
Postnatal physiological and patho-
physiological processes such as wound
healing and tumor growth require
endothelial migration, proliferation,
and stabilization, a process referred to
as angiogenesis. Initial phases of
angiogenesis involve the recruitment
of endothelial cells to the site of injury
or to the tumor vascular bed. Two pos-
sible sources of endothelialization are
(a) migration and co-option (1, 2) of
preexisting vascular wall endothelial
cells and (b) recruitment of endothe-
lial precursor cells from the circula-
tion (Figure 1). There is ample evi-
dence for the first scenario. However,
the existence of angioblast-like circu-
lating endothelial precursor cell (CEP)
in adult humans has only recently
been suggested, and their role in sup-
porting postnatal angiogenesis is
under intensive investigation.

CEP may reflect the phenotype of
embryonic angioblasts, which are
migratory endothelial cells with the

capacity to circulate, proliferate, and
differentiate into mature endothelial
cells, but which have neither acquired
characteristic markers of mature
endothelium nor formed lumina (3, 4).
Although there is abundant evidence
of the existence of angioblasts during
embryonic development, the isolation
and characterization of angioblast-like
CEPs from adult circulation has been
hampered by the absence of specific
endothelial markers and functional
assays to distinguish angioblast-like
CEPs from sloughed mature endothe-
lial and hematopoietic cells.

Both putative CEPs with angioblastic
potential and vessel wall–derived ma-
ture endothelial cells may express sim-
ilar endothelial-specific markers, in-
cluding vascular endothelial growth
factor receptor-2 (VEGFR2, KDR, Flk-
1) (5), Tie-2, Tie-1 (6, 7), VE-cadherin
(8), CD34, and E-selectin (Table 1).
Therefore, it may be impractical to use
these markers to distinguish between

the 2 populations. Discrimination
between CEPs and mature endothelial
cells is further complicated by the fact
that subsets of hematopoietic cells
express markers similar to those of
endothelial cells such as CD34,
PECAM (CD31), Tie-1, Tie-2, von
Willebrand factor (vWF), and VEGFR2
(9). Furthermore, certain hematopoiet-
ic cells are also able to incorporate
acetylated LDL (AcLDL) and to bind
lectins such as BS-1 and ulex euro-
paeus, which are usually considered
endothelial specific.

Several studies have attempted to
identify CEPs by performing bone
marrow (BM) transplantation studies
in which recipient and donor cells
could be distinguished by endothelial-
specific markers. One study (10) has
suggested that BM-derived VEGFR2+

endothelial progenitor cells could be
detected in the peripheral circulation
and contribute to vasculogenesis.
However, although 27% of freshly iso-
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Figure 1
Models of postnatal angiogenesis and vasculogenesis. Recruitment of endothelial cells from preexisting vessel wall or CEPs plays a critical role in the
regulation of postnatal angiogenesis and vasculogenesis. Mobilized BM-derived CEPs with high proliferative capacity may have the potential to home
and incorporate into the injured tissue or tumor vascular bed.



lated CD34+ cells were VEGFR2+ as
determined by flow cytometry, the
authors of this study were not able to
detect VEGFR2 mRNA message in the
first 7 days of culture using RT-PCR,
perhaps because the isolated cells were
not, in fact, of endothelial origin. This
concern arises because of the use of an
antibody that was specific to the intra-
cellular, rather than the extracellular,
domain of VEGFR2. In subsequent
studies, populations of cells enriched
for endothelial progenitor cells were
derived from murine peripheral blood
cells or BM and labeled with DiI to
track the mobilization and recruit-
ment of these cells into ischemic
limbs (11, 12). However, given that
subsets of hematopoietic cells have
the capacity to express CD31, Tie-2,
and incorporate AcLDL, it is not clear
whether the mobilized cells and the
cells incorporated into the vessel wall
were of  primarily hematopoietic or
endothelial origin.

We have shown that allogeneic sex-
mismatched BM transplantation re-
sults in the transfer of endothelial cells
to recipient dogs (13). Replacement of
the aorta of the recipient dogs months
after transplantation with impervious
Dacron grafts resulted in graft
endothelialization arising exclusively
from the transplanted BM. In humans,
evidence for CEPs originates from
patients implanted with a left ventric-
ular assist device (LVAD). We have
demonstrated colonization of the flow
surface of the titanium housing of
LVADs with CD34+ endothelial-like
cells 6 months after the devices were
removed (14). These studies suggest
that transplanted CEPs residing in the
BM have the capacity to be mobilized
to the peripheral circulation and in-
corporate in the sites of active angio-

genesis. However, because transplan-
tation of whole BM results in transfer
of both mature BM endothelium and
putative angioblast-like CEPs, none of
these studies have conclusively dem-
onstrated the existence of a phenotyp-
ically and functionally distinct popu-
lation of CEPs.

The article by Lin et al. in this issue
capitalizes on the in vitro expansion
potential and growth kinetics of
endothelial cells outgrown from peri-
pheral blood mononuclear cells to dis-
criminate between BM versus vessel
wall–derived endothelial cells (15).
Using fluorescent in situ hybridization
analysis to detect the Y chromosome in
blood samples from BM-transplant
recipients who received gender-mis-
matched stem cells, Lin et al. can dis-
tinguish between vessel wall– and BM-
derived endothelial cells. They show
that in vitro–derived endothelial cells
from early phases (9 days after culture)
undergo only 6-fold expansion and are
derived predominantly from the recipi-
ent vessel wall, whereas endothelial cells
derived from late-outgrowth cells (27
days after culture) undergo 98-fold
expansion and mostly originate from
transplanted donor BM cells.

Based on these results, it is logical to
speculate that, as with hematopoietic
progenitor cells, late-outgrowth endo-
thelial cells enjoy a relatively large ca-
pacity to proliferate and therefore can
act as precursor cells in this lineage.
Therefore, these cells may be consid-
ered as angioblast-like endothelial cells.
The difference in growth might also be
ascribed to differences in cell cycle sta-
tus or, if donor and receptor animals
are mismatched for age, to differences
in telomere length between donor- and
recipient-derived cells. However, the
remarkable reproducibility of the

results reported by Lin et al. strongly
suggest that late-outgrowth endothe-
lial cells that are derived from trans-
planted BM cells have different prolif-
erative potential from those of the
native vessel-derived endothelial cells.

One difficulty with the methodology
presented by Lin et al. is the paucity of
CEPs in the starting samples and the
long culture period necessary to iden-
tify the late-outgrowth cells. In this
regard, identification of a novel surface
marker to distinguish between CEPs
with progenitor potential and vessel
wall–derived endothelial cells could
significantly enhance our ability to iso-
late and study these cells in vitro. One
such candidate marker is AC133, a
novel hematopoietic stem cell marker
(16), which is also expressed on subsets
of CEPs, but not on mature endothelial
cells (17). We have shown that a small
subset of CD34+ cells derived from dif-
ferent hematopoietic sources express
both AC133 and VEGFR2. Maturation
and in vitro differentiation of these
cells results in the loss of AC133
expression, suggesting that CEP with
angioblast potential may be marked
selectively with AC133.

During the last 2 decades, the emer-
gence of specific surface markers and
molecular probes has facilitated the
identification and purification of
functional hematopoietic stem and
progenitor cells. Similarly, the identi-
fication of unique surface markers and
functional assays, such as those pro-
posed by Lin et al., will undoubtedly
increase our ability to purify and dis-
sect the biological potential of CEPs.
Development of ex vivo expansion
techniques for angioblast-like CEPs
will be useful to promote vascular
healing, provide suitable coating for
vascular grafts, or deliver lethal toxins
to tumor vascular beds. Moreover,
identification of the chemokines or
other biological cues that may induce
mobilization of CEPs from BM to the
peripheral circulation may provide a
novel mechanism to recruit these cells
to sites of vascular trauma and to
accelerate vascular healing. Genetical-
ly modified autologous or allogeneic
CEPs may provide ideal vehicles to
deliver genes selectively to the vessel
wall. Generation of neutralizing anti-
bodies to functional receptors on
CEPs will increase our understanding
of whether recruitment and incorpo-
ration of CEPs to the tumor vascular
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Table 1
Phenotypic analysis of putative endothelial precursor cells

Surface markers Putative Endothelial Vessel wall Hematopoietic cells
precursor cell endothelium

VEGFR-2 (KDR, Flk-1) + + Subset of stem cells
VEGFR-3 (Flt-4) ? + ?
VEGFR-1 (Flt-1) ? + +
Tie-2 ? + +
VE-cadherin + + —
CD34 + + Stem and progenitor cells
Ac.LDL uptake + + +
PECAM (CD31) + + +
AC133 + — Subset of stem cells



bed are essential for tumor progres-
sion and metastasis. Finally, more
sophisticated purification and trans-
plantation techniques will allow us to
determine the contribution of these
unique endothelial cells to postnatal
angiogenesis and vasculogenesis.
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