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Abstract

Pluripotent stem cells, both embryonic stem cells and induced pluripotent stem cells, are undifferentiated cells that
can self-renew and potentially differentiate into all hematopoietic lineages, such as hematopoietic stem cells (HSCs),
hematopoietic progenitor cells and mature hematopoietic cells in the presence of a suitable culture system.
Establishment of pluripotent stem cells provides a comprehensive model to study early hematopoietic
development and has emerged as a powerful research tool to explore regenerative medicine. Nowadays, HSC
transplantation and hematopoietic cell transfusion have successfully cured some patients, especially in malignant
hematological diseases. Owing to a shortage of donors and a limited number of the cells, hematopoietic cell
induction from pluripotent stem cells has been regarded as an alternative source of HSCs and mature
hematopoietic cells for intended therapeutic purposes. Pluripotent stem cells are therefore extensively utilized to
facilitate better understanding in hematopoietic development by recapitulating embryonic development in vivo, in
which efficient strategies can be easily designed and deployed for the generation of hematopoietic lineages
in vitro. We hereby review the current progress of hematopoietic cell induction from embryonic stem/induced
pluripotent stem cells.
Introduction
Hematopoietic stem cells (HSCs) lay the foundation of
hematopoiesis to generate all functional hematopoietic
lineages, including erythrocytes, leukocytes (neutrophils,
basophils, eosinophils, lymphocytes, monocytes and
macrophages) and platelets [1]. Perturbations in the
hematopoietic system have been reported to cause nu-
merous diseases such as anemia, leukemia, lymphomas
and thrombocytopenia. Currently, HSC transplantation
and hematopoietic cell transfusion are useful treatments
for some hematological diseases, such as thalassemia
and leukemia. However, some conventional sources of
HSCs – such as cord blood, bone marrow and peripheral
blood – are limited in usage, owing to the limited num-
ber of transplantable cells as well as inefficient strategies
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for expanding those cells. Additionally, problems such as
shortage of human leukocyte antigen-matched donors,
adverse effects from graft-versus-host disease, viral con-
tamination and immunoreactions impede the utility of
readily available HSCs. The use of alternative sources for
these cells will therefore be a great advantage for regen-
erative medicine.
Pluripotent stem cells are one of the potential sources

for HSCs and the in vitro model for further elucidating
the regulatory mechanisms underlying embryonic
hematopoietic development. Embryonic stem (ES) cells
are pluripotent cells established from the inner cell mass
of blastocyst-stage embryos, in both mouse and human
[2,3], and are capable of giving rise to three germ layers
after directed differentiation in culture [3,4]. However,
manipulation of human ES cells raises some ethical
issues and immunoreactions. Induced pluripotent stem
(iPS) cell technology has made a groundbreaking discov-
ery to circumvent the problems of ethical and practical
issues in using ES cells [5]. It is of great importance to
develop efficient and controllable induction strategies
to drive hematopoietic differentiation from ES/iPS
cells in culture prior to the realization of pluripotent
cell-derived therapies. To review current progress of
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Figure 1 Schematic representations of hematopoietic development from in vivo and in vitro models. Both human and mouse in vitro
models have been established for hematopoietic differentiation in a defined culture system from embryonic stem (ES) and adult cell-derived
induced pluripotent stem (iPS) cells. For the in vivo model, the mouse inner cell mass undergoes differentiation, later forming the yolk sac, which
generates mesodermal cells and induces hematopoietic stem cells (HSCs), hematopoietic progenitor cells (HPCs) and mature hematopoietic cells
(HCs). Successfully generated HSCs from both in vitro and in vivo models might be applied to HSC transplantation for hematopoietic disorders.
Further differentiation of HSC in a cytokine-defined culture system produces hematopoietic cells for hematopoietic cell transfusion. Thorough
understanding of molecular mechanism on these models will be beneficial for both drug screening as well as the mechanism of
hematopoiesis development.
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differentiation protocol from ES/iPS cells, we first
summarize the knowledge of hematopoietic develop-
ment during early mouse hematopoiesis followed by
the manipulation of ES/iPS cells in hematopoietic cell
induction (Figure 1).

Embryonic hematopoiesis
Studies of hematopoietic development during embryo-
genesis in vivo are important to gain insight into its
underlying mechanisms, whereby accumulated know-
ledge will facilitate the induction of HSCs, hematopoietic
progenitor cells (HPCs) and mature hematopoietic cells
from pluripotent stem cells in culture. In mouse blasto-
cyst, the inner cell mass at 3.5 days post coitum (dpc)
comprises a population of cells – which can give rise to
a derivative of three germ layers (endoderm, mesoderm
and ectoderm) – that eventually develop into both
intraembryonic and extraembryonic tissues as embryo
develops [6]. The hematopoietic system that derives from
the mesodermal germ layer can be classified into two
waves. The first hematopoiesis (primitive hematopoiesis)
begins to develop primitive erythroid and macrophage
progenitors in the yolk sac (YS) blood islands at 7.0 dpc
[7]. Para-aortic splanchnopleural regions that will develop
into aorta–gonad–mesonephros (AGM) already possess
hematopoietic precursors beginning at 8.5 dpc [8]. Before
the establishment of circulation (8.0 dpc), both YS and
para-aortic splanchnopleural-derived mesodermal cells
acquire HSC activity after co-culturing with AGM-
derived stromal cells [9]. After circulation commences,
CD34+c-Kit+ cells derived from both YS and para-aortic
splanchnopleura at 9.0 dpc were able to reconstitute the
hematopoietic system in newborn recipient pups, but not
in adult recipient mice [10]. These findings demonstrate
that both YS and para-aortic splanchnopleura possess HSC
potential that can contribute to definitive hematopoiesis
under a favorable microenvironment.
The first definitive HSCs that can reconstitute the

adult hematopoietic system appear in the AGM region
at 10.5 dpc followed by the YS, placenta and liver, span-
ning from 11.0 to 11.5 dpc [11-13]. YS cells expressing
Runx1 at 7.5 dpc progressed into fetal lymphoid progen-
itors at 16.5 dpc in both fetal liver and thymus as well as
adult HSCs in 9-month-old to 12-month-old mouse
bone marrow [14]. In view of these results, both the YS
and the AGM region contribute to HSC generation.
However the extent of their contribution still remains
unclear. To address this issue, YS–YS chimeric embryos
were generated before blood circulation at 8.25 dpc,
where no B-cell activity was detected, which is relevant
to HSC activity in the early mouse embryo. As the
chimeric embryos develop into 11.0 dpc equivalent in
whole embryo culture, the grafted YS cells contributed
to B-cell activity in the AGM region, but with low fre-
quency [15]. This observation implies that the main
source of HSCs is derived from the AGM region.
In addition to the YS and the AGM region, the pla-

centa is another site for HSC generation. The placenta
exchanges oxygen and nutrient between mother and
fetus, and is formed around 9.0 dpc after fusion of chor-
ion and allantois. A fluorescent-labeled allantois region
at 8.25 dpc could be detected in the hematopoietic
cell cluster after 42 hours of whole embryo culture,
suggesting that allantois alone possesses HSC potential
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and also proposing that the placenta is likely to be an
ixndependent site of HSC generation, regardless of cells
circulating from other hematopoietic organs [16]. Taken
together, the YS, AGM region and placenta contribute to
HSC generation prior to the HSC expansion in the fetal
liver .

Gene and protein markers for mesodermal and
hematopoietic lineages
During early embryonic development, Brachyury that is
indispensable for mesodermal formation expresses tran-
siently [17]. Subsequently tyrosine kinase Flk1 for blood-
island formation and vasculogenesis expresses in
hemangioblasts, which is the common embryonic endo-
thelial and hematopoietic precursor [18].
Transcription factors characterized to be involved in

the hematopoietic lineages are shown below. In the tran-
sition of mesodermal to hematopoietic lineages, Scl is in-
dispensable for the development of all hematopoietic
lineages, in which a homozygous mutant Scl−/− model
showed undetectable hematopoietic lineages in both
in vivo and in vitro studies [19]. Runx1 plays an import-
ant role in governing definitive hematopoiesis but not
primitive hematopoiesis through the observation of blast
colony-forming cells, which are both hematopoietic and
endothelial cell precursors from ES cells and equivalent
of hemangioblast, using a Runx1−/− ES cell culture
model [20]. The GATA family of transcription factors,
especially GATA-1 and GATA-2, are differentially regu-
lated at multiple steps from the early development of
hemangioblast to hematopoietic commitment [21].
Surface markers of hematopoietic lineages are briefly

described. Cells expressing endothelial markers, such as
CD34, PECAM-1 (CD31) and VE-cadherin, are closely
associated with both hematopoietic and endothelial cell
commitment [22]. Expression of CD41 initiates the
primitive and definitive hematopoiesis, whereas HPCs
are highly dependent on c-Kit expression [23]. Addition-
ally, CD34 as a marker for HSCs and CD45 as a marker
for pan-leukocyte and/or maturation of HSCs are uti-
lized respectively [24,25].

Differentiation of embryonic stem/induced
pluripotent stem cells and hematopoietic cell
induction
Mouse ES/iPS cells can be maintained and propagated
indefinitely on a layer of mitotically inactivated mouse
embryonic fibroblasts (MEFs) and/or leukemia inhibitory
factor in culture. On the contrary, human ES cells
achieve an undifferentiated state on a layer of MEFs
and/or basic fibroblast growth factor. After removal of
leukemia inhibitory factor and basic fibroblast growth
factor, these ES cells can differentiate into any kind of
cell depending on appropriate culture conditions. One
of the ultimate goals of in vitro differentiation of ES/iPS
cells is to generate HSCs with the acquisition of long-
term reconstitution capacity.
By recapitulating mouse embryogenesis, in vitro differ-

entiation of ES/iPS cells toward hematopoietic develop-
ment has been technically approached: through formation
of a cystic-like structure that exhibits three germ layers
that are able to generate mesodermal cells (embryoid
body (EB) formation); through feeder cell co-culture that
can provide ES/iPS cells an intimate cell contact with
secreting factor(s) that promote cell proliferation and dif-
ferentiation (feeder cell co-culture); and through an extra-
cellular matrix-coated dish that supports differentiation
of ES/iPS cells (Figure 2).

Embryoid body formation
EBs are three-dimensional cell aggregates formed in sus-
pension culture and they mimic the spatial organization
of the embryo through enhancing cell–cell interactions
to form three germ layers [3,4]. There are a number
of approaches to EB formation, such as methylcellulose
or suspension culture medium either using a bacterial-
grade dish, a methylcellulose-coated plate, a low-adherent
micro-well plate or the hanging drops method. To specif-
ically induce a hematopoietic lineage, single-cell suspen-
sion of EBs are directed into methylcellulose culture
medium that functions to support hematopoietic develop-
ment in the presence of hematopoietic cytokines, such as
stem cell factor (SCF), granulocyte colony-stimulating
factor (CSF), macrophage CSF, granulocyte–macrophage
CSF, erythropoietin (Epo) and interleukins (ILs) such as
IL-1, IL-3, IL-4 and IL-6 [26]. In the absence of cytokines
in culture, EB cells themselves reportedly possess the cap-
ability to secrete proteins having macrophage CSF, IL-3
and Epo activity in order to support the early develop-
ment of erythroid and macrophage precursors [27].
Using mouse ES cells, 75% of blast colonies were gen-

erated from EBs of methylcellulose culture consisting of
bipotential precursors (hematopoietic and endothelial
cells) as blast colony-forming cells at day 2.5, and then
decreased at day 4 (<15%) [28]. In mouse ES cells with
GFP targeted to the Brachyury, EB formation at day 2.5
in suspension culture gave rise to GFP–Flk1–, GFP+Flk1–

and GFP+Flk1+ distinct populations, which are compar-
able with the developmental progression ranging from
pre-mesoderm to pre-hemangioblast mesoderm to the
hemangioblast, respectively [29].
EBs derived from human ES cells formed three em-

bryonic germ layers that can be identified using the
following markers: ζ-globin, neurofilament 68Kd and
α-fetoprotein [30]. By differentiating human ES cells
through EBs at day 3.0 to 4.0, blast colony-forming cells
were generated in liquid culture and expressed FLK1,
BRACHYURY and SCL genes [31]. Differentiation of
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Figure 2 Schematic representations of induction systems and criteria for successful hematopoietic development. Both mouse and
human embryonic stem (ES)/induced pluripotent stem (iPS) cells can be differentiated into hematopoietic cells (HCs) from mesodermal cells with
three approaches: embryoid body formation, feeder cell co-culture and extracellular matrix-coated culture. Hematopoietic stem cells and
differentiated HCs must be tested and screened both in vitro and in vivo before being applied to patients.
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human iPS cells throughout a 21-day EB formation dem-
onstrated a sequential gene expression from
BRACHYURY (mesoderm) to GATA-2 and SCL
(hematopoietic commitment), followed by the emergence
of CD34+CD45+ cells that denote hematopoietic lineages
[32].
To improve the efficiency of EB formation using human

ES cells, the modified spin-EB technique has been devel-
oped – in which a defined number of human ES cells are
aggregated by centrifugation in low-attachment 96-well
plates, and which could reproduce the hematopoietic
differentiation potential with more than 90% of the wells
able to form hematopoietic cells. This spin-EB method
efficiently accelerates hematopoietic differentiation and
approximately 500 hematopoietic progenitors are induced
from single ES cells [33]. Human iPS cells also differenti-
ate into hematopoietic cells by the spin-EB method.
CD34+ cells derived from them are CD45+ (27 to 64%)
and CD43+ (36 to 60%) after 13 to 17 days of culture [34].

Feeder cell co-culture
Co-culture is a method of culturing a layer of feeder
cells together with ES/iPS cells to give support to the
growing cells (germ layer cells) towards development of
hematopoietic lineages in appropriate culture medium.
A well-known feeder cell layer, OP9 stromal cells are de-
rived from newborn bone marrow of the mouse calvaria
model, which reveals osteopetrosis due to lack of macro-
phage CSF [35]. In addition to OP9 co-cultures, stromal
cells from the AGM region can be used to support
hematopoiesis of both mouse and human ES cells in the
culture system, suggesting that factors such as cytokines
are secreted to regulate the early stem cell development
and hematopoietic differentiation in vitro [36].
In mouse ES cells, the use of OP9 stromal cells could
promote lymphohematopoietic differentiation by minim-
izing preferential differentiation towards monocyte–
macrophage lineages [37]. AGM stromal cell co-cultures
with mouse ES cells could induce CD45+ hematopoietic
cells, including cell differentiation from both Mac-1+

myeloid cells and B220+ B cells, suggesting that AGM
stromal cell lines support hematopoietic differentiation.
To improve the efficiency of hematopoietic differenti-
ation, a two-step co-culture system was designed, first
by co-culturing of mouse ES cells with OP9 cells
followed by AGM stromal cells at defined time points.
Approximately 90.6% of CD45+ hematopoietic cells
(23.6% in the OP9 system), 87% of Mac-1+ cells (16% in
the OP9 system) and 19.1% of c-Kit+ cells (43% in the
OP9 system) could be detected using this system [36].
Using a colony-forming assay, Krassowska and col-
leagues showed that ES cell-derived mesodermal cells
could stimulate HPC production with 3.5-fold efficiency
in primary AGM region co-cultures as compared with
those derived from feeder-free culture. They also co-
cultured differentiating ES cells on the dorsal aorta and
mesenchyme-derived, urogenital ridge-derived and fetal
liver-derived stromal cell lines that had previously been
reported to support BM-derived HSCs [38]. The time-
course of ES/iPS cell differentiation towards hematopoietic
cells does not synchronize with regular hematopoietic
differentiation, implying that hematopoietic differentiation
does not occur via HSCs. In OP9 cell co-culture, mouse
iPS cells initially formed Brachyury-expressing mesodermal
cells and later co-cultured again onto fresh OP9 cells
supplemented with hematopoietic cocktails were induced
to form hematopoietic lineages, including erythroid and
myeloid lineage cells but not lymphoid lineage cells [39].
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Human ES/iPS cells co-cultured with OP9 cells gener-
ated HPCs defined by CD34+CD43+ expression and eval-
uated by the clonogenic progenitor cell assay [40]. Using
a co-culture system with mouse fetal liver-derived stro-
mal cells, human ES cells could generate the erythroid
progenitors as determined by colony-forming cells,
followed by enucleated erythrocytes with oxygen-carrying
capacity [41]. To examine the properties among stromal
cells, primary cells and cell lines derived from the mouse
AGM region and fetal liver were compared in supporting
hematopoietic differentiation from human ES cells. Eight-
een days after co-culturing, primary cells derived from
the AGM region exhibited the highest number of both
CD34+ and CD45+ cells among the cells, suggesting that
cell lines probably lose their ability to support during the
passages [42].

Extracellular matrix-coated dish
Dishes coated with extracellular matrixes, such as colla-
gen and fibronectin, are used as monolayer cultures to
differentiate ES/iPS cells. In mouse ES cells, the use of
collagen IV-coated dishes directs the generation of E-
cadherin–Flk1+VE-cadherin–-expressing mesodermal cells
and further accelerate differentiation into hemangioblast
(VE-cadherin+Flk1+CD45–), HPCs (c-Kit+CD45+) and ma-
ture hematopoietic cells (c-Kit–CD45+ or Ter119+) [43].
In human ES/iPS cells, matrixes such as human

fibronectin, human collagen IV and mouse collagen
IV are utilized to generate hematopoietic progenitors
(CD43+CD34+), which could give rise to several lineages
of differentiated blood cells including erythroid cells
(CD71+CD235a+), megakaryocytes (CD41a+CD42b+),
neutrophils (CD15+CD66b+), macrophages (CD14+CD68+)
and dendritic cells (HLA-DR+CD1a+) phenotypically [44].
Human ES/iPS cells could differentiate into mesodermal
cells in the presence of the major matrix components such
as laminin, collagen I, entactin and heparin-sulfate proteo-
glycan as well as growth factors and several other un-
defined compounds. These mesodermal cells were able
to induce hematopoietic cells after substitution with
hematopoietic cocktail culture medium [45].
These studies suggested that monolayer culture system

could commit hematopoietic potential in differentiating
ES/iPS cells. Combination of this system with xenogeneic-
free culture has been widely considered a more suitable
approach for future clinical applications.

Embryonic stem/induced pluripotent stem
cell-derived hematopoietic lineages
As mechanisms of hematopoietic development in both
mouse and human are being established, manipulation
of ES/iPS cells for hematopoietic differentiation is also
improving. ES/iPS cells possess embryonic natures and are
likely to be differentiated into primitive hematopoietic cells.
Exogenous cytokines, feeder cells and extracellular matrix-
coated dishes enable ES/iPS cells to differentiate into
definitive hematopoietic cells in addition to primitive types.
In the following section, induction of hematopoietic cell
types from both mouse and human ES/iPS cells is
described (Figure 3).

Hematopoietic stem cells and hematopoietic progenitor
cells
HSCs are the cells that possess self-renewing capacity to
maintain the stem cell pool and multipotency to differ-
entiate into all lineages of mature hematopoietic cells,
while HPCs do not self-renew and their differentiation
capacity is limited only to certain types of cells. HSCs/
HPCs can be defined by the surface marker expressions,
which enables us to investigate the molecular mecha-
nisms underlying HSC/HPC development. Mouse-
derived HSCs/HPCs are commonly defined by lineage
marker (Lin–, a cocktail of lineage markers including
B220, Ter119, Mac-1, Gr-1, CD3, CD4 and CD8), stem
cell antigen (Sca-1+, a putative marker of stem and pro-
genitor cells) [46], c-Kit+ (a receptor for SCF) [47],
CD34low [48] and Tie-2+ (a tyrosine kinase receptor
expressed in endothelial and hematopoietic cells) [49].
However, unlike in mouse, CD34 is the representative
marker for human HSCs [50].
In mouse ES cells, after co-culturing them with the

bone marrow stromal cell line with a combination of IL-
3, IL-6, fetal calf serum and cell-free supernatants of
fetal liver stromal cell line culture, the PgP-1+ (CD44,
phagocytic glycoprotein-1) Lin– cells (B220–Mac-1–

JORO75–Ter119– (JORO75 is a marker of T-cell pro-
genitors)) are generated and transplanted to repopulate
the lymphoid, myeloid and erythroid lineages of primary
adult irradiated mice 15 to 18 weeks post-
transplantation. The PgP-1+Lin– cells also possess self-
renewal potential as examined in secondary adult irradi-
ated mice after 16 to 20 weeks post-transplantation [51].
Primitive HPCs were generated from EB-derived

mouse ES cells and injected into lethally irradiated adult
mice to reconstitute the hematopoiesis system, showing
a survival rate of more than 3 weeks and subsequently
lymphoid and myeloid engraftment from CD45+ ES-
derived cells was detected 12 weeks post-transplantation
[52]. Another group demonstrated the acquisition of
long-term multilineage capacity in lethally irradiated
mice after injection with c-Kit+CD45+ HSCs, which was
derived from mouse ES cells in methylcellulose culture
supplemented with SCF, IL-3, IL-6 and fetal bovine
serum [53]. However, the reproducibility of these results
still remains elusive, suggesting that those successful at-
tempts were highly dependent on the individual culture
condition setup as well as the cellular phenotype of
HSCs/HPCs that are being investigated.
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Figure 3 Schematic representations of each hematopoietic cell lineage with respect to their applications and disease-treatment
potentials. After pre-hematopoietic stem cells (HSCs) commit to mature HSCs, multipotent progenitor (MPP) cells are generated with the
potential to further differentiate into two major lineages: common myeloid progenitor (CMP) and common lymphoid progenitor (CLP). In
myeloid lineage, CMP will further divide into megakaryocyte–erythroid progenitor (MEP) and granulocyte/monocyte progenitor (GMP), finally
committing to mature blood cells comprising of erythrocytes, megakaryocyte → platelets, monocyte → macrophages and granulocytes
(neutrophils, eosinophils, basophils). In lymphoid lineage, CLP will further differentiate into B-cell and T-cell and natural killer (NK) cell progenitors,
with a final commitment to mature B cells, T cells and NK cells. Each lineage serves as a powerful regenerative tool, including treatment for
hemoglobinopathies (anemia, thalassemia), thrombocytopenia, leukocyte and immunodeficient-related diseases. This model might also clarify the
molecular mechanism behind certain disorders, for example atherosclerotic lesions.
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In addition, ectopic expression of certain genes into
ES/iPS cells has been used to induce development of
HSCs/HPCs in an in vitro system. HoxB4 (a homeobox
transcription factor) was retrovirus-transduced into EB-
derived mouse ES cells followed by co-cultures in OP9
stromal cells to induce hematopoietic development. This
has resulted in a population of definitive HSCs that
could repopulate lymphoid and myeloid cell lineages in
both primary and secondary transplanted irradiated
adult mice [54]. On the other hand, Wang’s group
exploited the fact that ectopic expression of Cdx4 (a
family of caudal-related homeobox-containing transcrip-
tion factors) in mouse ES cells induced mesodermal spe-
cification together with increased HPC production. With
this notion, they also observed the synergistic effect of
HoxB4 and Cdx4 on HPC production after EB-derived
ES cells grown on OP9 stromal cells, and those cultured
cells could support the engraftment of all hematopoietic
lineages in irradiated adult mice [55]. EB-derived mouse
ES cells are able to generate c-Kit+CD41+CD45– cells
without HoxB4 regulation, but their ability to reconsti-
tute adult hematopoiesis is only seen after those cells
undergo maturation in OP9 co-cultures in the presence
of HoxB4, which was measured by total chimerism
16 weeks post-transplantation of fractionated co-
cultured cells, such as CD41+ cells, c-Kit+ cells, CD34+
cells and CD45– cells [56], suggesting that HoxB4 prob-
ably regulates HSC maturation through upregulating the
CD34 surface marker expression.
Although the production of HSCs/HPCs is possible

using a HoxB4-expressing approach, problems such as
an inhibitory effect on lymphoid cell differentiation due
to long-term constitutive HoxB4 expression [54] as well
as the risk of leukemogenesis in dogs and monkeys after
transducing with HOXB4-expressing retroviral vector
[57] have been reported. To alleviate these adverse ef-
fects, EB-derived CD41+c-Kit+ cells derived from ES/iPS
cells were transduced with adenoviral vector of human
HOXB4 and then co-cultured on OP9 stromal cells
together with hematopoietic cytokines (SCF, fms-
like tyrosine kinase 3 receptor ligand (Flt-3 ligand),
thrombopoietin, IL-3 and IL-6) and fetal bovine serum.
Although human HOXB4 expression was transiently
expressed (expression level decreased 6 days post-
transduction), those transduced CD41+c-Kit+ cells could
proliferate up to 20 days with traceable CD45+, CD41+

and Sca-1+, indicating the existence of immature
hematopoietic cells with hematopoietic differentiation
potential in a colony-forming assay [58]. However,
whether these HPCs possess in vivo repopulation cap-
acity remains an ongoing experiment. Nevertheless, with
the use of iPS cell technologies, the humanized sickle
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cell anemic mouse has been successfully treated with the
injection of HoxB4-induced mouse iPS cells (from tail
tip fibroblast of this mouse), whereby the human sickle
globin gene has been corrected through gene-specific
targeting beforehand [59]. This finding suggests a valu-
able tool to approach human gene therapy.
In humans, ES cell-derived hematopoietic cells are

engrafted successfully by direct femoral injection but not
intravenous transplant (due to cell aggregation in re-
sponse to rodent serum), enforce expression of HOXB4
in human ES-derived hematopoietic cells, but confer
no effect in promoting repopulation capacity [60],
suggesting that different mechanisms control HSC regu-
lation between human and mouse ES cells. After human
ES cell co-cultures with mouse fetal liver stromal
cells, the derivation of multipotential HPCs from the
cobblestone-like CD34+ cell populations displayed
hematopoietic potential in a colony-forming assay [61];
however, the reconstitution capacity remains uninvesti-
gated. On the other hand, Ji and colleagues used an
OP9 stromal cell co-culture with human ES cells; al-
though they found that OP9 stromal cells could prevent
CD45+CD34+ HPCs from apoptosis, those HPCs failed
to engraft both adult and newborn NOD/SCID mice
[62], suggesting that this model did not improve the re-
populating capacity in HPCs, unlike in the mouse model.
In OP9-free and serum-free culture conditions, ES/iPS
cell differentiation on extracellular matrix-coated dishes
could cultivate HSCs/HPCs, defined as CD34+CD45+

cells that could support myeloid, erythroid and megakar-
yocyte cell lineages in the presence of respective
hematopoietic cytokines [45]. As an effort to overcome
the shortage of HSC/HPC sources for transplantation,
several attempts in generating them from ES/iPS cells
have been reported; however, some of their in vivo recon-
stitution capacity still remains to be determined.

Mature hematopoietic cells
In this section, we review the current progress in
lineage-restricted mature hematopoietic cells of pluripo-
tent stem cell differentiation in culture.

Erythrocytes
Erythrocytes are differentiated sequentially from HSCs,
BFU-E, CFU-E (erythroid progenitors) and later into
erythroblasts and reticulocytes (immature erythrocytes)
through a process known as erythropoiesis. Erythropoi-
esis involves a multistep regulation of cytokines such
as Epo.
After EB formation of mouse ES cells, erythroid cells

expressing βH1 globin, βmajor globin and Gata1 are
generated in the presence of Epo and SCF in methylcel-
lulose culture medium [63]. Co-culture of ES cells with
OP9 stromal cells in the presence of Epo and IL-3 could
generate erythroid cells that are characterized by Ter119
(glycophorin A-associated protein) [64]. By co-culturing
of mouse iPS cells with OP9 stromal cells, c-Kit+CD41+

HPCs were generated and transplanted into sickle cell
anemia mice in which the anemic status was amelio-
rated, suggesting that HPCs derived from iPS cells differ-
entiated into erythrocytes in vivo [59].
Human ES-derived erythrocytes principally express

CD235a (glycophorin A) and both embryonic and fetal
globins such as ξ-globin and γ-globin by EB formation
and extracellular matrix culture [65]. Continuous co-
culture of human ES cells with fetal liver-derived stro-
mal cells enables the induction of adult type β-globin,
while suppressing ξ-globin expression [41]. On the other
hand, Olivier and colleagues reported a three-step cul-
ture system to obtain large-scale production of erythroid
cells, in which they co-cultured human ES cells with
immortalized human liver cells, followed by culture of
CD34+ cells with cytokines, and subsequently co-culturing
with mouse bone marrow stromal cells. Consequently,
ES-derived CD34+ cells could amplify the erythroid cells
efficiently (5,000-fold to 10,000-fold in number), which are
hemoglobinized and expressed embryonic-globin and fetal-
globin, but not β-globin [66].
In human iPS cells, EB-derived CD34+CD45+ HPCs

established from patients with polycythemia vera could pro-
duce both CFU-E and CD235a+CD45– erythroid lineage
cells in the presence of SCF, IL-3 and Epo [34]. Both human
embryonic and fetal mesenchymal-reprogrammed iPS
cells recapitulate early human erythropoiesis that are char-
acterized by embryonic (ζ2ε2 and α2ε2) and fetal (α2γ2)
hemoglobin, by co-culturing iPS cells with human fetal
liver-derived feeder layer, followed by liquid culture in the
presence of IL-3, SCF, Epo, bone morphogenic protein 4
and insulin-like growth factor-1 [67].

Granulocytes
Granulocytes can be classified into neutrophils, baso-
phils and eosinophils, which are differentiated from
HPCs. Granulocyte differentiation antigen 1 (Gr-1) is
commonly used as a marker for granulocytes. Both
CD15 and CD11b are neutrophil and monocyte markers
while CD16 is the mature neutrophil marker.
In mouse, Gr-1+ neutrophils are generated from EB-

derived ES cells and after 4 to 20 days co-culture with
OP9 cells in the presence of granulocyte CSF, granulo-
cyte–macrophage CSF and IL-6. These neutrophils com-
prise granules of lactoferrin and gelatinase, and exhibit
chemotactic responses and superoxide production [68].
In human ES cells, neutrophils expressing CD15+,

CD11b+ and CD16+ exhibiting equivalent phenotype to
those in peripheral blood are produced from the EBs
after culture in OP9 cells with SCF, Flt-3 ligand, IL-6,
IL-6 receptor, thrombopoietin, IL-3 and subsequently
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with granulocyte CSF, and exhibited oxidative burst
function and phagocytic activity in vitro [69]. Culture of
human iPS cells established from bone marrow mesen-
chymal stem cells (from a patient with X-linked chronic
granulomatous disease) on OP9 stromal cells produced
oxidase-deficient neutrophils. They were also successful
in rescuing oxidase deficiency by gene modification using
zinc finger nuclease-mediated safe harbor targeting [70].
This finding demonstrated that precise gene targeting
might be applied to correct a disease-causing mutation in
patient iPS cells.

Lymphocytes
Several kind of lymphocytes play important roles in
regulating immune response, such as T lymphocytes/T
cells (CD3, CD4, CD8), B lymphocytes/B cells (CD10,
CD19) and natural killer cells (CD56, CD94), which can
be stimulated from mouse and human pluripotent stem
cells.
In mice, mature CD8+ T cells expressing γδ and αβ

T-cell receptors were generated from ES cells after
co-culture on OP9-expressing Notch ligand, delta like 1
(OP9-DL1). Additionally, T-cell progenitors generated
after stimulation by Flt-3 ligand and IL-7 were capable
of reconstituting the T-cell compartments in sublethally
irradiated Rag2−/− mice [71]. OP9-DL1 co-cultures with
both iPS cell lines derived from murine splenic B cells
and MEF also resulted in T-cell development with trace-
able CD44 and CD24 in addition to CD4 and CD8
markers, but are not committed to the CD19+ B-cell
lineage in the presence of Flt-3 ligand and IL-7 [72]. In
the presence of Flt-3 ligand, IL-15, IL-6, IL-7 and SCF,
co-cultures of mouse ES cells with OP9 stromal cells
generated natural killer cells with CD94/NKG2 receptors
to combat certain tumor cell lines and major histocom-
patibility complex (MHC) class I-deficient lymphoblasts
[73].
Co-culturing of human ES cells with OP9 cells in-

duced CD34highCD43low cells, and subsequent culture of
CD34highCD43low cells in OP9-DL1 cells in the presence
of Flt-3 ligand, IL-7 and SCF generate functional T cells
that have a response to phytohemagglutinin stimulation
[74]. After 10-day co-cultures of OP9 stromal cells with
iPS cells derived from adult human dermal fibroblasts,
CD34+ cells were harvested and subsequently co-
cultured on MS-5 stromal cells for another 21 days in
the presence of SCF, Flt-3 ligand, IL-7 and IL-3, which
were then capable of generating CD45+CD19+CD10+

pre-B cells [75]. Additionally, using human pluripotent
stem cells, Ni and colleagues demonstrated that the gen-
eration of CD45+CD56+ and CD117–CD94+ natural
killer cells can inhibit HIV-1 infection [76], a possible
potential to treat immunologic diseases in humans.
Monocytes and macrophages
Macrophages are differentiated from monocytes and
function to regulate both innate and adaptive immunity
to combat foreign particles including pathogens by
stimulating the response of immune cells, such as lym-
phocytes. The putative surface markers for macrophages
are CD11b (Mac-1), CD14 (ligand receptor of lipopoly-
saccharide), CD115 (colony-stimulating factor 1 recep-
tor) and F4/80 (a highly glycosylated proteoglycan
extracellular antigen).
In mice, after EB formation of CCEG2 and D3 ES cell

lines, the generated HPCs drive the development of
macrophage that expresses F4/80 marker in the presence
of Epo, IL-1, IL-3 and macrophage CSF [27]. From bone
marrow-derived iPS cells, macrophages were generated
after co-culture with OP9 stromal cells and further in-
duced differentiation in the presence of fetal calf serum
and macrophage CSF. These iPS-derived macrophages
showed similar expression of F4/80 and CD11b surface
markers and phagocytic capacity with those bone
marrow-derived macrophages [77].
In humans, co-culture of ES cells with S17 cells, a

mouse bone marrow-derived stromal cell, were able to
generate CD15-expressing macrophage progenitor cells
[78]. After differentiating human ES cells by EB forma-
tion, monocytes and macrophages were induced in cul-
ture medium containing macrophage CSF and IL-3 [79].
EB formation of bone marrow mesenchymal stem cell-
reprogrammed iPS cells reportedly produce monocyte–
macrophage lineage cells after stimulation with cytokine
cocktails including macrophage CSF and RANKL,
evidenced by surface marker expression such as CD14,
CD18, CD11b and CD115 [80].

Megakaryocytes and platelets
Platelets are particles fragmented from megakaryocytes
that function in modulating hemostasis and vascular
repair through cell aggregation and adhesion. CD41, also
known as αIIb integrin, is reportedly expressed on mega-
karyocytes and platelets. This is a platelet glycoprotein
relating to a complex of receptors such as fibronectin,
fibrinogen, von Willebrand factor and thrombin that
regulate platelet aggregation and attachment to extracel-
lular matrix.
In mice, ES-derived megakaryocytes were formed after

OP9 stromal cell co-cultures with thrombopoietin [81].
The proplatelets, which fragment into blood platelets,
were developed from ES cells with integrin αIIbβ3-medi-
ated signaling after OP9 stromal cell co-cultures
followed by supplementation of thrombopoietin, IL-6
and IL-11 [82].
In humans, CD41+ megakaryocyte progenitors were

generated after co-culturing the ES cells with S17 cells
[78]. CD41a+/CD42b+ megakaryocyte lineage cells could
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be generated from human ES cells after co-cultures with
OP9 stromal cells [83]. Platelets were induced from cell
populations that expressed CD34, VE-cadherin, CD31,
CD41a and CD45 surface antigen markers from both
human ES cells and adult fibroblast-derived iPS cells
after OP9 co-cultures [78].

Variation of hematopoietic differentiation in
embryonic stem/induced pluripotent stem cells
In hematopoietic differentiation from mouse ES cells,
CCE and D3 cell lines have been frequently used due to
their high capability for hematopoietic differentiation,
suggesting variation of hematopoietic potential among
ES cell lines [37,39,43]. Previously, our group compared
the differentiation potential of iPS cells derived from
MEFs and adult somatic cells (hepatocytes and gastric
epithelial cells). Among them, we found that MEF-
derived iPS cells were more efficient in generating Flk1-
expressing mesodermal cells and hematopoietic cells
compared with adult-derived iPS cells [84]. In addition,
we observed that each iPS cell line exhibits different
mesodermal and hematopoietic potentials, although
those iPS cell lines are derived from the same origin of
tail tip fibroblasts [85]. Other groups also demonstrated
that variation of mesodermal and hematopoietic poten-
tial is observed among mouse iPS cell lines depending
on the origins of the cells [39,86].
In humans, hematopoietic potential was examined in

several ES and iPS cells. In vitro differentiation capabil-
ities of myeloid and erythroid cells are not identical
among human ES and iPS cells based on surface marker
expression of CD45 (myeloid) and CD235 (erythroid) by
flow cytometry [45,87]. Concerning the HPC potential,
variation of HPC generation was observed based on
CD34 expression by flow cytometry and in vitro colony
formation by culture [45,67]. Taken together, such vari-
ation should be considered in hematopoietic differenti-
ation for clinical purpose.

Conclusion
For clinical use of hematopoietic cells derived from
ES/iPS cells, benefits and risks for patients should
be considered. For transplantation and transfusion of
hematopoietic cells, infections, rejection and donor risks
have been addressed. Although ES/iPS technology
potentially improves these issues, other problems such
as cost of the products, efficiency of hematopoietic
differentiation and quality of differentiated cells emerge
as research progresses. Recently, the reprogramming
capacity of hematopoietic cells at different stages of
differentiation was compared, and HSCs/HPCs could be
reprogrammed into iPS cells more frequently than ma-
ture lymphoid and myeloid cells [88]. Taken together
with the variation of hematopoietic potential among iPS
cells, it will be necessary to choose appropriate cells for
reprogramming and to standardize the methods in iPS
cell generation and differentiation for future regenerative
medicine.
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