR-2)
and have high proliferative potential with blast colony formation in
response to VEGF (refs. 26–29). The earliest precursor of both
hematopoietic and endothelial cell lineages to have diverged from
embryonic ventral endothelium has been shown to express VEGF
receptors as well as α4-integrins and the transcription factor GATA-
2, which is required for differentiation of embryonic heman-
gioblasts to pluripotent stem cells30,31. Here we show that
endothelial cell precursors are present in adult-human bone marrow
and have properties of hemangioblasts. We also show that they can
be mobilized, expanded and used to induce both vasculogenesis
and angiogenesis, thus protecting hypertrophied myocytes against
apoptosis and preventing remodeling and heart failure after experi-
mental myocardial infarction.

G-CSF mobilizes hematopoietic and mesenchymal lineage cells
Following treatment with granulocyte-colony stimulating factor (G-
CSF), we collected mobilized mononuclear cells and separated them
into two fractions using a monoclonal antibody against CD34 cou-
pled to magnetic beads. In the CD34+ fraction (> 98% purity),
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90–95% co-expressed the hematopoietic lineage marker CD45,
60–80% co-expressed the stem-cell–factor receptor CD117 and less
than 1% co-expressed the monocyte/macrophage lineage marker
CD14. In contrast, the CD34– fraction contained 15–30% mono-
cyte/macrophage lineage cells co-expressing CD14 and CD45 and
30–40% non-hematopoietic lineage cells (CD45–). Within the latter
fraction, 10–15% of cells co-expressed CD29, CD44 and CD90,
markers characteristic of bone-marrow–derived mesenchymal cells9.

Mobilized CD34+ cells contain endothelial cells and angioblasts
Among double-positive CD34+/CD117+ cells, CD117 expression was
dim in 75–85% and bright in 15–25%. Both CD34+/CD117Dim and
CD34+/CD117Bright populations contained cells of endothelial lin-
eage, as defined by expression of VEGFR-2 (Flk-1) (Fig. 1a). VEGFR-2
expression was detected at high density on 20–30% of CD117Dim

cells and at lower density on 10–15% of CD117Bright cells. By quadru-

ple parameter analysis, the VEGFR-2+ cells within the
CD34+/CD117Dim population displayed phenotypic characteristics of
mature vascular endothelia, including high level expression of Tie-
2, eNOS, vWF, E-selectin (CD62E) and ICAM (CD54). In contrast,
the VEGFR-2+ cells within the CD34+/CD117Bright subset displayed
phenotypic characteristics of endothelial progenitors, including co-
expression of Tie-2, as well as AC133 (ref. 32), but not eNOS, vWF, E-
selectin and ICAM. In addition, we showed that these cells express
proteins characteristic of primitive hemangioblasts arising during
waves of murine and human embryogenesis, including the tran-
scription factors GATA-2 and GATA-3. Intracellular staining of
CD34+ cells sorted on the basis of CD117 bright or dim expression
demonstrated that GATA-2 protein levels, as determined by mean
channel fluorescence, were approximately 25% higher in the
CD34+/CD117Bright than in the CD34+/CD117Dim population. We
confirmed this by quantitative mRNA measurement, with GATA-2
mRNA levels found to be 58% higher in CD34+ cells expressing
CD117Bright compared with those expressing CD117Dim. Because we
also detected surface expression of VEGFR-2, Tie-2, and AC133 on a
subset of CD34+/CD117Dim cells that had low levels of GATA-2

a b Fig. 1 G-CSF mobilizes into the circula-
tion a human bone-marrow–derived pop-
ulation which differentiates into
endothelial cells. a, Four-parameter flow
cytometric phenotypic characterization of
living (defined by 7-AAD staining), G-
CSF–mobilized cells derived from adult-
human bone marrow. For each marker
used, shaded areas represent background
log fluorescence relative to isotype control
antibody. b, Proliferative responses to var-
ious stimuli of single-donor CD34+ human
cells sorted on the basis of bright and dim
CD117 expression and co-expression of
intracellular GATA-2 protein. Graph shows
96-h proliferative responses. �,
CD117Bright/GATA-2Hi; �, CD117Dim/GATA-
2Lo (P < 0.01 for both comparisons).
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Fig. 2 Injection of G-CSF–mobilized human CD34+ cells into rats with
acute myocardial infarction induces neoangiogenesis involving endothe-
lium of both human and rat origin at 2 wk post-LAD ligation. a, H&E-
stained infarct zone of control rat injected with saline shows a myocardial
scar composed of paucicellular, dense fibrous tissue (arrows; magnification:
×200). b, H&E-stained infarct zone of rat injected with human CD34+ cells
shows significant increase in microvascularity and cellularity of granulation
tissue, numerous capillaries (arrowheads), feeding vessels (arrow) and de-
crease in matrix deposition and fibrosis (magnification: ×200). c, Anti–fac-
tor-VIII immunohistochemic staining of ischemic myocardium from rat
injected with saline shows only focal areas of granulation tissue with factor-
VIII+ vascularity and interstitial cells (arrowheads) and diffuse increase in ma-
trix deposition (arrows; magnification: ×400). d, Anti–factor-VIII
immunohistochemic staining of ischemic myocardium from rat injected
with human CD34+ cells demonstrates diffuse increase in factor-VIII+ capil-
laries (arrowheads), and in factor-VIII+ interstitial cells, (arrows; magnifica-
tion: ×400). e–g, Immunophenotypic characterization of the species origin
of capillaries in infarcted rat myocardium. e, Endothelial cells lining numer-
ous capillaries (arrows) within myocardial infarct bed demonstrate DiI fluo-
rescence 2 wk after intravenous injection of DiI-labeled human CD34+ cells.
f, In consecutive sections, the human origin of these endothelial cells in the
central infarct zone is confirmed by immunohistochemical staining using
anti-human CD31 mAb (arrows). g, In consecutive sections, endothelium
lining numerous other blood vessels are of rat origin (arrows), as confirmed
by immunohistochemic staining using anti-rat CD31 mAb, and lack of
human CD31 or DiI expression.

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/m

ed
ic

in
e.

n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://medicine.nature.com



432 NATURE MEDICINE • VOLUME 7 • NUMBER 4 • APRIL 2001

ARTICLES

Fig. 3 Injection of G-CSF–mobilized human CD34+ cells into rats
with acute infarction improves myocardial function. a and b,
Effects G-CSF–mobilized human CD34+ (> 98% purity) cells,
CD34– (< 2% purity) cells, peripheral SVEC or saline injected intra-
venously 48 h after myocardial infarction, on the function of rat
hearts over a 15-wk period. Only injections of G-CSF–mobilized
adult-human CD34+ cells was accompanied by significant, sus-
tained LVEF recovery (a; P < 0.001) and reduction in LVAs (b; P <
0.001). In a and b: blue �, CD34+ cells; maroon �, CD34– cells;
green �, SVEC; orange X, saline. c, At 15 wk post-infarction, rats
injected with CD34+ cells showed significantly less reduction in
mean cardiac index relative to normal rats compared with each of
the other groups (P < 0.001).

mRNA and protein activity (data not shown), we conclude that
identification of an embryonic bone-marrow–derived angioblast
phenotype requires concomitant CD117Bright surface expression and
cellular GATA-2 activity in addition to expression of VEGFR-2, Tie-2
and AC133.

Properties of angioblasts cultured in vitro
Because the frequency of circulating endothelial cell precursors in
animal models has been shown to be increased by either VEGF (ref.
33) or regional ischemia17–20, we next examined the proliferative re-
sponses of phenotypically-defined angioblasts to VEGF and to fac-
tors in ischemic serum. CD117Bright/GATA-2Hi angioblasts
demonstrated significantly higher proliferative responses relative to
CD117Dim/GATA-2Lo bone-marrow–derived cells from the same
donor following culture for 96 h with either VEGF or ischemic
serum (both P < 0.01; Fig. 1b). The expanded angioblast population
consisted of large blast cells, defined by forward scatter, which con-
tinued to express immature markers, including GATA-2, GATA-3

and CD117Bright, but not markers of mature endothelial cells, includ-
ing eNOS or E-selectin (data not shown). This indicates blast prolif-
eration without differentiation under these culture conditions.
However, culture on fibronectin with endothelial growth medium
resulted in outgrowth of monolayers with endothelial morphology
as well as functional and phenotypic features characteristic of en-
dothelial cells, including uniform uptake of acetylated LDL, and co-
expression of CD34, CD31 and factor VIII (data not shown). Thus,
G-CSF treatment of adult humans mobilizes a bone-marrow–de-
rived population with phenotypic and functional characteristics of
embryonic angioblasts, as defined by specific surface phenotype,
high proliferative responses to VEGF and cytokines in ischemic
serum and ability to differentiate into endothelial cells by culture in
medium enriched with endothelial growth factors.

CD34+ cells induce cardiac vasculogenesis and angiogenesis 
Intravenous injection of 2 × 106 freshly obtained, DiI-labeled
human CD34+ cells (> 98% purity, containing both hematopoietic
and endothelial progenitors) resulted in infiltration of the infarct
zone within 48 h of LAD ligation, but this did not occur in unaf-
fected myocardium or myocardium of sham-operated rats.
Histologic examination at two weeks post-infarction revealed that
injection of CD34+ cells was accompanied by a significant increase
in infarct zone microvascularity, cellularity and numbers of factor-
VIII+ angioblasts and capillaries, and was also accompanied by re-
duction in matrix deposition and fibrosis in comparison to controls
(Fig. 2a–d). Neoangiogenesis was increased within both the infarct
zone and the peri-infarct rim in rats receiving CD34+ cells compared
with saline controls (mean numbers of factor-VIII+ capillaries per
high power field for CD34+ cells versus saline treated groups, respec-
tively, were: 247 ± 12 versus 52 ± 8 in the infarct zone, P < 0.01; 162
± 9 versus 51 ± 5 in the peri-infarct rim, P < 0.01). We observed no
increases in capillary numbers at sites distal to the infarct zone in
rats injected with either CD34+ cells or saline (36 ± 2 versus 37 ± 3
capillaries per high power field). Capillaries of human origin, de-
fined by endothelial cells co-expressing DiI fluorescence and human
but not rat CD31 accounted for 20–25% of the total myocardial cap-
illary vasculature after injection of CD34+ cells. These were located
exclusively within the central infarct zone of collagen deposition
(Fig. 2e–g). In contrast, capillaries of rat origin, as determined by ex-
pression of rat but not human CD31, demonstrated a distinctly dif-
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Fig. 4 Representative echocardiographic examples of rats undergoing
LAD ligation and subsequently receiving saline (control) or human CD34+

cells intravenously. At 48 h after LAD ligation, systolic function is severely
compromised in both rats. At 2 wk after injection, systolic function is im-
proved only in the rat receiving CD34+ cells. This effect persists at 15 wk.

R
ed

u
ct

io
n

 in
 L

VA
s

 s
ax

 M
V

 (
%

)

0       2                6                                       1 5

0

5 0

4 0

3 0

2 0

1 0

10

+

b

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/m

ed
ic

in
e.

n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://medicine.nature.com



NATURE MEDICINE • VOLUME 7 • NUMBER 4 • APRIL 2001 433

ARTICLES 

ferent pattern of localization. These were absent within the central
zone of collagen deposition and abundant both at the peri-infarct
rim between the region of collagen deposition and myocytes and
between myocytes. Although intravenous injection of CD34– cells
(< 2% CD34 purity, containing monocyte/macrophage lineage cells
and mesenchymal progenitors) or saphenous vein endothelial cells
(SVEC) resulted in similar degrees of infiltration of ischemic rat my-
ocardium as CD34+ cells, neither induced an increase in capillary
numbers (data not shown).

Myocardial function improved by CD34+ cells
We next compared the effects of injecting four cellular fractions on
myocardial function of rats following infarction. After LAD ligation,
left ventricular ejection fraction (LVEF) decreased by means of
25–43% and left ventricular end-systolic area (LVAS) increased by
means of 44–90%. Remarkably, by two weeks after injection of G-
CSF–mobilized adult-human CD34+ lineage cells, and in a parallel
time-frame with the observed neoangiogenesis, LVEF recovered by a
mean of 22 ± 6% (P < 0.001; Fig. 3a). This effect was long-lived, with
LVEF recovering by a mean of 34 ± 4% at 15 weeks after injection.
Similarly, CD34+ cells reduced LVAS by a mean of 26 ± 8% by 2
weeks and 37 ± 6% by 15 weeks (P < 0.001; Fig. 3b). Neither CD34–

mesenchymal precursors nor any other group demonstrated similar

effects. At 15 weeks post-infarction, mean cardiac index in rats in-
jected with CD34+ cells was only reduced by 26 ± 8% relative to nor-
mal rats, whereas for each of the other groups it was reduced by
48–59% (P < 0.001; Fig. 3c). Fig. 4 shows representative echocardio-
graphic images for each group.

Angioblasts required for neoangiogenesis
We next performed a series of experiments designed to show that
the GATA-2HiCD117Bright fraction within the bone-marrow–derived
CD34+ population contains cells with functional angioblast activity
necessary for the observed neo-angiogenesis. At 48 h following is-
chemia induced by LAD ligation, human GATA-2 mRNA expression
in rat myocardium was almost three-fold higher after injection of
CD34+ cells compared with CD34– cells (Fig. 5a). In contrast, human
GATA-2 mRNA expression in rat bone marrow was similar for both
groups, indicating that a GATA-2+ population within CD34+ adult-
human bone-marrow–derived cells selectively migrates to my-
ocardium following induction of ischemia. Infarct zones of rats
injected with CD34+ cells containing both CD117Bright and CD117Dim

cells demonstrated 3–5-fold higher capillary numbers at two weeks
compared with infarct zones of rats receiving CD34+/CD117Dim cells
alone (Fig. 5c and d). Moreover, hearts of rats injected with CD34+

cells containing both CD117Bright and CD117Dim cells demonstrated
over three-fold higher improvement in LVEF at two weeks com-
pared with hearts of rats receiving CD34+/CD117Dim cells alone (Fig.
5b). Together, these data indicate that injection of CD34+ cells with
phenotypic features of mature endothelium is not sufficient for in-
duction of neoangiogenesis in ischemic tissues, and suggest that co-
administration of a CD34+/CD117Bright/GATA-2Hi population is a
necessary requisite.
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Fig. 5 Neoangiogenesis and improvement in myocardial function is de-
pendent on angioblast population within human CD34+/CD117Bright subset.
a, Measurement of human GATA-2 mRNA expression in the bone marrow
and heart of infarcted rats colleced at 48 h after receiving CD34+ cells (�; >
98% purity) or CD34+ cells (�; < 2% purity), normalized for total human
RNA measured by GAPDH expression. GATA-2 mRNA in ischemic tissues is
expressed as the fold increase relative to non-ischemic tissues. b, Hearts of
rats injected with CD34+ cells containing both CD117Bright and CD117Dim

cells (�) showed over 3-fold improvement at 2 wk in LVEF compared with
hearts of rats receiving CD34+/CD117Dim cells alone (�) (expressed as mean
fold improvement ± s.e.m. relative to saline controls). c and d, Infarct zones
of rats injected with CD34+ cells containing both CD117Bright and CD117Dim

cells (d) showed 3–5-fold higher capillary numbers (arrowheads) at 2 wk
compared with rats receiving CD34+/CD117Dim cells alone (c). 
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Fig. 6 Neoangiogenesis accompanying injection of human CD34+ lineage
cells protects hypertrophied myocardial cells against apoptosis. a–c, Trichrome
stain of normal (a), infarcted rat myocardium at 2 wk after injection of saline (b)
or human CD34+ cells (c). After saline injection, the myocytes in the peri-infarct
rim were small, had irregular shape and a distorted appearance (arrows). In
contrast, after CD34+ cell injection, myocytes in the peri-infarct rim were large,
regularly oval shaped (arrows) and surrounded by blood vessels (arrowhead).
Magnification: ×40. d–f, Concomitant staining of normal (d) and infarcted rat
myocardium (e and f) with anti-desmin mAb and TUNEL assay to identify apop-
totic myocytes with intranuclear DNA fragmentation. After injection of saline
(e), the small, irregularly-shaped myocytes at the peri-infarct rim had the high-
est index of apoptotic nuclei. Few apoptotic myocytes are evident in the peri-in-
farct rim of rats receiving C34+ cells (arrows) (f). Magnification: ×20. 
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Fig. 7 Injection of G-
CSF–mobilized human
CD34+ cells into rats with
acute infarction modifies the
process of myocardial re-
modeling. a, Between-group
differences in percent
scar:normal left ventricular
tissue at 15 wk. (*P< 0.01,
compared with each of the
other groups). b, Trichrome
stain of rat myocardium at 15
wk post-infarction in rat injected with saline. The collagen-rich myocardial
scar in the anterior wall of the left ventricle (‘ant.’) stains blue and viable my-
ocardium stains red. Focal islands of collagen deposition (blue) are also pre-
sent in the posterior wall of the left ventricle (‘post.’). There is extensive loss of
anterior wall myocardial mass, with collagen deposition and scar formation
extending almost through the entire left ventricular wall thickness.

Magnification: ×25. c, In contrast, trichrome stain of rat myocardium at 15 wk
post-infarction in rat receiving highly purified CD34+ cells demonstrates sig-
nificantly reduced infarct-zone size and increased mass of viable myocardium
within the anterior wall (ant.). Numerous vessels are evident at the junction of
the infarct zone and viable myocardium. There is no focal collagen deposition
in the left ventricular posterior wall (post.). Magnification: ×25.

Neoangiogenesis prevents apoptosis of hypertrophied myocytes
We next sought to determine the mechanism by which induction
of neoangiogenesis resulted in improved cardiac function. Two
weeks after LAD ligation the myocytes in the peri-infarct rim of
saline controls had a distorted, irregular shape and a decreased di-
ameter similar to myocytes from rats without infarction (0.020 mm
± 0.002 versus 0.019 mm ± 0.001; Fig. 6a–c). In contrast, the my-
ocytes at the peri-infarct rim of rats who received CD34+ cells had a
regular ovular shape, and were significantly larger than myocytes
from control rats (diameter: 0.036 mm ± 0.004 versus 0.019 mm ±
0.001, P < 0.01). By concomitant staining for the myocyte-specific
marker desmin and DNA end-labeling, six-fold lower numbers of
apoptotic myocytes were detected in infarcted left ventricles of rats
injected with CD34+ cells compared with saline controls (apoptotic
index 1.2 ± 0.6 versus 7.1 ± 0.7, P < 0.01; Fig. 6d–f). These differences
were particularly evident within the peri-infarct rim, where the
small, irregularly shaped myocytes in the saline-treated controls
had the highest index of apoptotic nuclei. In addition, whereas
apoptotic myocytes extended throughout 75–80% of the left ven-
tricular wall in saline controls, apoptotic myocytes were only de-
tectable for up to 20–25% of the left ventricle distal to the infarct
zone in rats injected with CD34+ cells. Together, these results indi-
cate that the infarct zone vasculogenesis and peri-infarct angiogen-
esis induced by injection of CD34+ cells prevented a radially
extending pro-apoptotic process evident in saline controls, which
enabled survival of hypertrophied myocytes within the peri-infarct
zone and improved myocardial function.

Early neoangiogenesis prevents late myocardial remodeling
With the last series of experiments, we sought to relate the degree of
peri-infarct rim myocyte apoptosis at two weeks in control and ex-
perimental groups (saline versus CD34+ cells) with progressive my-
ocardial remodeling over the ensuing four months. Despite similar
initial reductions in LVEF and increases in LVAS, by two weeks the
mean proportion of collagenous deposition or scar tissue/normal
left ventricular myocardium (as defined by Masson’s trichrome
stain) was 3% in rats receiving CD34+ cells compared with 12% for
those receiving saline. By 15 weeks post-infarction, the mean pro-
portion of scar:normal left ventricular myocardium was 13% in rats
receiving CD34+ cells compared with 36–45% for each of the other
groups studied (saline, CD34– and SVEC, P < 0.01; Fig. 7a). Rats re-
ceiving CD34+ cells demonstrated significantly increased mass of vi-
able myocardium within the anterior free wall (Fig. 7b and c), which
comprised myocytes exclusively of rat origin, expressing rat but not

human major histocompatibility markers (data not shown). This
confirmed intrinsic myocyte salvage rather than myocyte regenera-
tion from human stem-cell precursors. Whereas collagen deposition
and scar formation extended through almost the entire left ventric-
ular wall thickness in controls (with aneurysmal dilatation and typ-
ical EKG abnormalities) the infarct scar extended only to 20–50% of
the left ventricular wall thickness in rats receiving CD34+ cells.
Moreover, pathological collagen deposition in the non-infarct zone
was markedly reduced in rats receiving CD34+ cells. Together, these
results strongly indicate that the reduction in peri-infarct myocyte
apoptosis observed at two weeks resulted in prolonged survival of
hypertrophied but viable myocytes and prevented myocardial re-
placement with collagen and fibrous tissue by 15 weeks.

Discussion
Following infarction, the viable myocardial tissue bordering the in-
farct zone is significantly hypertrophied5,34,35. Although neoangio-
genesis within the infarcted tissue appears to be an integral
component of the remodeling process11,12, under normal circum-
stances the capillary network cannot keep pace with tissue growth
and is unable to support the greater demands of the hypertrophied
but viable myocardium which subsequently undergoes apoptosis
due to inadequate oxygenation and nutrient supply36,37. Here we
have demonstrated that an alternative approach, namely neoangio-
genesis of the infarct bed by human bone-marrow–derived en-
dothelial cell precursors, prevents apoptosis of hypertrophied but
otherwise viable myocardium, reduces progressive collagen deposi-
tion and scar formation, and improves ventricular function in a ro-
dent model of myocardial ischemia. The human endothelial
precursors can be defined on the basis of specific surface phenotype,
differentiating them from the mesenchymal lineage cardiomyocyte
precursors, and enabling them to be used either alone or in combi-
nation with myocyte regeneration strategies or pharmacological
therapies.

The development of neoangiogenesis within the myocardial in-
farct scar seems to require activation of latent collagenase and other
proteinases following plasminogen activation by urokinase-type
plasminogen activator (u-PA) expressed on infiltrating leukocytes13.
The importance of bone-marrow–derived endothelial precursors in
this process has been demonstrated in u-PA–deficient mice where
transplantation of bone marrow from congenic wild-type strains re-
stored defective myocardial revascularization post-infarction13.
Expression and proteolytic activity of u-PA in human mononuclear
cells and tumor cell lines are significantly increased by the colony
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stimulating factors G-CSF, M-CSF, and GM-CSF (refs. 38–40); this
provides a rationale for in vivo or ex vivo use of these cytokines to
mobilize and differentiate large numbers of human adult bone-mar-
row–derived angioblasts for therapeutic revascularization of the in-
farct zone.

Our data indicate that cellular RNA and protein expression of the
transcription factor GATA-2 can be used to selectively identify
human adult bone-marrow–derived angioblasts capable of respond-
ing to signals from ischemic sites by proliferating and migrating to
the infarct zone, and subsequently participating in the process of
neoangiogenesis. Of particular interest, GATA-2 is a cofactor for en-
dothelial cell transcription of preproendothelin-1 (ppET-1) (ref. 41),
the precursor molecule of the potent vasoconstrictor and hyper-
trophic autocrine peptide ET-1. Transcription of ppET-1 is also in-
creased by angiotensin II (ref. 42), produced as a result of activation
of the renin-angiotensin neurohormonal axis following myocardial
infarction. The angioblasts infiltrating the infarct bed may be secret-
ing high levels of ET-1 due to the synergistic actions of angiotensin
II surface receptor signaling and GATA-2 transactivation. Previous
studies have shown that newly-formed vessels within the infarct
bed have thicker walls, lower vasodilator responses and stronger
vasoconstrictor responses to vasoactive substances than vessels
within normal myocardium43.  Our findings support the possibility
that infarct bed neoangiogenic vasculature is derived from infiltrat-
ing GATA-2+ angioblasts with increased autocrine ET-1 activity. The
additional observation that proliferating capillaries at the peri-in-
farct rim and between myocytes were of rat origin indicates that in
addition to vasculogenesis, human angioblasts or other co-adminis-
tered bone-marrow–derived elements may be a rich source of pro-
angiogenic factors, enabling additional induction of angiogenesis
from pre-existing vasculature. The relative contribution of processes
involving vasculogenesis or angiogenesis to the overall prevention
of myocyte apoptosis remains to be precisely determined.

Together, the results of our study indicate that injection of G-
CSF–mobilized adult-human CD34+ cells with phenotypic and
functional properties of embryonic hemangioblasts can stimulate
neoangiogenesis in the infarct vascular bed, thus preventing my-
ocyte apoptosis and reducing collagen deposition and scar forma-
tion after myocardial infarction. Although the degree of reduction
in myocardial remodeling as a result of neoangiogenesis was strik-
ing, further augmentation in myocardial function might be
achieved by combining infusion of human angioblasts with  an-
giotensin-converting enzyme (ACE) inhibition or AT1-receptor
blockade to reduce angiotensin-II–dependent cardiac fibroblast pro-
liferation, collagen secretion, and plasminogen activator-inhibitor
(PAI) production44,45. The use of cytokine-mobilized autologous
human bone-marrow–derived angioblasts for revascularization of
myocardial infarct tissue, in conjunction with currently used thera-
pies46–48, offers the potential to significantly reduce morbidity and
mortality associated with left ventricular remodeling post-myocar-
dial infarction.

Methods
Purification and characterization of cytokine-mobilized human CD34+

cells. Mononuclear cells were obtained from single-donor leukopheresis prod-
ucts of humans treated with recombinant G-CSF 10 µg/kg (Amgen, Thousand
Oaks, California; s.c. incjection) daily for four d. Highly-purified CD34+ cells (>
98% positive) were obtained using magnetic beads coated with monoclonal
antibodies (mAb) against CD34 (Miltenyi Biotech, Placer County, California),
stained with fluorescein-conjugated mAbs against CD34 and CD117 (Becton
Dickinson, Franklin Lakes, New Jersey), VEGFR-2, Tie-2, vWF, eNOS (Santa Cruz
Biotech, Santa Cruz, California), AC133 (Miltenyi Biotech, Placer County,
California), CD54 (Immunotech, Boston, Massachusetts), CD62E (BioSource,

Sunnyvale, California) and analyzed by four-parameter fluorescence using
FACScan (Becton Dickinson). CD34+ cells were also stained with PE-conjugated
mAb against CD117 (Becton Dickinson), and sorted for functional studies on
the basis of bright and dim fluorescence using a FACStar Plus (Becton
Dickinson). Intracellular staining for GATA-2 was performed by permeabilizing
one million cells from each of the brightly and dimly fluorescing cell populations
using a Pharmingen Cytofix/Cytoperm kit, and incubating with fluorochrome-
conjugated mAbs against CD117, CD34 and GATA-2 (Santa Cruz Biotech,
Santa Cruz, California) or IgG control.

Proliferative studies of human endothelial progenitors. Following 96 h of
culture in RPMI with either 20% normal rat serum, ischemic rat serum or 20
ng/ml VEGF, the proportion of CD117Bright/GATA-2Hi and CD117Dim/GATA-2Lo

cells was quantified by flow cytometry and [3H] thymidine (Amersham) (1
µCi/well) uptake measured in an LK Betaplate liquid scintillation counter
(Wallace, Gaithersburg, Maryland).

Cell culture and immunocytochemistry. CD34+ cells (> 98% purity) from indi-
vidual donors were cultured in RPMI with 10% FCS and bovine brain extract
(Clonetics, San Diego, California). After culture for 7 d, adherent monolayers
were incubated with either 10 µg/ml lipoprotein labeled with the fluorescent
probe 1,1-dioctadecyl-3,3,3,3-tetramethyl indocarbocyanine perchlorate (DiI-
Ac-LDL) (Molecular Probes, Eugene, Oregon), or with mAbs against CD34,
CD31 and factor VIII, and examined by fluorescence microscopy or im-
munoperoxidase technique.

Animals, surgical procedures and injection of human cells. Rowett (rnu/rnu)
athymic nude rats (Sprague–Dawley, Indianapolis, Indiana) were used in studies
approved by the Columbia University Institute for Animal Care and Use
Committee. After anesthesia, a left thoracotomy was performed, the peri-
cardium was opened and the left anterior descending (LAD) coronary artery
was either ligated or left intact (sham procedure). After 48 h, rats were injected
in the tail vein with 2.0 × 106 DiI-labeled human CD34+ cells from a single
donor. Controls consisted of LAD-ligated rats that were injected with either
saline, CD34– cells or SVEC (Clonetics, San Diego, California). Each group con-
sisted of 6–10 rats.

Analyses of myocardial function. Echocardiographic studies were performed
by a blinded investigator (ST) using a high frequency liner array transducer
(SONOS 5500, Hewlett Packard, Andover, Massachusetts). Two-dimensional
images were obtained at mid-papillary and apical levels. End-diastolic (EDV) and
end-systolic (ESV) left ventricular volumes were obtained by bi-plane area-
length method and percent left ventricular ejection fraction was calculated as:
[(EDV – ESV) ÷ EDV] × 100. Cardiac output (CO) was measured using an ultra-
sonic flowprobe (Transonic Systems, Ithaca, New York) and cardiac index was
calculated as CO per weight.

Histology and immunohistochemistry. After excision at 2 and 15 wk, left ven-
tricles from each experimental animal were sliced into 10–15 transverse sections
from apex to base and representative sections were fixed in formalin and
stained for routine histology (H&E) and Masson trichrome stain to evaluate col-
lagen content on a semiquantitative scale (0–3+). The lengths of the infarcted
surfaces, involving both epicardial and endocardial regions, were measured
with a planimeter digital image analyzer and expressed as a percentage of the
total ventricular circumference. Infarct size was expressed as percent of total left
ventricular area. In order to quantify capillary density and species origin of the
capillaries, additional sections were freshly stained with mAbs against factor VIII,
rat or human CD31 (Serotec, Raleigh, North Carolina), and rat or human MHC
class I (Accurate Chemicals, Westbury, New York), and counterstained by im-
munoperoxidase technique (Vector Labs, Burlingame, California). Capillary
density was expressed as factor-VIII+ endothelial cells per HPF (×600). All studies
were performed by a blinded pathologist (M.J.S.).

Determination of myocyte size. Myocyte size was measured in normal rat
hearts and in the infarct zone, peri-infarct rim and distal areas of infarct tissue
sections stained by trichrome. The transverse and longitudinal diameters (mm)
of 100–200 myocytes in each of 10–15 high-powered fields were measured at
×400 using Image-Pro Plus software.

RT-PCR for human GATA2. Poly(A)+ mRNA was extracted by standard methods
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from either human CD34+ cells sorted on the basis of CD117 bright or dim ex-
pression, or from bone marrow and hearts of normal or infarcted rats receiving
either CD34+ or CD34– cells. RNA extracted from 1 × 106 cells was primed with
oligo (dT) 15-mer and random hexamers, and reverse transcribed with
Monoley murine lymphotrophic virus reverse transcriptase (Invitrogen,
Carlsbad, California). cDNA was amplified for 30 cycles using Taq polymerase
(Invitrogen), 3,000 Ci/mmol, [32P]ddATP (Amersham) and primers for human
GATA-2 and GAPDH (Fisher Genosys, The Woodlands, Texas). Primer pairs
(sense/antisense) for human GATA2 were
AGCCGGCACCTGTTGTGCAA/TGACTTCTCCTGCATGCACT, and for GAPDH
were TGAAGGTCGGAGTCAACGGATTTG/CATGTGGGCCATGAGGTCCAC-
CAC. The labeled samples were loaded into 2% agarose gels, separated by elec-
trophoresis, and exposed for radiography for 6 h at –70 °C.

Measurement of myocyte apoptosis by TUNEL assay of paraffin tissue sec-
tions. For in situ detection of apoptosis at the single-cell level we used the
TUNEL assay36,37 (Boehringer). Rat myocardial tissue sections were obtained
from LAD-ligated rats at two wk after injection of either saline or CD34+ human
cells, and from healthy rats as negative controls. Briefly, tissues were deparaf-
finized, digested with Proteinase K and incubated with TdT and fluorescein-la-
beled dUTP in a humid atmosphere for 60 min at 37 °C. After incubation for 30
min with an antibody specific for fluorescein-conjugated alkaline phosphatase
(AP; Boehringer), the TUNEL stain was visualized with a substrate system in
which nuclei with DNA fragmentation stained blue (BCIP/NBT substrate sys-
tem, DAKO, Carpinteria, California). To determine the proportion of apoptotic
nuclei within myocytes, tissue was counterstained with a monoclonal antibody
specific for desmin (Sigma). Tissue sections were examined microscopically at
×40 magnification and at least 100 cells were counted in a minimum of 8 high-
power fields. The percentage of apoptotic myocytes was termed the apoptotic
index.
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