
Endothelial and Hematopoietic Cell
Fate of Human Embryonic Stem Cells
Lisheng Wang*
The endothelial cells, lining the inside of blood vessels, and the blood-

forming hematopoietic cells play crucial roles in vasculogenesis. The

establishment of human embryonic stem cells (hESCs) provides a

unique tool to study the early development of endothelial and

hematopoietic cells, opening new avenues of research to explore organ

vascularization and regeneration. The current study demonstrates that

a population of intermediate-stage precursors, which possesses prim-

itive endothelial properties during hESC differentiation, is capable of

giving rise to endothelial and hematopoietic cells. Single cell analysis

reveals that these primitive endothelial-like precursors contain rare

bipotent cells with hemangioblast properties, responsible for both

endothelial and hematopoietic cell fates. These findings will facilitate

the further study of cellular commitment, lineage restriction, and

terminal differentiation of endothelial and hematopoietic compart-

ments and may lead to novel regenerative therapies. (Trends Cardio-

vasc Med 2006;16:89–94) D 2006, Elsevier Inc.
Emerging evidence suggests that bone-

marrow-derived endothelial and he-

matopoietic stem/progenitor cells

participate in the regeneration and

repair of vascular and possibly extrava-

scular tissues (reviewed by Rafii and

Lyden 2003). Differentiation of human

embryonic stem cells (hESCs) into

endothelial and hematopoietic stem/pro-

genitor cells may provide an abundant

cell source for therapeutic application.

To facilitate the generation of endothe-

lial and hematopoietic stem/progenitor
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cells from hESCs and the exploration of

cellular and molecular events regulating

vasculogenesis, it is essential to under-

stand endothelial and hematopoietic

development from hESCs.
� hESCs as a Powerful Tool to Study

the Development of Endothelial

and Hematopoietic Cells

Endothelial and hematopoietic cells are

thought to share a bipotent mesodermal

ancestor, arising from a common pro-

genitor called the hemangioblast

(reviewed by Lacaud et al. 2004, Smith

2001). Studies from differentiating

mouse ESCs (Choi et al. 1998, Chung

et al. 2002, Nishikawa et al. 1998) and

gastrulatingmouse embryos (Huber et al.

2004) have provided evidence in support

of this concept. The blast colony-forming

cell, a precursor with both hemato-

poietic and vascular potential (heman-

gioblast), was first identified in an in

vitro mouse ESC model and later
(in vivo) in a gastrulating mouse embryo

(Huber et al. 2004), suggesting that in

vitro ESC differentiation could be a

powerful tool for recapitulating embry-

onic development (reviewed by Keller

2005, Lacaud et al. 2004).
Studying the emergence of the ear-

liest endothelial and hematopoietic pre-

cursors during human embryonic
development has been hindered by the
scarcity of available early human

embryos and the lack of experimental
conditions capable of reproducing
human embryonic development in vitro.
The limited number of studies using

human embryos has shown that hema-
topoietic cells first arise in human
ontogeny within the developing blood

vessels of the yolk sac and subsequently
from independent origins within the wall
of the embryonic aorta and vitelline

artery (Oberlin et al. 2002, Tavian et al.
2001). These observations suggest that
the emergence of hematopoietic cells
associate closely with the vascular endo-

thelial cells and may be derived from
hemogenic (blood-forming) endothelial
cells (reviewed by Tavian et al. 2005).

However, it remains elusive whether
these precursors contain cells with
hemangioblast properties, which are

capable of giving rise to both endothelial
and hematopoietic cells. The establish-
ment of hESCs provides a novel tool to

tackle this question.

hESC lines were initially derived in

1998 from the immunosurgically iso-

lated inner cell mass of the human

blastocyst (Thomson et al. 1998). In

vitro, hESC lines are able to proliferate

indefinitely and to maintain a high

telomerase activity and normal karyo-

type (Cowan et al. 2004, Stojkovic et al.

2004, Thomson et al. 1998). When cul-

tured in nonadhesion conditions,

hESCs can aggregate and form spherical

structures known as embryoid bodies

(hEBs), which start to differentiate. Sim-

ilar to embryonic development, hEBs

can differentiate into structures of all

three germ layers in vitro: endoderm,

ectoderm, and mesoderm (Itskovitz-

Eldor et al. 2000, Schuldiner et al.

2000). Upon injection into immunodefi-

cient mice, hESCs can generate terato-

mas (tumors) that comprise almost any

type of tissue derived from the three

germ layers (Amit et al. 2000, Reubinoff

et al. 2000, Thomson et al. 1998). Given

this homology with embryonic develop-

ment and their multipotency, hESCs
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Figure 1. A working model of the current understanding of hematopoietic and endothelial development from hESCs. A subset of embryonic

endothelia lacking the common leukocyte marker CD45 but expressing surface markers PECAM-1, CD34, Flk-1, and VE-cadherin was identified

during approximately 9 to 10 days of hEB development and termed CD45negPFV. CD45negPFV cells expressed genes associated with primitive

cells with both endothelial and hematopoietic potential. CD45negPFV cells had either hematopoietic or endothelial cell fates. Clonal analysis

demonstrated that a small proportion of CD45negPFV cells possessed human hemangioblast properties, capable of giving rise to both

hematopoietic and endothelial cells.
therefore provide a unique model to

study the development of endothelial

and hematopoietic cells.

Two technical approaches have been

reported in the study of hESC differ-

entiation. One approach is by the for-

mation of hEBs to study endothelial

(Levenberg et al. 2002, Wang et al.

2004, Zambidis et al. 2005) and/or

hematopoietic development (Cerdan

et al. 2004, Chadwick et al. 2003,

Wang et al. 2004, Zambidis et al. 2005,

Zhan et al. 2004, Ng et al, 2005). The

other approach is by coculture of hESCs

with stromal cells to study hemato-

poietic development (Kaufman et al.

2001, Vodyanik et al. 2005). Since the

coculture approach has been summar-

ized elsewhere (reviewed by Wang et al.

2005a), this review will focus on endo-

thelial and hematopoietic development

from hEBs.
� Endothelial and Hematopoietic

Precursors Derived from hEBs

Show a Temporal Developmental

Pattern, Primitive Endothelial

Phenotypes, and a Hemangioblast

Molecular Profile

Multiple markers have been used for

characterization of endothelial precur-

sors and cells (Figure 1). Expression of

vascular endothelial cadherin (VE-
90
cadherin) alone (Asahara et al. 1997,

Hatzopoulos et al. 1998, Nishikawa

et al. 1998) or together with the abili-

ty to take up Dil-labeled acetylated

low-density lipoprotein (Dil-Ac-LDL)

(Asahara et al. 1997, Garlanda and

Dejana 1997) has been used as a marker

for identification of endothelial precur-

sors. Platelet endothelial cell-adhesion

molecule-1 (PECAM-1/CD31), CD34

(marker for endothelial and hemato-

poietic progenitor cells), Flk1 (human

counterpart KDR, vascular endothelial

growth factor receptor 2), von Wille-

brand factor (vWF), and endothelial

nitric oxide synthase (eNOS) proteins

are commonly used for identification of

endothelial precursors and/or mature

endothelial cells (Garlanda and Dejana

1997, Nishikawa et al. 1998, Albrecht et

al. 2003, Rafii and Lyden 2003).

Both in vivo transplantation and in

vitro assays have been used to character-

ize hematopoietic stem cells, progenitor

cells, and maturing blood cells. Hema-

topoietic stem cells have the properties

of both self-renewal and differentiation

into progenitor cells and finally into all

known maturing blood cell types (multi-

lineage). Hematopoietic stem cells are

typically assessed by their ability to

provide long-term multilineage hemato-

poietic repopulation after transplanta-

tion into immunodeficient animals
(hematopoietic repopulating capacity)

(Keller 2005). Hematopoietic progenitor

function can be determined by colony-

forming unit assays. With the solid-state

culture technique, single hematopoietic

progenitors can form colonies of eryth-

roid cells, macrophages, granulocytes,

megakaryocytes as well as multilineages

(multipotential progenitors). Hemato-

poietic stem cells, progenitor cells, and

nucleated maturing cells express com-

mon leukocyte protein CD45 on the cell

surface. Although the above hemato-

poietic cells share some markers with

endothelial cells, they do not express VE-

cadherin (Rafii and Lyden 2003).

Despite the different research proce-

dures used, several research groups have

shown that the timing of the progression

toward lineage commitment from hEBs

into endothelial and hematopoietic line-

ages follows a reproducible temporal

pattern. The undifferentiated hESCs first

form hEBs, which differentiate into

early endothelial/hematopoietic precur-

sors and finally into endothelial/hemato-

poietic cells (Chadwick et al. 2003,

Kaufman et al. 2001, Levenberg et al.

2002, Vodyanik et al. 2005, Wang

et al. 2004, Zambidis et al. 2005, Zhan

et al. 2004). Several research groups

have also shown that early endothelial/

hematopoietic precursors derived from

hEBs are primitive endothelial-like cells
TCM Vol. 16, No. 3, 2006



(Levenberg et al. 2002, Wang et al. 2004,

Zambidis et al. 2005). Immunohisto-

chemical and flow cytometric studies

have revealed that precursors derived

from day 9 to 10 hEBs have primitive

endothelial phenotypes. They have been

found to coexpress endothelial surface

proteins PECAM-1, CD34, Flk-1, and VE-

cadherin and to possess the ability to

take up Dil-Ac-LDL. Because these pre-

cursors lacked the common leukocyte

marker CD45, hematopoietic progenitor

function, and the mature endothelial

proteins vWF and eNOS, they were

defined as primitive endothelial-like cells

and termed CD45negPFV (CD45 negative,

PECAM-1+ Flk-1+ VE-cadherin+) (Wang

et al. 2004). Another group showed that

the precursors derived from longer hEB

development (13–15 days of hEBs) coex-

pressed mature endothelial proteins

vWF and eNOS, in addition to express-

ing PECAM-1, CD34, Flk-1, and

VE-cadherin and being able to take up

Dil-Ac-LDL (Levenberg et al. 2002). With

a technical approach similar to that

applied in the study of mouse hemangio-

blast (Choi et al. 1998, Nishikawa et al.

1998), the third group seeded the cells

isolated from 7 to 12 days of hEBs into

serum-free methylcellulose media,

resulting in bmesodermal-hemato-endo-

thelial colonies.Q These colonies showed

endothelial properties (Dil-Ac-LDL

uptake and VE-cadherin expression),

capable of giving rise to endothelial and

hematopoietic cells after further differ-

entiation (Zambidis et al. 2005). Because

various procedures were used in the

above experiments, it is unclear whether

different groups characterized the same

subset of precursors.

In addition to possessing primitive

endothelial phenotypes, endothelial and

hematopoietic precursors derived from

hEBs show a hemangioblast molecular

profile (Figure 1). With DNA array and

mRNA techniques, genes representing

endothelial, hemogenic (blood-forming),

and hemogenic-endothelial potentials

were found to be upregulated in

the precursors derived from day 9 to

10 hEBs (CD45negPFV) versus the

remaining cells fractionated from the

same group of differentiated hEBs

(Wang et al. 2004). Endothelial adhesion

genes such as Endothelin, E-selectin, and

LFA-3 and signal transduction genes

known to play a role in endothelium,

including EDG-1, neuropilin, TEK, and
TCM Vol. 16, No. 3, 2006
TIE-2, were overexpressed by CD45neg

PFV cells. These cells were also found to

overexpress genes related to both endo-

thelial and hematopoietic potentials in

contrast to the remaining cells. In par-

ticular, expression of genes such as FLK-

1, FLT-1, FLT-4, FOG-1, HEX, RUNX-1,

and TAL-1 suggests that primitive endo-

thelial-like precursors may have a

human hemangioblast potential, capable

of giving rise to both endothelial and

hematopoietic cells (Wang et al. 2004).
� Primitive Endothelial-Like Precursors

Isolated from hEBs are Competent

for Endothelial Maturation

Three groups have independently shown

that early-stage (day 9–10 hEBs) (Wang

et al. 2004) and late-stage (day 13–15

hEBs) (Levenberg et al. 2002) primitive

endothelial-like precursors as well as

mesodermal-hemato-endothelial colo-

nies (day 7–12 hEBs) (Zambidis et al.

2005) are competent for endothelial

maturation despite various procedures

used in the differentiation of hEBs.

The early primitive endothelial-like

precursors (CD45negPFV) isolated from

hEBs after 9 to 10 days of differentiation

were intermediate-stage cells, capable of

giving rise to either endothelial or hem-

atopoietic cells, depending upon in vitro

culture conditions (Wang et al. 2004).

Under endothelial culture conditions for

7 days (Figure 1), the resulting cells from

CD45negPFV became attached and spin-

dle-shaped, strongly expressed PECAM-1

and VE-cadherin, and possessed Dil-Ac-

LDL uptake capacity. In contrast to

properties of de novo isolated CD45neg

PFV precursors, the resulting cells

expressed vWF and eNOS but lacked

CD45 expression and hematopoietic pro-

genitor function. In addition, these cells

were able to produce an endothelial

network in vitro, showing properties

similar to these of the mature human

umbilical vein endothelial cells, indica-

tive of endothelial maturation. Control

cel ls ( the remaining cel ls after

CD45negPFV isolation), conversely, were

negative for the above endothelial prop-

erties under the endothelial culture con-

ditions, demonstrating that only the early

primitive endothelial-like precursors

(CD45negPFV) are competent for endo-

thelial maturation (Wang et al. 2004).

The late-stage primitive endothelial-

like precursors (isolated from hEBs after
13–15 days of differentiation) have been

shown to be capable of developing into

endothelial cells under endothelial

growth medium EGF-2, capable of form-

ing tube-like structures in vitro and

generating capillary structures when

embedded in sponges and transplanted

into immunodeficient mice (Levenberg

et al. 2002). However, because their

hematopoietic potential was not ex-

amined, it is unknown whether those

late-stage primitive endothelial-like pre-

cursors are capable of giving rise to

hematopoietic cells.

The mesodermal-hemato-endothelial

colonies (isolated from hEBs after

7–12 days of differentiation) could

develop into adhesive and nonadhesive

cells after further differentiation over 2 to

4 weeks. Some adhesive cells were found

to express CD31 and VE-cadherin but

not CD45 and to take up Dil-Ac-LDL,

indicative of endothelial maturation

(Zambidis et al. 2005).
� Primitive Endothelial-Like Precursors

Isolated from hEBs are Endowed

with Blood-Forming Potential

In addition to competence for endothe-

lial maturation, as described above,

CD45negPFV (the early-stage primitive

endothelial-like precursors isolated from

9–10 days of hEBs) (Menendez et al.

2004, Wang et al. 2004) and mesoder-

mal-hemato-endothelial colonies (iso-

lated from 7–12 days of hEBs)

(Zambidis et al. 2005) were also

endowed with blood-forming potential.

This has been demonstrated both from

in vitro assays (Menendez et al. 2004,

Wang et al. 2004, Zambidis et al. 2005)

and from examining the in vivo hema-

topoietic repopulating capacity after

transplantation of CD45negPFV-derived

hematopoietic cells into immunodefi-

cient mice (Wang et al. 2005b).

More than 98% of the cultured

CD45negPFV precursors became CD45+

hematopoietic cells after 7 days of cul-

ture under hematopoietic culture con-

ditions (Hem-culture, Figure 1). Overall,

the number of hematopoietic cells gen-

erated from CD45negPFV cells was up to

100-fold greater than those from control

(the remaining cells after isolation of

CD45negPFV from 9–10 days of hEBs).

Consistent with the hematopoietic phe-

notype, the frequency of colonies (col-

ony-forming unit assays) derived from
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Table 1. Differences between undifferentiated human and mouse ESCs

Proteins and functions hESCs Mouse ESCs

LIF receptor � +

LIF function Unnecessary Maintenance

BMP4 Differentiation Maintenance

bFGF Maintenance Differentiation

SSEA-1 � +

SSEA-3 + �
SSEA-4 + �
Flk1 + in ~15% of hESCs �

Reference Brivanlou et al. 2003, Chambers and Smith 2004, Draper et al. 2002, Henderson et al.

2002, Nishikawa et al. 1998, Thomson et al. 1998, Wang et al. 2004, Wang et al. 2005c, Xu et al.

2005a, Xu et al. 2005b,Ying et al. 2003, Zambidis et al. 2005.
CD45negPFV was over 100-fold higher

than colonies derived from control cell

populations (Wang et al. 2004). The

hematopoietic potential of primitive

endothelial-like precursors was also

observed from mesodermal-hemato-

endothelial colonies. After differentia-

tion for over 2 to 4 weeks, nonadhesive

cells, which are the budding and loosely

associated cells from mature mesoder-

mal-hemato-endothelial colonies,

expressed erythroid and myeloid hema-

topoietic markers (Zambidis et al. 2005).

By both morphologic and phenotypic

criteria, the hematopoietic colonies gen-

erated from primitive endothelial-like

precursor-derived hematopoietic cells

exhibited similar characteristic to those

generated from committed adult hema-

topoietic cells (Menendez et al. 2004,

Wang et al. 2004, Zambidis et al. 2005).

Similar to human peripheral blood,

cord blood, and bone marrow, the

CD45+CD34+ (surrogate markers of

somatic hematopoietic progenitors) sub-

population isolated from CD45negPFV-

derived hematopoietic cells was

enriched for clonogenic capacity, pro-

ducing 20 times more colonies than

the CD45+CD34� subpopulation (Wang

et al. 2004).

In vivo hematopoietic repopulating

capacity (hematopoietic stem cells) was

assessed by intrafemoral transplantation

(direct injection into femur bone mar-

row) of CD45negPFV-derived hemato-

poietic cells into immunodeficient

mice. Despite the limited proliferation

and migration ability in comparison

with the cord blood control, transplan-

tation of CD45negPFV-derived hemato-

poietic cells resulted in multilineage

human hematopoietic repopulation

including myeloid, lymphoid, and eryth-

roid lineages (Wang et al. 2005b). These

results suggest that these early primi-

t ive endothe l ia l - l ike precursors

(CD45negPFV) derived from hEBs might

be capable of giving rise to hemato-

poietic stem cells. Recently, Narayan

et al (2005) also reported that a low level

of human engrafts was found in primary

as well as secondary fetal sheep recipi-

ents 5 to 39 months posttransplantation

of hESCs-derived hematopoietic cells,

which is indicative of long-term hema-

topoiet ic repopulat ing capacity .

However, more studies are required

to confirm these findings and im-

prove engraftment.
92
� Primitive Endothelial-Like

Precursors (CD45negPFV) Isolated

from hEBs Containing Single Cells

with Hemangioblast Properties

Although CD45negPFV cells have the

ability to give rise to both endothelial

and hematopoietic cells, it was unclear

whether these endothelial and hemato-

poietic cells are derived from a common

precursor or from different subpopula-

tions of CD45negPFV cells. To address

this issue, single CD45negPFV cells iso-

lated from hEBs after 9 to 10 days of

differentiation were deposited into indi-

vidual wells of 96-well plates by a flow

cytometric sorter. The presence of a

single cell was confirmed by double-

blind visual inspections. After 14 days

of culture, cells in individual wells were

analyzed by in situ staining for expres-

sion of CD45 and VE-cadherin, repre-

senting hematopoietic and endothelial

cell fate, respectively. Human umbilical

vein endothelial cells and adult hemato-

poietic mononuclear cells served as pos-

itive controls.

Hem-culture alone was unable to

support clonal outgrowth of CD45neg

PFV cells, whereas the endothelial cul-

ture conditions alone supported only a

low frequency of endothelial clonal

proliferation. Under the Endo-Hem cul-

ture conditions (50:50 mixture of Endo-

Hem culture media), single CD45negPFV

cells were capable of giving rise to both

endothelial and hematopoietic cells,

with a frequency of approximately

1:500 (Wang et al. 2004), similar to a

frequency of 1 in 300 in mouse ESC

work (Choi et al. 1998). These results

suggest that a small proportion of
CD45negPFV cells may possess human

bhemangioblastQ properties. Further

optimizing clonal analysis techniques

and culture conditions will facilitate

the understanding of cellular and

molecular events that regulate endothe-

lial and hematopoietic cell fate at a

single cell level. Figure 1 illustrates the

current understanding of endothelial

and hematopoietic cell development

from hEBs.
� Perspectives, Future Studies

Human ESCs provide a powerful model

to study embryonic development,

cellular commitment, lineage restric-

tion, and terminal differentiation of

endothelial and hematopoietic compart-

ments. They also hold a strong potential

to treat or even cure many diseases.

Understanding the developmental

biology of hESCs will facilitate the

generation of desirable numbers of

endothelial and hematopoietic precur-

sors for potential clinical applications.

Since its establishment in 1998, hESC

research is still in its infancy. Different

stage ancestors and their relationships

and molecular events that govern hESC

differentiation into endothelial and hem-

atopoietic cells remain poorly under-

stood. Access to large quantities of

different stage precursors before com-

mitment is very challenging. Genetic and

proteomic circuit networks that control

the formation of different stage precur-

sors of a given lineage have to be

characterized, and reliable surrogate

surface markers need to be identified to

distinguish these precursors. Because
TCM Vol. 16, No. 3, 2006



Table 2. Differences between human and mouse ESCs in surrogate
markers used for discrimination of early hematopoietic precursors

Cell surface proteins Human ESCs Mouse ESCs

Flk1 No Yes

CD41 No Yes

CD105 No Yes

Reference: Cho et al. 2001, Choi et al. 1998, Chung et al. 2002, Emambokus and Frampton 2003,

Mikkola et al. 2003, Mitjavila-Garcia et al. 2002, Nishikawa et al. 1998, Wang et al. 2004,

Zambidis et al. 2005. LIF indicates leukemia inhibitory factor; BMP4, bone morphogenetic

protein 4; bFGF, basic fibroblast growth factor; SSEA, stage-specific embryonic antigen.
differences have been documented

between mouse and human ESCs and

subsequent endothelial and hemato-

poietic development ( Tables 1 and 2),

interspecies distinctions should be taken

into account when comparing data gen-

erated from mouse ESC research to the

human counterpart.

Although evidence from both mouse

and human studies supports the concept

of the hemangioblast, only very small

numbers of a common precursor

(approximately 1 in 300 in mouse [Choi

et al. 1998] and 1 in 500 in human [Wang

et al. 2004]) were found in the examined

populations. It is possible that heman-

gioblasts may have embarked on para-

crine interactions for their survival and

commitment and that, thus, clonal anal-

ysis has underestimated their frequency

as a common precursor. Because techni-

ques for synchronizing development of

different stage precursors have not been

made available by researchers, the

hESC-derived precursors examined to

date may be a heterogeneous population

containing different stage endothelial

and hematopoietic progenies with differ-

ent potentials, further complicating the

interpretation of results. By deciphering

the self-renewal and the developmental

biology of hESCs and through identify-

ing crucial genes and growth factors and

developing novel culture conditions, sci-

entists will be able to guide hESCs to

differentiate into a given lineage for both

basic studies and clinical applications in

the future.
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