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efinitive Hematopoiesis fro
Endothelial Cells in the
Embryo; A Simple Guide

Daisuke Sugiyama' and Kohichiro Tsuji”

Circulation is composed of two interactive systems, the cardiovascular
and the hematopoietic, which affect each other. Recently, endothelial
progenitor cells/angioblasts have been identified in the circulation of
the adult mouse and human. Furthermore, some hematopoietic cells
(HCs) have been shown to contribute to angiogenesis, suggesting that
HCs can transdifferentiate into endothelial cells (ECs). Although these
concepts in adult are still controversial, understanding the mecha-
nisms of the relationship between ECs and HCs would benefit the
clinical application for cardiovascular and hematologic disorders. Both
ECs and HCs are considered to be derived from a common germ layer,
the mesoderm, and have more intimate relationship in embryo than in
adult. Here, we describe the relationship between ECs and HCs with
special attention to the hemogenic ECs in the mouse embryo. (Trends
Cardiovasc Med 2006;16:45-49) © 2006, Elsevier Inc.
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The relatively short gestation period of
the mouse (18-21 days) contributes to its
suitability as a research model in the field
of mammalian development. In mice,
hematopoiesis begins in the extraem-
bryonic yolk sac (YS) at 7.5 days post-
coitum (dpce), shifting to fetal liver (FL) at
midgestation, then to spleen, and finally
to bone marrow (BM) shortly before birth
(Figure 1) (Dzierzak et al. 1998).

Earlier studies suggested that hema-
topoietic cell (HC) development initiated
at one time in the YS. However, non-
mammalian embryo grafting experi-
ments suggested that there is another
origin of hematopoiesis, which was

shown to be the intraembryonic para-
aortic splanchnopleura (P-Sp)/aorta-
gonad-mesonephros (AGM) region at
8.0 to 11.5 dpc. The P-Sp/AGM region
is now considered by some to be the
major source of adult hematopoiesis,
and YS is considered a possible second-
ary source, although this concept is still
controversial. Recently, the placenta
has been identified as yet one more
hematopoietic organ and a niche for
the immature HC pool at 12.5 dpc. The
hematopoietic activity of the placenta is
transient and diminishes after the FL
hematopoiesis becomes active. It is of
interest whether the placenta produces
HCs de novo and how the placenta
affects the maintenance of HCs. Further
studies will be necessary in the future.
(Current work in this area has been
reviewed by Mikkola et al. (2005)).

o Primitive and Definitive
Hematopoiesis

One problem in the field of hematopoi-
esis research is that the terminology
is historically complicated. There are
two types of hematopoiesis, primitive
(embryonic) and definitive (adult). Prim-
itive hematopoiesis is transient, whereas
definitive hematopoiesis continues until
death. Avian embryos were first used to
identify the origin of hematopoiesis, and
several observations were applied to
mouse embryos, although avian hema-
topoiesis and murine hematopoiesis are
not identical. Primitive hematopoiesis is
mainly resiricted to erythropoiesis tak-
ing place in the YS. Some well-known
characters of the cells have been used
specifically for definitive hematopoiesis:
(a) definitive erythroid cells, (b) high-
proliferative potential colony-forming
cells, (c) lymphoid cells, (d) hemato-
poietic stem cells (HSCs), and (e) others
(gramuilocyte-macrophage colony-forming
cells, spleen colony-forming cells, eic)
(Figure 2). Although all characters are
for identification of definitive hemato-
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Figure 1. Schema of embryonic HC development. BI, blood island; PL, placenta; P, primitive

hematopoiesis; D, definitive hematopoiesis.

poiesis, they are of unequal hierarchy.
Thus, whereas HSCs have the potential
to proceed to any mature blood cell
during definitive hematopoiesis, other
cells, such as definitive erythroid cells,
are of more limited potential. In this
context, definitive hematopoiesis is
composed of two waves of emergence.
The first wave is mainly definitive eryth-
ropoiesis, which takes place in the YS
and diminishes gradually until birth,
as if to cover the gap between primi-
tive erythropoiesis in YS and definitive
erythropoiesis by HSCs colonized in FL
to support the growing embryo. Hema-
topoietic stem cells, generated in the P-
Sp/AGM region and probably to lesser
extent in the YS, are supposed to colo-
nize the FL, initiate the second wave of
definitive hematopoiesis, and sustain
BM hematopoiesis in adult life. New
terminology that distinguishes between
these two waves of definitive hematopoi-
esis will be necessary to avoid confusion.

¢ The Relationship Between ECs
and HCs: Hemangioblasts and
Hemogenic ECs

Based on morphologic observation,
the existence of “hemangioblasts” and
“hemogenic ECs” has been hypothe-
sized. Hemangioblasts are the cells capa-
ble of differentiating into both ECs and
HCs in both primitive and definitive
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hematopoiesis, whereas hemogenic ECs
are siruciurally ECs and have only
definitive hematopoietic potential. The
first hematopoietic site in the YS is
called a blood island, in which HCs
(mainly primitive erythroid cells) deve-
lop inside and in close association with
the outer layer of ECs. Current work in
this area has been reviewed by Ferko-
wicz and Yoder (2005). As the embryos
develop, the EC layer forms blood ves-
sels and HCs are released into the
circulation. The spatial and temporal
proximity of both EC and HC develop-
ment suggested the possibility that both
lineages were derived from a common
precursor, the hemangioblast. Evidence
supporting existence of such a cell
comes from gene targeting experiments

HPCs
A

Mesoderm Hemangioblast

v
EPCs — " ECs
(Angioblast)

that result in the absence of both line-
ages. In addition to the faci, several
markers (e.g., Flk-1, CD31, CD34, Tie-2)
are expressed in both lineages and
embryonic stem cell technology has
yielded insights for hemangioblast. On
the other hand, a different model of EC
and HC development states that HCs
develop from ECs and, in terms of
hematopoietic clusters of cells that are
attached to the ventral lumenal aspect
of the dorsal aorta, are observed at
10.5 dpc (Garcia-Porrero et al. 1995,
Marshall and Thrasher 2001). Therefore,
it had long been proposed that hema-
topoiesis might originate from a specific
subset of vascular ECs named hemo-
genic ECs. These clusters are observed
from fish to human, regardless of the
species. Especially in mammals, they are
also observed in the omphalomesenteric
artery and umbilical artery as well,
both of which have HSC potentials
(Garcia-Porrero et al. 1995, De Bruijn
et al. 2000). The existence of hemogenic
ECs has already been demonstrated in
the YS as well as in the P-Sp/AGM
region, and several lines of evidence
support the notion that hemogenic ECs
are able to generaie only definitive HCs
(Nishikawa et al. 1998, Sugiyama et al.
2003, Yokomizo et al. 2001). Although
these two terms have been used inter-
changeably, they have distinct mean-
ings. Tt is still unclear whether so-called
hemangioblasts have potentials capable
of differentiating into the other meso-
dermal lineages (i.e., skeletal muscle,
bone, cartilage, and adipose tissue).
Recently, a brachyury+Flk-1+ cell, which
is supposed to be a hemangioblast, was
detected in the posterior primitive streak
in the mouse embryo at 7.5 dpc (Huber
et al. 2004).

Primitive Primitive erythroid cells
Others
Definitive Definitive erythroid cells
HPP-CFC
L id cell
Hemogenic ymphoid cells
HSCs
Others
Non-hemogenic

Figure 2. Simplified schema of hematopoietic differentiation pathway and type of hematopoiesis.
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o Definitive Hematopoiesis in YS

The YS at 8.25 dpc has a potential of
definitive erythropoiesis, in which the
adult type hemoglobin gene is identified
by RT-PCR (Palis et al. 1999). VE-
cadherin+CD45— cells, which are sup-
posed to be ECs, were isolated from the
YS and exhibited lymphoid potential in
vitro and in vivo (Nishikawa et al. 1998,
Fraser et al. 2002). The cells in the YS at
9.5 dpc have the potential of HSCs only
when transplanted into neonate recipi-
ents conditioned by busulfan (Yoder
et al. 1997). The cells in the YS at 8.0
dpc, before the establishment of circu-
lation, have a potential of HSCs ‘only
when coculiured with the AGM-derived
stromal cell line (Matsuoka et al. 2001).
Taken together, this has proved that the
YS has a potential of both waves of
definitive hematopoiesis as mentioned
in the previous section. According to the
avian in vivo study, the YS contributes to
definitive erythropoiesis, but not to lym-
phopoiesis and HSCs (Dieterlen-Lievre
and Le Douarin 1993), suggesting that
we might overestimate the hemato-
poietic potential by an in vitro assay.
Difficult accessibility of mammalian
embryos has made investigators estab-
lish some assay methods io identify the
hematopoietic potential, which does not
reflect the hematopoietic fate. Some in
vitro assay method might enable the
cells to acquire the unexpected potential
that does not reflect the cell fate. To
address this issue, we have designed
experiments with the use of a whole-
embryo culture system that enables us to
manipulate the mouse embryo and follow
the cell fate in vivo. Although the YShas a
potential of definitive hematopoiesis, it
remained unclear that hemogenic ECs in
the Y8 contribute to definitive hemato-
poiesis in vivo in mice. Dil-conjugated
acetylated low-density lipoprotein (Ac-
LDL-Dil), which is incorporated into
ECs and macrophages, was inoculated
into embryos at 10.0 dpc by intracardiac
injection, followed by whole-embryo cul-
ture (Figure 3) (Sugiyama et al. 2003).
One hour after Ac-LDL-Dil inoculation,
Dil staining was found along the entire
endothelial tree. In sections, Dil staining
was observed in the endothelial layer.
The Dil+ cells expressed CD31 and CD34

but not CD45 by flow cytometry, which is

an antigen characteristic for the endothe-
lial lineage. Twelve hours after culture,
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Figure 3. Ac-LDL-Dil inoculation by intracardiac injection. (A) Embryo at 10.0 dpc is dissected
out without damage to the embryos. (B) YS is cut along blood vessels and embryo is bared. (C)
Ac-LDL-Dil was inoculated by intracardiac injection. Arrow shows the glass needle. (Ib-G) Dil
illumination (yellow) detected along blood vessels of whole body 1 hour after Ac-LDIL-Dil
inoculation (D, head part; E, magnified view of D; F, heart part; G, truncal part). (H) FACS
profile of the cells incorporating Ac-LDL-Dil 1 hour after inoculation. After eliminating the
dead cells and macrophages, Dil+ cells were examined. Dil+ cells have an endothelial character

(CD45-CD31+CD34+).

definitive erythropoiesis considered to
be from hemogenic ECs incorporating
Ac-LDL-Dil was identified, although we
could not tell which ECs coniributed this
hematopoiesis, as Ac-LDL-Dil was inocu-
lated inio the whole body of the embryo.
Taken together with the report that the
receptor of erythropoietin, a pivotal cyto-
kine for definitive erythropoiesis, is
expressed in the YS vasculature, suggest-
ing that this definitive erythropoiesis is
generated through ECs in the YS (Lee
et al. 2001), the definitive erythropoiesis
of hemogenic EC origin seems to be
conserved beiween mouse and chicken.
Recently, it has been shown that Tie-2 +
Flk-1dimCD41— cells, which are sup-
posed to be ECs in the YS at 8.25 dpc,
give rise to HCs expressing CD41, an
HC marker, and acquire the potential
of definitive hematopoiesis only when
cocultured with OP9 siromal cell lines,
suggesting the existence of hemogenic
ECs (Li et al. 2005). Although some
groups claim that the YS has no potential
of lymphopoiesis and HSCs, negative
results might be due to the problem
in the assay systems. The potential of

definitive lymphopoiesis and HSCs may
remain inactivated before 10.5 dpc and
specific condition might be required
for the YS to acquire the potentials of
definitive lymphopoiesis and HSCs.

¢ Definitive Hematopoiesis in
P-Sp/AGM Region

A series of studies has demonstrated that
the P-Sp/AGM region has potentials of
lymphopoiesis and HSCs (Cumano
et al. 1996, 2001, Matsuoka et al. 2001,
Medvinsky and Dzierzak 1996). VE-
cadherin+CD45—~ ECs isolated from
the P-Sp/AGM region exhibit lym-
phoid potential like those from the YS
(Nishikawa et al. 1998). Endothelial cells
expressing Runx-1, an essential tran-
scription factor for definitive hemaio-
poiesis in the P-Sp/AGM region, have a
poteniial of adult repopulating HSCs
(North et al. 2002). The first expression
of Ly-6A, one of the earliest genes
expressed in HSCs, is restricted to the
cells inserted into the endothelial layer
in the P-Sp/AGM region (de Bruijn et al.
2002). Although we have shown that
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Figure 4. Characterization of Dil+ cells 12 hours after Ac-LDL-Dil inoculation. (A-E) Twelve
hours afier inoculation, Dil+ hematopoietic clusters were observed in the dorsal aortic floor
(A, phase contrast; D, fluorescence) and in the umbilical artery (B, phase conirast;
E, fluorescence). Arrowheads show the hematopoietic clusters. Dil+ circulating HCs were
observed in the omphalomesenteric artery (C, phase contrast; F, fluorescence). (G,H) The blood
sample of inoculated embryos was examined by flow cytometry. (G) Isotype control. (H) x-Axis,
c-Kit; y-axis, Dil. Sorting gate for c-Kit+Dil+ cells is shown. (I) The morphology of c-Kit+Dil+
cells sorted with the use of the gate shown in (H). (J,K) The Dil+ cells sorted out from the blood
of inoculated embryos were introduced back into the circulation of the second recipient
embryos. (J) Fetal liver lobes of the recipient embryo. Dil+ cells that colonied FL were observed
as yellow color (K). Magnified view of (J). (L,M) Observation by confocal microscopy. The
colonized Dil+ cells were observed as white color.

Ac-LDL incorporating ECs contribute to
definitive erythropoiesis, the HSC poten-
tial remained unclear. To address this
issue, we further characterized the HCs
generated from Ac-LDL incorporating
ECs. Twelve hours after inoculation,
Dil staining was observed in the hema-
topoietic clusters protruding into the
aortic lumen and only a few circulat-
ing cells in addition to endothelial
layer in the P-Sp/AGM region (Figure 4)
(Sugiyama et al. 2005). Similar findings
have already been observed in chicken
embryos (Jaffredo et al. 1998). We sorted
out the Dil+c-Kit+ cells from circulation
by flow cytometry, which revealed two
distinct populations by morphologic
observation: immature HCs/HPCs with
a blastic cell aspect and macrophages
(Figure 4). In addition, the sorted Dil+
cells showed potentials of both neonate
and adult HSCs by transplantation
experiments and could colonize the FL
when introduced back into recipient
embryos (Figure 4) (Sugivama et al.
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2005). Because Ac-LDL-Dil is inoculated
into whole body of embryos, it could not
be identified which hemogenic ECs con-
tributed to the HSCs. Taken together with
the previous reports, hemogenic ECs
incorporating Ac-LDL-Dil in the P-Sp/
AGM region and probably in the YS
contribute to neonate and adult HSCs.

o EC-Derived Definitive
Hematopoiesis

Hemogenic ECs could be detected in
both the YS and P-Sp/AGM region after
9.5 dpc (Nishikawa et al. 1998). Recent-
ly, hematopoietic clusters have been
shown in the YS at 9.5 dpc as well as
in the P-Sp/AGM region (Li et al. 2005,
Yokomizo et al. 2001). The timing of
hemogenic EC emergence is consistent
with the emergence of hematopoietic
clusters in both the YS and P-Sp/AGM
region, suggesting that the hemato-
poietic clusters originate from hemo-
genic ECs (Garcia-Porrero et al. 1995,

Marshall and Thrasher 2001). Although
we showed that both waves of definitive
hematopoiesis are generated by Ac-LDL
incorporating ECs, we could " not deny
the possibility that the other cells might
somehow contribuie to definitive hema-
topoiesis. Recently, subaortic patches
(SAPs) consisting of mesenchymal cells
underlying the dorsal aortic floor have
been shown to have a potential of
definitive hematopoiesis in the P-Sp/
AGM region at 10.5 dpc (Bertrand et al.
2005). Cells found in both the SAPs and
hematopoietic clusters express AA4.1,
CD31, CD41, GATA-3, GATA-2, and
Runx-1, but not CD45. Because mesen-
chymal cells within SAPs express many
of the same markers as HSCs, and also
have definitive hematopoietic potential,
the authors suggested that hemato-
poietic clusters are formed by the cells
from SAPs migrating through the ECs of
the dorsal aorta rather than formed by
hemogenic ECs themselves (Bertrand
et al. 2005, North et al. 2002). However,
electron microscopic observation shows
that hematopoietic clusters attach
strongly to the ECs by tight junction. It
is unlikely that the hematopoietic clus-
ters in the umbilical artery originate
from a non-EC component structurally.

Itis important to remain aware that, as
our understanding of hematopoietic and
vascular development improves, new
facts will require us to reevaluate existing
definitions so that we may adapt them
appropriately. For example, CD45 is a
panleukocyte marker supposed to be ex-
pressed in hematopoietic clusters. How-
ever, the intensity of CD45 expression in

Clusters

EC-layer

SAPs

Figure 5. Model of HSC emergence in the
P-Sp/AGM region. (A) Hematopoietic clusters
are directly generated from SAPs. (B) Hema-
topoietic clusters are generated from SAPs
via ECs as if SAPs were hemogenic endothe-
lial progenitor cells/angioblasts. (C) Both
hematopoietic clusters and SAPs are gener-
ated by hemogenic ECs. (D) Hematopoietic
clusters have migrated from the other sources
via circulation.
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the clusters is very faint in the mouse
embryo (Bertrand et al. 2005). Ac-LDL
only is incorporated into macrophages
and ECs. However, some embryonic cells
might be able to incorporate Ac-LDL ouly
in in vitro culture. A possible model is
shown in Figure 5. Lineage-tracing
experiments and further characterization
of the cell nature will be necessary to
understand the mechanisms how HSC
generation is regulated in the mouse
embryo.

o Concluding Remarks

We expect that these developmental
approaches will enable us to understand
the relationship between ECs and HCs
for future clinical applications.

o Acknowledgments

The authors thank Dr D Church and
Mr J Gaudet for critical reading of this
manuscript, Dr T Yokomizo for helpful
discussion and Sakura Motion Picture
Co, Lid, for helping the artwork. DS is a
recipient of JSPS Postdoctoral Fellow-
ships for Research Abroad.

References

Bertrand JY, Giroux S, Golub R, et al.: 2005.
Characterization of purified intraem-
bryonic hematopoietic stem cells as a tool
to define their site of origin. Proc Natl Acad
Sci U S A 102:134-139.

Cumano A, Dieterlen-Lievre F, Godin I: 1996.
Lymphoid potential, probed before circu-
lation in mouse, is restricted to caudal
intraembryonic splanchnopleura. Cell 86:
907-916.

Cumano A, Ferraz JC, Klaine M, et al.: 2001.
Intracmbryonic, but not yolk sac hemato-
poietic precursors, isolated before circula-

TCM Vol. 16, No. 2, 2006

tion, provide long-term multilineage
reconstitution. Immunity 15:477-485.

De Bruijn MF, Speck NA, Peeters MC, Dzierzak
E: 2000. Definitive hematopoietic stem cells
first develop within the major arterial
regions of the mouse embryo. EMBO J
19:2465-2474.

De Bruijn MF, Ma X, Robin C, et al.: 2002.
Hematopoietic stem cells localize to the
endothelial cell layer in the midgestation
mouse aorta. Immunity 16:673-683.

Dieterlen-Lievre F, Le Douarin NM: 1993,
Developmental rules in the hematopoietic
and immune systems of birds: how general
are they? Semin Dev Biol 4:325-332.

Dzierzak E., Medvinsky A, De Bruijn M:
1998. Qualitative and quantitative aspects
of haematopoietic cell development in the
mammalian embryo. Immunol Today 19:
228-236.

Ferkowicz MJ, Yoder MC: 2005. Blood istand
formation: longstanding observations and

modern interpretations. Exp Hematol 33:
1041-1047.

Fraser ST, Ogawa M, Yu RT, et al.: 2002.
Definitive hematopoietic commitment
within the embryonic vascular endothelial-
cadherin(+) population. Exp Hematol 30:
1070-1078.

Garcia-Porrero JA, Godin IE, Dieterlen-Lievie
F: 1995. Potential intraembryonic hemo-
genic sites at pre-liver stages in the mouse.
Anat Embryol (Berl) 192:425-435.

Huber TL, Kouskoff V, Fehling HJ, et al:
2004. Haemangioblast commitment is ini-
tiated in the primitive sireak of the mouse
embryo. Nature 432:625-630.

Jaffredo T, Gautier R, Eichmann A, Dieter-
len-Lievre F: 1998. Intraaortic hemo-
poietic cells are derived from endothelial
cells during ontogeny. Development 125:
4575-4583.

Lee R, Kertesz N, Joseph 8B, et al.: 2001.
Erythropoietin (Epo) and EpoR éxpression
and 2 waves of erythropoiesis. Blood
98:1408-1415.

Li W, Ferkowicz MJ, Johnson SA, et al.: 2005.
Endothelial cells in the early murine yolk

sac give rise to CD4l-expressing hemato-
poietic cells. Stem Cells Dev 14:44-54.

Marshall CJ, Thrasher AJ: 2001. The embry-
onic origins of human haematopoiesis. Br J
Haematol 112:838-850.

Matsuoka S, Tsuji K, Hisakawa H, et al.: 2001.
Generation of definitive hematopoietic
stem cells from murine early yolk sac and
paraaortic splanchnopleures by aorta-
gonad-mesonephros region-derived stromal
cells. Blood 98:6-12.

Medvinsky A, Dzierzak E: 1996. Definitive
hematopoiesis is autonomously initiated by
the AGM region. Cell 86:897-906.

Mikkola HK, Gekas C, Orkin SH, Dieterlen-
Lievre F: 2005. Placenta as a site for
hematopoietic stem cell development. Exp
Hematol 33:1048-1034. ’

Nishikawa S8I, Nishikawa S, Kawamoto H,
et al.: 1998. In vitro generation of lym-
phohematopoietic cells from endothelial
cells purified from murine embryos.
Immunity 8:761-769.

North TE, De Bruijn MF, Stacy T, et al.: 2002,
Runxl expression marks long-term repo-
pulating hematopoietic stem cells in the
midgestation mouse embryo. Immunity
16:661-672.

Palis J, Robertson S, Kennedy M, et al.: 1999.
Development of erythroid and myeloid
progenitors in the yolk sac and embryo
proper of the mouse. Development 126:
5073-5084.

Sugiyama D, Ogawa M, Hirose I, et al.: 2003,
Erythropoiesis from acetyl LDL incorporat-
ing endothelial cells at the preliver stage.
Blood 101:4733-4738.

Sugiyama D, Arai K, Tsuji K: 2001. Definitive
hematopoiesis from acetyl LDL incorporat-
ing endothelial cells in the mouse embryo.
Stem Celis Dev 14:687-696.

Yoder MC, Hiatt K, Duit P, et al.: 1997,
Characterization of definitive lymphohe-
matopoietic stem cells in the day 9 murine
yolk sac. Immunity 7:335-344.

Yokomizo T, Ogawa M, Osato M, et al.: 2001.
Requirement of Runx1/AMLI1/PEBP2al-
phaB for the generation of haematopoietic
cells from endothelial cells. Genes Cells 6:
13-23.

PII S1050-1738(06)00220-3 TCM

49



F/hi4sE: 19: 175-180, 2005

&

BEaeEPg s DRI L

/NRIMETTZE O 5
b b RSN & o iR & TR

i o — HE
SRR BRI RS AR RS T

Production of Blood Cells from Human Embryonic Stem Cells and Regenerative Medicine

Kohichiro Tsun

Department of Pediatric Hematology-Oncology, The Insiitute of Medical Science, The University of Tokyo

Abstract Embryonic stem (ES) cells are pluripotent cells derived from preimplantation embryos. Since ES cells have
the ability to be maintained in culture indefinitely as undifferentiated cells, yet they are capable of forming more dif-
ferentiated cell types, human ES cells recenily established are expected as a novel source of human transplantable cells.
We plamned to produce hematopoietic stem cells (HSC) for transplantation and functional blood cells for transfusion
from human ES cells. To reconstitute the hematopoietic circumstances of embryos in vitro, we established stromal
cells from embryonic hematopoietic tissues. As expected, blood cells were generated from human ES cells in the
coculture with the mouse embryo-derived stromal cells,. We are now evaluating the function of the blood cells differ-
entiated from human ES cells, and searching for the molecules contributing to the capability of the stromal cells to in-
duce the differentiation of human ES cells to blood cells.
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