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CONTRIBUTION OF HEMATOPOIETIC STEM CELLS IN BLOOD VESSEL
FORMATION

Rika Okamoto, Yoshihiro Yamada, Hideto Sano, Masaya Ueno, and Nobuyuki Takakura
Department of Stem Cell Biology, Cancer Research Institute of Kanazawa University, Kanazawa, Japan

Vascular development consists of vasculogenesis and angiogenesis. The system of TIE2-Angiopoietin (Ang) is involved in
angiogenesis. TIE2 regulates adhesion and dissociation between endothelial cells and mural cells, and survival, apoptosis, and
chemotaxis of endothelial cells. Ang-2, which is produced by endothelial cells under tissue hypoxia, has been suggested to be a
key regulator for the initiation of endothelial cell sprouting from pre-existing vessels. Although Ang-2 binds to TIE?2, it does not
promote activation of TIE2 on endothelial cells. Ang-2 produced from endothelial cells under hypoxia inhibits the binding of
Ang-1 to TIE2. On the other hand, Ang-1 promotes activation of TIE2 and adhesion between endothelial cells and mural cells.
Therefore, endothelial cells dissociated from mural cells by Ang-2 are free to move to avascular area where oxygen or nutrient
is needed. We recently found that hematopoietic stem cells produce Ang-1 and promote chemotaxis and network formation of
TIE2-positive endothelial cells. Moreover, hematopoietic stem cells change their fate into mural cell and stabilize the vessel
structure. This novel function may be applied clinically to promote neovascularization by transplanting the hematopoietic stem
cells at the desired site.
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kinase subfamilies are characterized by their largely endothe-
lial specific expression. One family includes Flt-1/VEGFRI1,
Flk-1/KDR/VEGFR2, and Flt-4/VEGFR3, all of which are
members of the vascular endothelial growth factor (VEGF)
receptor family. Critical roles of Flt-1, Flk-1 and Flt-4, as well
as that of VEGF, have been demonstrated for these proteins

INTRODUCTION

Vascular development consists of two different steps, vascu-
logenesis and angiogenesis. Vasculogenesis is the process by
which endothelial precursors, the angioblasts, are committed
from mesodermal cells and form a primitive vascular plexus

and larger organized vessels in the embryo. In contrast, angio-
genesis involves vascular growth and maturation by sprouting
and remodeling of existing vessels (1). In both processes,
bidirectional signaling between endothelial cells (ECs) and
the surrounding mesenchymal cells is critical (2). Several
molecules have been isolated that regulate the processes of
vasculogenesis-angiogenesis, and are involved in maintaining
the integrity of vessels by recruitment and formation of the
periendothelial layer or by mediating interactions between
arteries and veins (2-5). Among them, two receptor tyrosine

by analysis of genetically engineered mice mutants (6-9). The
other family includes TIE1/TIE and TIE2/TEK. The onset of
embryonic expression of these receptors seems to follow that
of the VEGF receptors (VEGFRs) (10). Targeted mutation of
TIEI or TIE? demonstrates that these receptors, like VEGFRs,
play a critical role in embryonic vascular formation (11-13).
Embryos deficient in TIE2 or TIE1 fail to develop a structural
integrity of the vasculature, resulting in hemorrhage at E9.5
and 13.5, respectively. Compared with the early defect in vas-
culogenesis seen in VEGF or VEGFR mutant embryos, mice
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lacking TIE[ or TIE?2 exhibit later defects in angiogenesis and
vascular remodeling as well as in vascular integrity.

Blood vessels generated by vasculogenesis are immature.
For the maturation of vessel structure, periendothelial cells
(PECs), such as pericytes or smooth muscle cells, have to
adhere to ECs. This tight adhesion between ECs and PECs is
promoted by PEC-derived Ang-1, a ligand for TIE2 on ECs
(13-17). Therefore, under the condition that Ang-1 is continu-
ously produced by PECs, vessel structure is stable. However,
in this situation, even if oxygen is needed in the location, new
vessel cannot sprout from pre-existing vessels because ECs
are not free and cannot migrate easily. When hypoxia occurs
in the location, Ang-2 production is usually up-regulated in
the ECs (18). Ang-2 is an Ang-1 antagonist that inhibits the
binding of Ang-1 to TIE2. Therefore under conditions of tis-
sue hypoxia, PECs dissociate from ECs and ECs migrate into
the region, where new vessels are necessary (Fig. 1). Though
this sequence is currently widely accepted, how ECs migrate
into the restricted region where new vessels are needed and
how new vessels are stabilized again have not been clarified.
In this system, we have found that hematopoietic stem cells
(HSCs) induce network structure of blood vessel in the loca-
tion (19) and stabilize the new vessel (unpublished data). In
the current paper, we would like to overview functions and
contributions of HSCs in angiogenesis.

RELATIONSHIP BETWEEN HEMATOPOIESIS
AND ANGIOGENESIS

Hematopoiesis is closely linked to angiogenesis, since HSCs
and ECs have common ancestors, the hemangioblasts, and
interact with each other (20). Definitive HSCs closely adhere
to ECs at several sites in the embryo, including yolk sac (21),
omphalomesenteric and vitelline arteries, and dorsal aorta
(16,20-24). In addition, some stromal cell lines that are able
to support hematopoiesis have been characterized as ECs
(25). These observations suggest a close interaction between
hematopoiesis and vascular development. However, it is
difficult to observe the crosstalk between ECs and HSCs in
vivo. To address this issue, we established a culture system
supporting angiogenesis and hematopoiesis using the para-
aortic splanchnopleural (P-Sp) region (pre-Aorta-Gonad-
Mesonephros (AGM) region), a site where definitive HSCs
are committed from hemangioblasts (16,23,24). When P-Sp
explants from the E9.5 embryos were cultured on OP9 stro-
mal cells (16), PECAM-1-positive (PECAM-1") ECs form a
sheet-like structure (vascular bed) and subsequently form a
network in the periphery of the endothelial sheet. We observed
the development of hematopoietic cells in this culture system.
HSCs, which were initially located at the peripheral edge of
the vascular bed, migrated into the vascular network area and
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Figure 1. Schematized TIE2-Angiopoietin system. There are two kinds of ligand for TIE2. (A) Ang-1 produced by PECs
stimulates TIE2 and promotes the adhesion between ECs and PECs. In this situation, blood vessel is structurally stable. (B)
Ang-2 is an antagonist of Ang-1 and inhibits the binding of Ang-1 to TIE2 receptor. Ang-2 is produced in ECs under tissue
hypoxia and promotes the dissociation between ECs and PECs. This inactivation of TIE2 becomes a trigger for the initiation
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Figure 2. Hematopoiesis and angiogenesis in P-Sp culture system. (A) P-Sp culture system. (a) P-Sp explants were
cultured on OP9 stromal cells for 7-10 days. Cultured cells were fixed and stained with anti-PECAM-1/CD31 mAb
for revealing ECs. This culture system supports vasculogenesis and angiogenesis. Vascular bed (vb), a sheet like
structure, firstly appeared near explants mimics vasculogenesis because this formation depends on VEGF-VEGFR2
system. Subsequent vascular network (vn) formation mimics the process of fine capillary structure, angiogenesis because
this process depends on Angiopoietin-TIE2 system. (b) Higher magnification of box in (a). Note that there are many
hematopoietic cells (HCs) beside ECs forming network like structure. (B) Schematized results of P-Sp cultures using
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proliferated (Fig. 2A). These data suggested that hematopoiesis
and angiogenesis (vascular network) may occur concurrently
and we hypothesized that hematopoietic cells may regulate
angiogenesis.

On the other hand, we utilized mice deficient for the tran-
scription factor AML1, which provide a tool to analyze the
interaction between hematopoiesis and angiogenesis. Dis-
ruption of AMLI gene leads to failure in the development of
definitive hematopoiesis and lethality at E12.5 (26,27). Mutant
embryos exhibit hemorrhages in the ventricles of the central
nervous system, in the vertebral canal, within the pericardial
space, and in the peritoneal cavity. AML1 deficient mice (28)
showed that extensive vascular branching and remodeling into
large and small vessels occurred normally in the head region at
E11.5 as observed in wild type animals. However, the number
of small capillaries sprouting from anterior cardinal vein in
mutant embryos was less than that observed in wild type mice.
In mutant embryos, less branching of capillaries was observed
in vessels of the pericardium and in the vitelline artery of the
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yolk sac. Very strikingly, severe defective angiogenesis was
observed in the fetal liver of mutant embryos (Fig. 3). In mice,
liver development occurs at E10.5 and subsequently HSCs
migrate into the fetal liver, where they expand and differentiate
into various hematopoietic lincages. Hematopoiesis changes
into definitive type in the fetal liver instead of primitive one in
the yolk sac. Within this duration, very fine capillary structure
that is the main environment of hematopoiesis in the fetal
liver should be established. From the phenotype of AMLI
deficient embryo, we concluded that hematopoietic cells are
the major source for induction of very fine capillary structure
in the fetal liver.

To analyze the interaction between HSCs and ECs, we ob-
served the development of ECs in P-Sp cultures from AMLI
mutant embryos. As expected, hematopoietic cells (HCs) were
not generated from P-Sp explants of AMLI mutant embryos
(Fig. 2, AML1-/-). In contrast, explants from wild type em-
bryos developed many round hematopoietic cells adhering
to the presumptive vascular network area and the wild type
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Figure 3. Defective capillary formation of AMLI mutant embryo in the fetal liver. Sections of the fetal liver from wild type
and AML1 mutant embryos (AMLI1-/-) at E11.5 were stained with anti-PECAM1/CD31 for ECs and anti-CD45 for hemato-
poietic cells. A fine capillary formation was observed in the wild type (left). In the mutant, less branching and less variation

in the caliber of the vessels was observed without hematopoiesis (right).

explants generated vascular beds and networks (Fig. 2, A and
B, wt). On the other hand, poor vascular network formation
was observed in cultures of AMLI mutant explants (Fig. 2,
AMLI1-/-). To test the hypothesis that HCs promote angio-
genesis, HSC-enriched population from the bone marrow of
normal mice was sorted by flow-cytometry and added to P-Sp
cultures of AML 1 mutant embryos. As expected, the addition
of HSCs rescued defective angiogenesis in AMLI mutant
embryos (Fig. 2, AML1-/- + HSCs).

Ang-1 PRODUCED FROM HSCs REGULATES ANGIOGENESIS

Since the results from the P-Sp culture system suggested that
extrinsic signals from hematopoietic cells promote angiogen-
esis, we searched for factors that could mediate this process.
During embryogenesis, CD45"c-Kit"CD34" cells are defined
as HSCs (29). We found that these HSCs expressed Ang-1 that
is essential for angiogenesis, and that mature hematopoietic
cells in embryo did not express Ang-1. As mentioned above,
Ang-1 produced from PECs promotes cell adhesion between
ECs and PECs. It is well known that another action of Ang-1
is chemoattraction for ECs (30). Moreover, defective angio-
genesis in anterior cardinal vein and pericardium observed
in AMLI mutant embryos is quite similar to those observed
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in Ang-1 mutant embryos (data not shown). These findings
suggested that Ang-1 expressed by HSC-enriched populations
promotes angiogenesis by promoting chemotaxis of ECs. To
test this hypothesis, we added HSCs from E10.5 Ang-1 mutants
to P-Sp cultures of AML I mutant embryos. HSC-enriched cells
from Ang-1 mutant embryos could not rescue the defective
network formation of ECs of AML1 mutant culture (Fig. 2,
AML1-/-+HSC(Ang-1-/-)). Furthermore, Ang-1 also rescued
the network formation of ECs of AML1 mutant culture (Fig.
2, AMLI1-/- + Ang-1). Thus, we confirmed that Ang-1 from
HSCs is important for the network formation of ECs, at least
in our P-Sp culture system. To clarify how HSCs participate in
angiogenesis in vivo, we examined whether they are present in
the head region where severe angiogenic defects are observed
in the AMLI mutants. As expected, HSCs expressing c-Kit, a
marker for HSCs located near the vessels and ECs seemed to
migrate toward HSCs in the neuronal layer. These c-Kit" cells
migrating in front of ECs also expressed CD45 and CD34,
indicating that c-Kit" cells are in the HSC-enriched population.
Based on the localization of HSCs and ECs, we hypothesized
that HSCs may promote migration of ECs and network for-
mation in the avascular area. To examine this potential, we
studied the migration of CD45PECAM-1"TIE2" ECs sorted
from E10.5 embryos induced by Ang-1 or HSCs. Ang-1 led to
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a dose-dependent increase in the directed migration of TIE2"
ECs. As observed by Ang-1, CD45"¢c-Kit'CD34" HSCs from
E10.5 embryos also promoted the migration of TIE2" ECs
in a dose-dependent manner. This migration was completely
suppressed by soluble TIE2 receptors. These findings indicate
that the HSC-induced migration of TIE2" ECs depends on
Ang-1. Therefore, we concluded that HSCs firstly migrate
into avascular area, produce Ang-1 and promote migration of
ECs and network like capillary formation. This scenario is not
adapted to all situations in which angiogenesis is taking place,
because AMLI mutant embryos show normal angiogenesis
except for anterior cardinal vein, capillaries in neuronal layer,
pericardium, peritoneum, fetal liver, yolk sac, etc. However,
for the migration of ECs into a proper direction, HSCs play an
essential role by working as a guidepost and making a route
from pre-existing vessel to ischemic region for ECs.

Although our findings indicate that ECs migrate towards
Ang-1 producing HSCs, the fundamental mechanism of HSCs
migration from the intraluminal cavity into parenchyma cells
at a precise point of a vessel is unclear. A report that peripheral
CD34" hematopoietic progenitors express high levels of matrix
metalloproteinases (MMP)-2 and -9 (31,32) may shed light on
this mechanism. Moreover, a recent study showed that mast
cells in the skin release chymase, which activates pro-MMP-9
and is associated with stimulation of angiogenesis during squa-
mous epithelial cell carcinogenesis (33). Our preliminary data
also show that embryonic HSCs (CD45"¢c-Kit"CD34" cells)
prominently express MMP-9 (data not shown). In addition,
these HSCs express TIE2 and adhere to fibronectin following
stimulation by Ang-1 (16). Together, these results suggest that
HSCs adhere to fibronectin on ECs near the ischemic region,
digest the matrix, and transmigrate through the basement
membrane of capillary ECs into parenchyma cells. Therefore
we hypothesize that the production of fibronectin on the in-
traluminal surface of ECs is the initial step in the migration
of HSCs and ECs. Fibronectin is not usually observed in the
intraluminal part of ECs in the adult. However, fibronectin is
expressed ubiquitously on the luminal surface of vessels dur-
ing embryogenesis at the time of angiogenesis. An analysis of
the molecular cues promoting high fibronectin expression by
ECs at the lumen may be required to better understand how
vessel sprouting is initiated. Moreover, we found that there
are molecules promoting migration of HSCs in the embryonic
brain tissue and fetal liver (Okamoto R, unpublished data).
Therefore, the mechanism how HSCs migrate into ischemic
region will be clearly understood by isolation of such chemoat-
tractive molecules in the future.

PLASTICITY OF HSCs

In the final step of angiogenesis, newly developed blood vessel
should be stabilized again by the mural cell adhesion to ECs.
It is widely accepted that PECs migrate from pre-existing ves-
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sels and cover the ECs of new vessels. However, it has been
suggested that ECs transdifferentiate into PECs under specific
conditions (34,35). This is reasonable, since ECs and PECs are
major components of blood vessel and are originally developed
from a common progenitor expressing Flk-1/VEGFR2 (36).
However, we recently found that HSCs also have a capacity
to differentiate into PECs.

Relating to such multipotentiality of HSCs for differentia-
tion, papers showing the plasticity of HSCs have accumulated
within a few years (37-40). These findings indicate that adult
bone marrow HSC-enriched populations can differentiate into
additional mature, nonhematopoietic cells of multiple tissues,
including epithelial cells of the liver, kidney, lung, skin, gastro-
intestinal (GI) tract, and myocytes of heart and skeletal muscle.
Although this indicates that HSCs might indeed be develop-
mentally plastic and capable of producing both blood cells and
another tissues, the mechanism underlying this phenomenon
remains unclear. Two reports have raised the issue of whether
fusion between donor hematopoietic cells and host hepatocytes
could explain the apparent stem cell plasticity (41,42), and
some researchers deny the plasticity of HSCs into multilineage
descendants. Although definition of HSCs have been done by
their positive expression of c-Kit/CD34/Sca-1 and negative
expression of lineage specific markers (Lin) such as CD4,
CD8, B220, Mac-1, Gr-1, Ter-119. These Linc-Kit"/Sca-1" or
CD34" cells actually contribute to bone marrow reconstitution
in the lethally irradiated recipient mice. However, it is unclear
whether all HSCs isolated by means of those markers are com-
mitted to hematopoietic lineage alone. It is possible that there
are several subpopulations among Lin"c-Kit Sca-1" HSCs. For
example, hematologists have believed that the definition of
hematopoietic cells is performed by the analysis of expression
of CD45, a pan-leukocyte antigen, and used CD45 as a certain
hematopoietic marker. However, recently CD45 was shown
to be expressed by the mesenchymal stem cell population in
adult bone marrow (43). Therefore, what we call "HSCs" at
present may not be a homogenous "hematopoietic" stem cell
type, but rather a heterogeneous mix of stem cells.

Recent data from our lab suggests that HSCs-enriched
population differentiates into PECs and promote maturation/
stabilization of blood vessel (Yamada Y, Sano H, unpublished
data). PECs were lost in AML1 mutant embryos that lack de-
velopment of HSCs and show abnormal blood vessel structure
and die by massive hemorrhage in brain, pericardium and other
regions as already described. We found that PECs are located
in the blood vessels of such regions in wild type embryos, and
that HSC-enriched population sorted from brain of normal
embryo could differentiate into PECs in a certain condition
in vitro. Thus, HSCs population may contribute to mural cell
lineage and stabilize the blood vessel structure.
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Figure 4. Process of angiogenesis associating with HSCs.
CONCLUSION inhibits the plasma leakage from tight adhesion between ECs

An important issue in vasculogenesis and angiogenesis, par-
ticularly in vessel sprouting, is the mode of ECs migration to
sites where tissues require nutrients or oxygen. In this context,
we propose the following scenario. As showed in Fig. 4, the
blood vessel budding is firstly promoted by the overexpres-
sion of Ang-2 on ECs and subsequent dissociation between
PECs and ECs. In hypoxic areas, attracting signals for the
migration of HSCs are secreted by parenchymal cells. ECs
follow and migrate toward HSCs as Ang-1 from HSCs pro-
motes chemotaxis of ECs. Finally, PECs stabilize the newly
developed vessel. In this case, HSCs play an important role
by their differentiation into PECs.

So far, the use of Ang-1 has been considered in therapeu-
tic angiogenesis, because Ang-1 promotes angiogenesis and

and PECs. In our P-Sp culture system, soluble Ang-1 rescues
the formation of network in AMLI mutant mice in vitro.
However, HSCs from embryos and adult mice could promote
vascular network formation more effectively than soluble
Ang-1 (as depicted in Fig. 2B). In transgenic mice expressing
Ang-1 in the skin under a control of a keratinocyte-specific
promoter, hypervascularity was observed in the dermis but not
in another organs, indicating a localized effect of Ang-1 (44).
The systemic administration of Ang-1 results in widespread
stimulation of TIE2" ECs, while HSCs may promote local-
ized angiogenesis. Therefore, the observations presented here
may have important clinical applications. Indeed, therapeutic
angiogenesis using autologous bone marrow HSCs started in
patients with limb ischemia (Fig. 5).

Figure 5. Scheme of therapeutic angiogenesis using bone marrow HSCs.
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We are now testing whether or not HSCs also associate with
tumor angiogenesis. Preliminary data show that HSCs often
localize in the mass of tumor. When the migration of HSCs
into the tumor is inhibited by an anti-c-Kit blocking antibody in
a murine model, tumor angiogenesis and growth are inhibited
(Okamoto R, manuscript in preparation). Therefore, we believe
that the regulation of HSCs can be negatively and positively
applied in therapeutic angiogenesis.
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