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Abstract
Hematopoiesis in vertebrate embryos occurs in temporally and spatially overlapping waves in close proximity to blood vas-
cular endothelial cells. Initially, yolk sac hematopoiesis produces primitive erythrocytes, megakaryocytes, and macrophages. 
Thereafter, sequential waves of definitive hematopoiesis arise from yolk sac and intraembryonic hemogenic endothelia 
through an endothelial-to-hematopoietic transition (EHT). During EHT, the endothelial and hematopoietic transcriptional 
programs are tightly co-regulated to orchestrate a shift in cell identity. In the yolk sac, EHT generates erythro-myeloid 
progenitors, which upon migration to the liver differentiate into fetal blood cells, including erythrocytes and tissue-resident 
macrophages. In the dorsal aorta, EHT produces hematopoietic stem cells, which engraft the fetal liver and then the bone 
marrow to sustain adult hematopoiesis. Recent studies have defined the relationship between the developing vascular and 
hematopoietic systems in animal models, including molecular mechanisms that drive the hemato-endothelial transcription 
program for EHT. Moreover, human pluripotent stem cells have enabled modeling of fetal human hematopoiesis and have 
begun to generate cell types of clinical interest for regenerative medicine.
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Abbreviations
AGM  Aorta-gonad-mesonephros
DA  Dorsal aorta
FL  Fetal liver
E  Embryonic day
EHT  Endothelial-to-hematopoietic transition
EMPs  Erythro-myeloid progenitors
Ery  Erythrocyte
Gr  Granulocyte
ICM  Inner cell mass
IVF  In vitro fertilization
hPSC  Human pluripotent stem cell
HSC  Hematopoietic stem cells
LMP  Lympho-myeloid progenitors
Mk  Megakaryocyte
MΦ  Macrophage
p-Ery  Primitive erythrocyte
p-Mk  Primitive megakaryocyte

p-MΦ  Primitive macrophage
YS  Yolk sac

Introduction

Early in vertebrate development, mesodermal cells produce 
a wide range of specialized cell types, including the first 
vascular endothelial and blood cells as a prerequisite for 
embryo growth and organogenesis [1]. Work carried out 
in chicken, fish, and amphibian embryos provided initial 
information on the mesodermal production of both endothe-
lial and blood cells [2]. Thereafter, the mouse embryo has 
become the organism of choice to model the connection 
between blood vessel growth and hematopoiesis in mammals 
[2]. Collectively, these animal studies have shown that the 
basic principles governing early hematopoietic development 
are largely conserved across vertebrate classes, with only a 
few exceptions, and therefore provided significant progress 
towards the ultimate aim of understanding mechanisms that 
drive human hemato-vascular development [2]. Here, we 
provide a comprehensive view of current knowledge on 
hemato-vascular connections, including recent findings from 
studies that have employed genetic lineage tracing, stem cell 
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culture, or single cell transcriptomics to study hematopoie-
sis. We also compare cellular and molecular mechanisms 
relevant for hemato-vascular origins in mouse and human 
embryos, highlighting both major similarities and known 
differences. Further, we will discuss how culture systems 
based on human pluripotent stem cells can be used both to 
model human hematopoietic development and to generate 
blood cells of clinical interest.

Ontogeny of the hematopoietic system

  Early studies identified two hematopoietic waves in the 
mammalian embryo: an early extra-embryonic wave in the 
yolk sac that produces transient blood cells and was termed 
primitive, and an intraembryonic wave that generates hemat-
opoietic stem cells (HSCs) termed definitive. Subsequently, 
the yolk sac was shown to also produce hematopoietic cells 
that seed the embryo and persist into fetal and, to some 
extent, adult life [2]. For this reason, a model of three hemat-
opoietic waves (Fig. 1) is now widely accepted: (1) primitive 
hematopoiesis, which takes place in the yolk sac and pro-
duces short-lived blood cells; (2) pro-definitive hematopoie-
sis, which originates in the yolk sac but produces hematopoi-
etic progenitors that seed the embryo to contribute blood 
cells until birth; (3) definitive hematopoiesis, which origi-
nates in the embryo and produces HSCs that initially seed 
the fetal liver and thereafter permanently colonize the bone 
marrow to support adult hematopoiesis. All three waves are 
spatiotemporally connected to blood vascular development.

Primitive hematopoiesis

The first wave of blood cell production begins when vas-
cular and hematopoietic cells differentiate from mesoder-
mal progenitors and progressively organize themselves into 
blood islands in the extra-embryonic yolk sac. This process 
occurs in the mouse from embryonic day (E) 7.0 onwards, 
equivalent to the second to third week of human gestation 
[3] (Fig. 1).

Ex vivo differentiation assays suggested that mouse 
E7.0 blood islands contain a pool of bipotent progenitors 
for primitive erythrocytes and megakaryocytes as well as 
unipotent progenitors that differentiate into primitive mac-
rophages [4]. In the mouse yolk sac in vivo, erythrocytes are 
already observed at E7.0, whereas macrophages are detected 
only from E9.0 onwards [5] (Fig. 1). These primitive mac-
rophages arise from their progenitors without a monocyte 
intermediate [6] and either stay in the yolk sac or invade 
the embryo proper to give rise to the first tissue-resident 
macrophages, including microglia in the brain [7, 8] (Fig. 1). 
In contrast to their adult equivalents, primitive erythrocytes 
are nucleated and express embryonic-specific hemoglobin 

(composed in mouse of α-chains encoded by Hba-x and 
β-chains encoded by Hbb-y) [9, 10]. The term ‘early erythro-
myeloid progenitors’ has been used in some publications to 
refer to primitive hematopoietic progenitors. However, we 
will not adopt this nomenclature here, as there is no direct 
evidence for a homogenous cell population that arises from 
mesoderm and gives rise to progenitors with dual erythroid 
and myeloid potential.

Due to ethical and technical challenges, limited knowl-
edge is available about early hematopoiesis in the human 
embryo. Nevertheless, it has been shown that the human 
yolk sac at 2–3 weeks post conception also contains nucle-
ated erythrocytes that express embryonic hemoglobins 
(with α-chains encoded by HBZ and β-chains encoded by 
HBE1), as well as some megakaryocytes and macrophages 
[11–13]. Moreover, the differentiation of human pluripotent 
stem cells allows the production of primitive erythrocytes 
and macrophages in vitro, implying that human primitive 
hematopoiesis follows similar principles as those described 
for the mouse [14–16].

Pro‑definitive hematopoiesis

The second, pro-definitive wave of hematopoiesis arises in 
the yolk sac vasculature from a subset of endothelial cells 
termed hemogenic endothelial cells (Fig. 1). These cells 
undergo an endothelial-to-hematopoietic transition (EHT), 
whereby a change in cellular identity causes hematopoi-
etic progenitors to bud off the endothelium as clusters of 
round cells [17, 18]. This hematopoietic wave is sometimes 
referred to as ‘transient definitive,’ because it generates 
multipotent progenitors that can only reconstitute hemat-
opoiesis transiently after transplantation into a bone marrow-
ablated adult mouse.

In the mouse, pro-definitive hematopoiesis begins at 
E8.25 to produce bone fide erythro-myeloid progenitors 
(EMPs) with a dual erythroid and myeloid fate [19, 20] 
(Fig. 1). With the establishment of the blood circulation 
by E10.5, EMPs are transported out of the yolk sac and 
start colonizing the fetal liver, from where they sustain 
hematopoiesis until birth. In the liver, EMPs differentiate 
into multiple types of blood cells, including megakaryo-
cytes, enucleated erythrocytes with fetal-type hemoglobin 
β-chains (Hbb-bh1 in the mouse and HBG1 and HBG2 in 
humans) [9, 10], and monocytes that infiltrate other organs 
via the circulation to generate tissue-resident macrophages 
[5] (Fig. 1). From E12.5 onwards, these monocyte-derived 
macrophages gradually replace those produced during the 
primitive wave, and EMP-derived macrophages are now 
thought to constitute the majority of tissue-resident mac-
rophages found at birth [19–22] (Fig. 1). The brain is an 
exception, because microglia of primitive macrophage ori-
gin are retained in this organ as a stable and self-renewing 
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population, possibly protected by the blood–brain barrier 
from replacement with later-born, monocyte-derived mac-
rophages [5, 7, 8] (Fig. 1). Furthermore, EMPs generate 
granulocytes, a cell type that is not produced during primi-
tive hematopoiesis [23] (Fig. 1).

In the mouse yolk sac from E9.5 onwards, pro-definitive 
hematopoiesis also produces lymphoid-restricted progeni-
tors and multilineage lympho-myeloid progenitors [24]. 
Like EMPs, these cells are thought to bud from the yolk sac 
hemogenic endothelium and home to the fetal liver (Fig. 1). 

Fig. 1  Ontogeny of the hematopoietic system.  Top panel: Hemat-
opoietic development proceeds in three spatiotemporally overlapping 
waves termed primitive, pro-definitive, and definitive hematopoiesis, 
indicated with gray, green, and blue colors, respectively. Each wave 
produces distinct hematopoietic progenitors, which are shown in the 
top panel at their site of origin and their destination in the embryo 
at the relevant developmental stages. Pro-definitive progenitors aris-
ing in the yolk sac (YS) and hematopoietic stem cells (HSCs) aris-
ing in the dorsal aorta (DA) co-exist in the fetal liver (FL), as shown 
at higher magnification for E10.5. Middle panel: Each hematopoietic 
wave generates a unique, essential, and complementary set of circu-
lating and tissue-resident hematopoietic cells. The primitive wave 
produces erythrocytes (p-Ery), megakaryocytes (p-Mk), and mac-

rophages (p-MΦ) that remain in the yolk sac or invade the embryo 
to generate microglia. The pro-definitive wave generates erythro-mye-
loid progenitors (EMPs) and lympho-myeloid progenitors (LMPs). 
The definitive wave generates pre-HSCs, which mature into HSCs 
capable of self-renewal. Both pro-definitive and definitive wave pro-
genitors travel to the liver, where they produce erythrocytes (Ery), 
megakaryocytes (Mk), granulocytes (Gr), T cells and B cells as well 
as monocyte-derived macrophages (MΦ). EMP-derived MΦs colo-
nize the embryo and constitute the majority of tissue-resident MΦs at 
birth. Bottom panel: Hematopoietic development is thought to follow 
similar principles in human, with the corresponding developmental 
stages shown
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It remains, however, unclear whether EMPs, lymphoid-
restricted progenitors, and lympho-myeloid progenitors 
emerge sequentially from a common pool or distinct sub-
sets of hemogenic endothelial cells [25]. In the liver, the 
lymphoid progenitors differentiate into circulating B and T 
cells as well as tissue-resident, innate lymphocytes in mul-
tiple organs, including γδ T cells in the skin, lung, and liver; 
B1a cells in the gut and lung; and marginal zone B cells in 
the spleen [26–28]. Similar to microglia, innate lymphocytes 
are thought to be exclusively produced during embryonic 
development and persist as self-renewing cells into adult-
hood; accordingly, when depleted in the adult, a subset of 
these cells is not replaced after HSC transplantation [29, 30].

Although human pro-definitive progenitors have not been 
characterized, the human fetal liver is seeded by growing 
numbers of CD34+/CD45 + cells from the third to fourth 
week of gestation, prior to HSC emergence [6]. These cells 
likely represent hematopoietic cells akin to mouse yolk sac-
derived EMPs and lymphoid progenitors; it is therefore usu-
ally accepted that cells equivalent to mouse pro-definitive 
progenitors must exist in humans [31].

Definitive hematopoiesis

The third, definitive hematopoietic wave arises intraem-
bryonically from hemogenic endothelial cells in the aorta-
gonad-mesonephros (AGM) region between E9.5 and E11.5 
in mouse and between the fourth and fifth post-conception 
week in human [32–34] (Fig. 1). These hemogenic endothe-
lial cells upregulate the transcription factor RUNX1, which 
is thought to coordinate the activation of the hematopoietic 
transcriptional program that drives EHT [35]. EHT mani-
fests as the budding of intra-aortic hematopoietic cell clus-
ters from the ventral endothelium in the dorsal aorta in both 
mouse and human (Fig. 1). Such clusters also bud to a minor 
extent from the dorsal endothelium in the mouse aorta [36]. 
The first hematopoietic stem cells (HSCs) with robust long-
term multilineage reconstitution potential are detected in the 
mouse AGM from E10.5 onwards [31, 34] (Fig. 1). These 
HSCs enter the circulation to seed the fetal liver, where they 
undergo expansion and further maturation [34, 37]. Even-
tually, HSCs exit the liver to colonize the bone marrow to 
sustain life-long hematopoiesis after birth [38]. In the human 
embryo, the first HSCs are detected at 4 to 5 weeks of ges-
tation, when they can be identified based on their ability to 
reconstitute hematopoiesis in a mouse host [31, 34].

Prior to the emergence of HSCs, from E9.5 onwards in 
the mouse, the AGM generates hematopoietic progenitors 
with blood clonogenic activity and multilineage differen-
tiation potential in vitro, but lacking long-term reconstitu-
tion upon transplantation into a bone marrow-ablated adult 
[37]. As long-term reconstitution is a hallmark of HSCs, 
these cells are considered to be HSC precursors and termed 

pre-HSCs (Fig. 1). Accordingly, AGM hematopoiesis has 
been suggested to be a multistep process in which the hemo-
genicendothelium first produces pre-HSCs that lack stem 
cell activity before producing bone fide HSCs [37]. The 
sequential expression of the cell surface markers VE-Cad-
herin (CDH5), CD41 (ITGA2B), CD43 (SPN), and CD45 
(PTPRC) has been used to discern consecutive maturation 
stages of these HSC precursors into pro-HSCs, pre-HSCs 
type I, and pre-HSCs type II. These precursors are thought 
to mature within the intra-aortic clusters into HSCs, which 
then travel through the circulation to the liver. Additionally, 
it has been suggested that some pro- and pre-HSCs home to 
the liver to complete their maturation [39].

Although pro- and pre-HSCs have thus far only been 
defined in the mouse, the human AGM also produces blood 
clonogenic cells without the capability of long-term engraft-
ment prior to bona fide HSC emergence [40, 41]. Moreover, 
in vitro differentiation of human pluripotent stem cells yields 
hematopoietic progenitors with multilineage differentiation 
potential, but no stem cell activity [42, 43], and the tran-
scriptional signature of these in vitro-derived hematopoi-
etic progenitors is similar to that of hematopoietic cells in 
the human AGM in vivo [44]. Altogether, these findings 
suggest that hematopoietic precursors similar to mouse pro-
HSCs and pre-HSCs exist in human before mature HSCs 
are produced.

Secondary hematopoietic sites have also been reported to 
produce HSCs immediately after the onset of AGM hemat-
opoiesis, both in mouse and human embryos. Specifically, 
EHT occurs in the placental, vitelline, and umbilical arter-
ies as well as in the arteries in the embryonic head to pro-
duce hematopoietic progenitors that colonize the liver and 
contribute to the fetal HSC pool [45–48]. Importantly, the 
presence of pro-definitive progenitors in the liver tempo-
rally overlaps with that of HSCs derived from the AGM and 
secondary hematopoietic sites. Thus, both EMPs, lymphoid 
progenitors, and HSCs contribute to blood cell production 
via the fetal liver. Being populated by hematopoietic pro-
genitors from various sites, the liver gradually becomes the 
main hematopoietic organ from E12.5 in the mouse, and the 
sixth to seventh post-conception week in humans. In fact, the 
liver remains the most important site for blood cell produc-
tion until around birth, when HSCs seed the bone marrow.

Notably, HSC contribution to monocyte-derived tissue 
macrophages appears to be minimal at least until birth in 
mice [5, 19, 21, 24]. Thereafter, bone marrow-derived mono-
cytes are recruited into organs to promote innate immunity, 
but whether they contribute to the pool of tissue-resident 
macrophages remains unclear. In fact, it has been suggested 
that EMP-derived tissue-resident macrophages self-renew 
and thus are maintained into adulthood under physiological 
conditions. By contrast, the normal pool of EMP-derived 
macrophages appears to be complemented or replaced by 
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bone marrow HSC-derived monocytes after irradiation, in 
disease or with aging [49–54]. Accordingly, much research 
is currently directed at determining the relative contribution 
of EMPs and HSCs to adult tissue-resident macrophages in 
various organs under steady state conditions.

Molecular mechanisms for hematopoietic 
specification

Key transcription factors cooperate to induce 
hematopoietic specification

The transcription factor RUNX1 is expressed in hemogenic 
endothelial cells in the AGM at the time when hematopoi-
etic clusters emerge [35] and enables HSC production in 
the AGM and other secondary hematopoietic sites [55, 56]. 
In addition, RUNX1 is required for the generation of EMPs 
in the yolk sac [57, 58]. These findings suggest a similar 
requirement for RUNX1 during EHT at distinct sites, i.e., 
for the production of both EMPs and HSCs. Loss of RUNX1 
in the mouse causes lethality at E12.5 with severe anemia 
due to the absence of pro-definitive and definitive blood 
cells [58, 59]. In contrast, RUNX1 is dispensable for primi-
tive hematopoiesis, possibly because this process does not 
involve EHT; nevertheless, the maturation of primitive blood 
cells appears abnormal in the absence of RUNX1 [58, 59].

During EHT, RUNX1 acts in concert with other key 
transcription factors such as TAL1 and GATA2. In the 
embryo, TAL1 is necessary for the specification of all three 
hematopoietic waves [60, 61], whereas in the adult, TAL1 
is required for the maintenance of HSCs and hematopoietic 
progenitors as well as for blood lineage commitment [62]. 
TAL1 action is indeed strongly context-dependent, as it 
forms complexes with other hematopoietic transcription fac-
tors; thus, TAL1 regulates HSC maintenance with GATA2 
but directs erythroid and megakaryocytic differentiation with 
GATA1 [60–62]. GATA2 is required for both pro-definitive 
and definitive hematopoiesis, and mutant mouse embryos 
lacking GATA2 die before E11.5 due to severe anemia [63]. 
By contrast, GATA2 is not strictly required for primitive 
hematopoiesis, when the main factors driving primitive 
erythropoiesis are GATA1 and TAL1 [64].

Several signalling pathways cooperate to induce 
EHT

Although little is still known about the molecular mecha-
nisms that induce the specification of hemogenic endothe-
lium and therefore EHT in the yolk sac, multiple signalling 
pathways have been implicated in these processes during 
AGM hematopoiesis. Specifically, it was shown that the aor-
tic endothelium receives various morphogenetic cues along 

the dorsoventral axis, including regulators of the BMP and 
WNT signalling pathways, with additional roles for cell–cell 
contact-dependent notch signalling and cell cycle regulation. 
It has also been proposed that the different origins of ven-
tral and dorsal aortic endothelial cells from lateral plate and 
paraxial mesoderm, respectively, may contribute to the dor-
soventral polarization of hematopoiesis in the aorta [65, 66]. 
Below, we discuss key findings made in the mouse embryo.

The BMP pathway helps establish the HSC niche in the 
AGM region, with BMP signalling largely restricted to the 
ventral side of the AGM, where the subaortic mesenchyme 
produces BMP4 [67]. BMP signaling is further modulated 
by FGF, which is produced by the dorsal somitic tissue and 
represses BMP4 transcription and induces BMP inhibitors 
such as noggin [68]. As a result, HSC emergence is spatially 
restricted to the ventral portion of the aorta. Importantly, 
BMP signaling in the AGM is transient to enable the matura-
tion of budding cells into functional HSCs [69]. Thus, soon 
after BMP activation, the morphogen SHH induces ventral 
noggin expression, which then suppresses BMP signaling 
[70, 71]. Furthermore, the ventrally localized BMPER ini-
tially activates the BMP pathway, but thereafter acts as an 
inhibitor once expression reaches a threshold level [72]. 
Accordingly, localized and transient BMP signalling is a 
prerequisite for correct spatiotemporal patterning of HSC 
emergence in the AGM [69, 73]. Canonical WNT signaling 
is also necessary for HSC specification in the AGM, but dis-
pensable for the subsequent maintenance of emerging HSCs 
[74]. Retinoic acid appears to ensure that WNT signaling 
is inhibited in emerging hematopoietic cells, so that WNT 
activation is restricted to the endothelium [75].

Cooperating with BMP and WNT signaling in the AGM, 
cell–cell contact-dependent notch activation promotes hemo-
genic specification. Specifically, DLL4/NOTCH1 signal-
ing activates the arterial program while JAG1/NOTCH1 
signaling blocks it to induce hemogenic specification [76]. 
Although both DLL4 and JAG1 are expressed in the dorsal 
aorta, JAG1 has a higher affinity for the NOTCH1 receptor 
and results in a lower signaling strength that helps induce 
hemogenic identity [76]. In the yolk sac, transcription of 
Alox5 and Alox5ap, encoding for proteins with a central 
role in leukotriene production, are upregulated in hemo-
genic endothelial cells at E8.5 and shown to be functionally 
important [77].

Downstream of extrinsic signals, cell cycle regulation 
has emerged as a key player in orchestrating hemogenic 
specification and EHT. In the yolk sac, retinoic acid-
dependent notch activation mediates cell cycle arrest 
to create permissive conditions for endothelial cells to 
become hemogenic [78]. In the AGM, the anatomical posi-
tion of emerging progenitors within hematopoietic clusters 
correlates with progressive cell cycle activation, whereby 
slowly cycling cells are frequently found at the base of the 
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cluster in association with the underlying endothelium, 
while rapidly cycling cells are located at apical positions 
within the cluster [37]. Most HSCs in the fetal liver are 
actively cycling, possibly to expand the stem cell pool and 
rapidly produce blood cells; by contrast, HSCs adopt a 
quiescent phenotype later during development and upon 
seeding the bone marrow [79].

Genetic studies have highlighted the importance of cell 
cycle regulators, especially cyclins and CDKs, for early 
hematopoietic development. Mice deficient in the three 
cyclin D genes CCND1, CCND2, and CCND3 die dur-
ing late embryogenesis with severe hematopoietic defects; 
these include a reduced number of hematopoietic progeni-
tors and HSCs in the liver, which accumulate in the G1 
phase of the cell cycle, and only a few red blood cells in 
the circulation [80]. Hematopoietic progenitors from these 
knockout mice are also unable to provide even short-term 
reconstitution upon transplantation. Further, loss of both 
CDK4 and CDK6, which bind to the cyclin Ds to drive G1 
phase progression, causes late embryonic lethality with 
defective fetal hematopoiesis, similar to mice lacking the 
cyclin D genes [81].

In the mouse, the adult bone marrow niche actively 
maintains HSC quiescence, which is believed to contrib-
ute to HSC longevity, at least in part by minimizing cel-
lular stress due to repeated DNA replication and exten-
sive cellular metabolism [82]. HSCs in the human bone 
marrow also adopt a quiescent cell cycle state. Exit from 
quiescence to produce blood cells is tightly regulated, and 
two HSC subsets have been defined by their propensity 
to enter cell cycle progression; the so-called ‘short-term 
HSCs’ express CDK6 and immediately re-enter the cell 
cycle upon mitogenic stimulation, whereas ‘long-term 
HSCs’ delay cell cycle entry by 5–6 h [83]. Delayed cell 
cycle entry in long-term HSCs is caused by the absence of 
CDK6, which needs to be expressed to exit the quiescent 
state [83]. The differential expression of CDK6 in the two 
HSC subsets may represent a safeguarding control mecha-
nism to preserve the HSC pool by ensuring that long-term 
HSCs only exit quiescence upon sustained exposure to 
proliferation and differentiation signals that are necessary 
for CDK6 expression, while short-term HSCs are primed 
to quickly respond to hematopoietic demand. In contrast 
to knowledge in the adult human bone marrow, limited 
information is currently available for cell cycle regulation 
and signalling pathways in human hematopoietic devel-
opment. Nevertheless, insights into cell cycle regulation 
as well as key mechanisms driving human hematopoietic 
development have been obtained using suitable in vitro 
systems, which we discuss below.

Pluripotent stem cells to model human 
hematopoietic development

Investigating hemogenic specification in vitro

Whereas hematopoiesis is readily studied in model organ-
isms, investigating hematopoiesis during human develop-
ment poses technical and ethical challenges. Although tis-
sues from deceased human embryos can be examined, the 
developmental stages available for research are limited, 
with nearly no access to samples before the fourth post-
conception week. Moreover, lineage tracing studies are 
impossible in species other than model organisms. In this 
context, the in vitro differentiation of human pluripotent 
stem cells (hPSCs) provides a valuable tool to recapitulate 
the earliest stages of human hematopoietic development. 
This approach has allowed, for example, to elucidate sig-
nalling pathways required for human primitive vs. defini-
tive hematopoiesis [14, 15] and the importance of cell 
cycle entry as a necessary condition for EHT [44]. Moreo-
ver, hPSC systems allow hematopoietic disease modeling 
and provide a useful resource for regenerative medicine.

  The two types of hPSCs used to date include embry-
onic stem cells derived from the inner cell mass of the 
pre-implantation embryo and induced pluripotent stem 
cells derived from reprogramming of adult somatic cells 
[84–86] (Fig. 2). Both cell types retain the ability to grow 
almost indefinitely under suitable culture conditions but 
can be induced to differentiate into hematopoietic cells 
with multiple blood cell potential [87, 88]. The tradi-
tional approach to induce hematopoiesis from hPSCs 
involves the stepwise differentiation into mesoderm and 
then endothelium, including hemogenic endothelium 
that undergoes EHT (Fig. 2). Alternatively, the enforced 
expression of specific combinations of transcription fac-
tors that induce the hematopoietic program, either in 
hPSCs (forward programming) or in somatic cells (direct 
programming), can produce blood cells [89, 90] (Fig. 2). 
Forward programming has been used, for example, to con-
vert hPSCs directly into megakaryocytes to produce plate-
lets for transfusion medicine [91]. Nonetheless, several 
challenges remain, in particular, a low throughput of the 
process and the ability to ensure full functionality of the 
product in vivo.

  Induced pluripotent stem cells are of particular inter-
est for regenerative medicine, as they can be obtained by 
reprogramming somatic cells from adult human donors 
and might therefore enable therapeutic production of 
patient-specific, immunocompatible HSCs. In addition, 
comparing such cells from patients with specific genetic 
diseases with isogenic cell lines in which the underlining 
mutation has been corrected can provide knowledge of 
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the molecular mechanisms that determines disease. Ulti-
mately, the genetic correction of donor cells carrying det-
rimental mutations may enable personalized cell therapies.

Below, we review how key signalling pathways and tran-
scription factors driving hematopoietic specification in vivo 
are harnessed for differentiating or reprogramming hPSCs 
into blood cells.

Differentiating human pluripotent stem cells 
towards a hematopoietic fate

Initially, hPSCs were cultured and differentiated in 
serum-supplemented media with feeder cells to model the 
microenvironment driving differentiation in vivo. How-
ever, these poorly refined culture conditions did not allow 
efficient or homogeneous differentiation along specific 
lineages and were therefore gradually replaced by more 
refined culture systems with carefully controlled stepwise 
differentiation [92, 93] (Figs. 2 and 3). Accordingly, most 
culture methods now use serum- and feeder-free sys-
tems based on chemically defined culture media, supple-
mented with recombinant cytokines and small molecules 
administered in a precise temporal order to induce dif-
ferentiation (Fig. 3). This approach is designed to mimic 
the in vivo signals that sequentially control pluripotency, 
early germ layer induction, hemogenic specification, and 
finally endothelial-to-hematopoietic transition [15, 16, 
42–44, 94]. In fact, using hPSCs for blood cell production 
requires accurate control over maintaining the pluripotent 
state versus subsequently inducing differentiation to reca-
pitulate the distinct stages of hematopoietic development. 
Firstly, regulating the signalling pathways that maintain 
the undifferentiated pluripotent state is important, because 

suboptimal pluripotency conditions can thereafter affect 
differentiation quality [86, 92]. Secondly, to induce exit 
from pluripotency and germ layer specification towards 
endoderm, mesoderm, or neuroectoderm, several signal-
ling pathways need to be coordinately modulated [95–97]. 
Thirdly, mesoderm needs to be induced to activate the 
hemato-endothelial transcriptional program as a prereq-
uisite for specification of hemogenic endothelial cells, 
EHT, and thus production of pro-definitive and/or defini-
tive, rather than primitive, blood cells (Fig. 3).

Understanding the molecular mechanisms that drive 
each of these distinct stages in vivo is fundamental to reca-
pitulate the progression of developmental hematopoiesis 
in vitro. Early studies with hPSCs showed that the FGF 
and activin/nodal signalling pathways are master gatekeep-
ers of pluripotency [86, 98], but that they also regulate 
germ layer specification [95, 96]. This dual role of FGF 
and activin/nodal signalling depends on crosstalk with 
other key signalling pathways, such as the BMP and WNT 
pathways. In particular, the functional interaction between 
these and other pathways serves to recreate signals that 
in vivo convey the position of cells within the embryo 
along the anteroposterior axis, where multiple morphoge-
netic gradients of agonists and inhibitors evoke position-
dependent fate decisions [97, 99]. Thus, manipulating the 
relative activation levels of core signalling pathways such 
as FGF, activin/nodal, BMP, and WNT allows proper germ 
layer specification and subsequent germ layer patterning 
in hPSC cultures [95, 96, 100–102] (Fig. 3). Despite these 
advances, recapitulating the three distinct hematopoietic 
waves using hPSC differentiation methods remains a con-
siderable challenge.

Fig. 2  Strategies for hematopoietic cell production in  vitro.  Human 
pluripotent stem cells (hPSCs), including embryonic stem cells and 
induced pluripotent stem cells, have been used to model human 
hematopoiesis in  vitro and to generate differentiated blood cells. 
Embryonic stem cells are derived from the inner cell mass (ICM) 
of donated, surplus human pre-implantation embryos generated for 
in vitro fertilization (IVF). Induced pluripotent stem cells are derived 
from reprogrammed adult somatic cells, usually fibroblasts or cir-
culating blood cells. Both types of hPSCs are able to self-renew in 

appropriate culture conditions and can be induced to differentiate 
into hematopoietic cells. Forward programming (top): The enforced 
expression of several key transcription factors activates the hemat-
opoietic program that converts hPSCs into hematopoietic cells. 
Stepwise differentiation (middle): The sequential administration of 
cytokines and small molecules induces the developmental steps that 
drive hematopoietic differentiation in vivo. Direct programming (bot-
tom): The enforced expression of several key transcription factors in 
adult somatic cells converts them directly into hematopoietic cells
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Inducing sequential hematopoietic waves in human 
pluripotent stem cells

Several protocols have achieved hPSC differentiation into 
hemogenic endothelial cells capable of undergoing EHT 
[14, 16, 31, 42–44, 87, 94] (Fig. 3). Although early cul-
ture methods produced a mixture of primitive and definitive 
blood cells, we now have protocols that impair the produc-
tion of primitive progenitors and generate endothelial cells 
that undergo EHT to produce more mature (pro-)defini-
tive hematopoietic progenitors [43]. In these protocols, the 
mesoderm stage of a core hPSC differentiation protocol is 
manipulated to produce either primitive or definitive hemat-
opoietic progenitors [15, 42] (Fig. 3). Specifically, the inhi-
bition of the WNT canonical pathway, when combined with 
activin induction, enriches for hematopoietic progenitors 
of the primitive wave; conversely, the induction of WNT 
signalling, in the absence of activin induction, enriches for 
hematopoietic progenitors of the definitive wave (Fig. 3). 
To develop these methods, functional properties like T lym-
phocyte potential and production of erythrocytes expressing 
fetal-type hemoglobin have been used as hallmarks of defini-
tive hematopoiesis [15, 42]. Yet, despite excluding primitive 
progenitors, these criteria are not sufficient to discriminate 
between the pro-definitive and definitive hematopoietic lin-
eages [20, 24, 33, 34]. Therefore, distinguishing molecular 
markers for the two waves of hematopoietic progenitors are 
needed. Recent mouse work proposed HLF as a marker that 

distinguishes HSCs from EMPs, at least in mouse [103], and 
its usefulness as a marker for human hematopoiesis should 
therefore be investigated.

Current hPSC differentiation systems cannot produce 
cells capable of long-term multilineage reconstitution upon 
transplantation, suggesting that bona fide HSCs are not 
generated. Nevertheless, a high transcriptional similarity of 
hPSC-derived hematopoietic progenitors to human AGM-
derived hematopoietic cells [44] raises the possibility that 
the rate limiting step in these culture methods is currently 
not a lack of AGM-like EHT, but the incomplete maturation 
of precursor cells into mature HSCs. An improved under-
standing of the molecular and cellular mechanisms that coor-
dinate EHT with downstream HSC maturation steps will 
therefore be pivotal to generate mature HSC-like cells that 
may be used in regenerative medicine or disease modeling. 
In the meantime, the differentiation of hPSCs has provided 
a convenient platform for mechanistic studies of hemogenic 
endothelial cells, EHT, and hematopoietic differentiation 
under controlled conditions.

Advances in understanding mechanisms controlling 
EHT using in vitro systems

Culture models based on hPSC differentiation have demon-
strated the importance of RUNX1 for EHT via suppression 
of the endothelial and activation of the hematopoietic tran-
scriptional program [104] (Fig. 3). Thus, RUNX1 activates 

Fig. 3  Induction of distinct 
hematopoietic waves using 
hPSCs. Modulating key signal-
ling pathways early during 
stepwise hPSC differentia-
tion enables the production of 
primitive versus (pro-)definitive 
hematopoietic cells (only key 
steps shared between various 
different protocols are shown). 
FGF and BMP induce hPSC dif-
ferentiation towards mesoderm. 
When combined with activin 
activation and WNT inhibition, 
mesodermal cells differenti-
ate further into primitive 
hematopoietic cells. Instead, 
WNT activation with activin 
inhibition induces mesodermal 
cells to differentiate further 
into endothelial cells, including 
hemogenic endothelial cells that 
express RUNX1 and undergo 
EHT to produce (pro-)definitive 
hematopoietic cells
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the downstream transcription factors GFI1 and GFI1B, 
which then repress endothelial identity by downregulating 
core endothelial genes such as CDH5 and TIE2 [105–107]. 
Concomitantly, RUNX1 cooperates with TAL1 and GATA2 
to activate the expression of hematopoietic genes [108, 109]. 
Further, in vitro work showed that TAL1 inhibits cardiac 
lineage specification in early mesoderm, inducing the dif-
ferentiation of lateral plate mesoderm towards hematopoi-
etic and endothelial fatesand subsequently consolidating 
the hematopoietic fate [110]. Moreover, the leukotriene 
C4 increased, but the Alox5 inhibitor Zileuton reduced, 
hematopoietic colony numbers during the in vitro differen-
tiation of murine embryonic stem cells, demonstrating that 
the upregulation of Alox5 and leukotriene production are 
functionally important and confirming what was shown for 
mouse yolk sac hemogenic endothelial cells [77]. Consistent 
with prior work in the mouse embryo [37], hPSC modeling 
of human EHT corroborated that cell cycle regulation by 
specific cyclin-CDK complexes modulates the timely acti-
vation of the hematopoietic transcriptional network [44]. 
Importantly, hPSC-derived hemogenic endothelial cells 
possess a quiescent cell cycle profile, being enriched in the 
G0/G1 phase, which is thought to represent a time window 
during which cells are receptive to extracellular cues and 
can undertake cell fate decision by changing gene expres-
sion program [111]. Further, hemogenic endothelial cells 
need to re-activate the cell cycle in order to undergo EHT 
and produce hematopoietic cells. Accordingly, a transient 
cell cycle block during EHT causes hemogenic endothelial 
cells to downregulate RUNX1 and permanently lose their 
hemogenic potential to retain a non-hemogenic endothelial 
cell identity [44]. Thus, dynamic cell cycle control appears 
necessary for hemogenic endothelial specification and EHT.

Hematopoietic reprogramming yields HSC‑like cells

As stepwise hPSC differentiation has not yet yielded mature 
HSCs capable of engrafting a host upon transplantation, 
alternative reprogramming methods have been developed in 
parallel to produce HSC-like cells or HSC progeny (Fig. 2). 
A recent approach has converted mouse adult vascular 
endothelial cells into HSC-like cells by viral transduction 
with the transcription factors FOSB, GFI1, RUNX1, and 
SPI1, followed by co-culture with modified human umbilical 
vein endothelial cells [112]. In another study, human HSC-
like cells were generated through a combination of hPSC 
stepwise differentiation and direct programming [113]. For 
this approach, conventional cytokine methods were used to 
differentiate hPSCs into hemogenic endothelial cells, which 
were then transduced with the seven transcription factors 
ERG, HOXA5, HOXA9, HOXA10, LCOR, RUNX1, and 
SPI. In both studies, the resulting HSC-like cells were capa-
ble of multilineage engraftment in primary and secondary 

mouse recipients. These results have advanced our knowl-
edge of the molecular requirements for the generation of 
HSC-like cells in vitro and have also provided proof of 
principle for the importance of an endothelial intermediate 
for HSC specification. Unfortunately, however, none of the 
currently available reprogramming methods are amenable 
to clinical application due to inherent difficulties in scaling 
up cell production and safety concerns associated with viral 
gene transduction.

Plasticity of thehemato‑vascular interaction

The hemogenic program in endothelial cells might be 
reversible and partially plastic. Firstly, reversible fate can 
be observed in vitro, because preventing EHT in hPSC-
derived hemogenic endothelial cells switches off the 
hematopoietic program and cells instead continue to grow 
as non-hemogenic endothelial cells [44]. Secondly, hPSC-
derived hemogenic endothelial cells appear to generate 
both hematopoietic and mesenchymal cells, with the two 
fates possibly representing alternative cell fate choices of 
a common progenitor, dependent on exposure to specific 
differentiation factors [44]. In vivo studies also suggest that 
EHT-derived cells can revert to an endothelial identity after 
passing through the circulation. Initially, viral transduction 
studies in quail embryos were used to show that yolk sac-
derived cells can travel via the circulation into the embryo 
proper to form endothelial cells [114]. Thereafter, genetic 
lineage tracing of yolk sac endothelium showed that cells 
with characteristics akin to EMPs can migrate into the 
embryo to contribute both endothelial and mesenchymal 
cells to the AGM region [115]. More recently, genetic line-
age tracing of hemogenic endothelium and EMPs combined 
with ex vivo culture of EMPs isolated from the blood or liver 
showed that EMPs can re-differentiate into endothelial cells 
that contribute to the vasculature of intraembryonic organs [18]. 
Notably, reversible and plastic fates have also been proposed 
for adult bone marrow-derived endothelial progenitors shar-
ing similarities with HSCs [116], but remain controversial 
and have been discounted as contributors to endothelium in 
liver regeneration [117].

Conclusions and future directions

The in vivo and in vitro studies described here have together 
provided extensive knowledge of molecular and cellular 
mechanisms that govern developmental hematopoiesis. 
Together, these studies portray complex interactions between 
the developing vascular and hematopoietic systems in both 
mouse and human. They show that multiple signalling 
pathways and transcription factors induce the formation of 
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hemogenic endothelia in the yolk sac and AGM to produce 
pro-definitive progenitors and HSCs, respectively. While 
EMPs and lympho-myeloid progenitors produced in the 
yolk sac arrive first in the liver, they are later joined by fetal 
HSCs. Together, both types of progenitors sustain blood cell 
production until birth, after which HSCs sustain life-long 
hematopoiesis. Importantly, EMP-derived, tissue-resident 
macrophages help establish niches for definitive EHT and 
hematopoietic maturation leading to HSC production [118]. 
However, it is not yet understood how hemogenic endothe-
lia in distinct spatiotemporal contexts might function to 
generate either EMPs and lympho-myeloid progenitors or 
instead HSCs. It is conceivable that hemogenic endothelial 
cells possess intrinsic differentiation potential depending on 
their site and time of origin and are therefore pre-specified 
to the type of progenitors they can produce. Alternatively, 
hemogenic endothelia at different locations might be func-
tionally similar but produce different progenitors depending 
on external cues in their specific microenvironment. Thus, 
future work should address whether differences between 
pro-definitive and definitive hematopoiesis arise at the level 
of endothelial cell specification or depend on specific envi-
ronmental niches. This knowledge, in turn, will provide 
vital information to further improve hPSC culture systems 
and thus enhance our ability to produce blood products of 
clinical interest, including short-lived blood cells for transfu-
sion medicine, HSC-like cells with long-term multilineage 
reconstitution potential, and possibly progenitors capable 
of endothelial cell differentiation to treat ischemic diseases.
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