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Abstract

Human pluripotent stem cells (hPSCs) have been suggested as a potential source for the de novo 
production of blood cells for transfusion, immunotherapies and transplantation. However, even 

with advanced hematopoietic differentiation methods, the primitive and myeloid-restricted waves 

of hematopoiesis dominate in hPSC differentiation cultures while cell-surface markers to 

distinguish these waves of hematopoiesis from lympho-myeloid hematopoiesis remain unknown. 

In the embryo, hematopoietic stem cells (HSCs) arise from hemogenic endothelium (HE) lining 

arteries, but not veins. This observation led to a longstanding hypothesis that arterial specification 

is an essential prerequisite to initiate HSC program. It has also been established that lymphoid 

potential in yolk sac and extraembryonic vasculature is mostly confined to arteries, while myeloid-

restricted hematopoiesis is not specific to arterial vessels. Here we review how the link between 

arterialization and subsequent definitive multilineage hematopoietic program can be exploited to 

identify hemogenic endothelium enriched in lymphoid progenitors and aid in in vitro approaches 

to enhance the production of lymphoid cells and potentially HSCs from hPSCs. We also discuss 

alternative models of hematopoietic specification at arterial sites and the recent advances in 

understanding hematopoietic development and producing engraftable hematopoietic cells from 

hPSCs.
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Introduction

Derivation of human embryonic stem cells (hESCs) 20 years ago [1] followed by advances 

in cellular reprogramming to generate human induced pluripotent stem cells (hiPSCs) [2–5] 

have created alternative platforms for producing blood cells for transfusion, 

immunotherapies and transplantation. Although the feasibility of generating myeloid, T 

lymphoid, and engraftable blood cells from human pluripotent stem cells (hPSCs) has been 

demonstrated [6–14], scalable production of definitive hematopoietic cells, including adult-

type red blood cells, megakaryocytes, T cells, and hematopoietic stem cells (HSCs) with 

robust multilineage engraftment potential remains a significant challenge. Even with 

advanced hematopoietic differentiation methods, the primitive and myeloid-restricted waves 

of hematopoiesis dominate in hPSC differentiation cultures while lympho-myeloid 

progenitors with multilineage potential are produced in low frequency [15–18]. Moreover, 

key specification requirements for the development of lympho-myeloid progenitors and 

HSCs, as well as specific markers that distinguish these cells from myeloid-restricted 

progenitors and primitive wave of hematopoiesis remain largely obscure. Embryonic 

developmental studies in avian, mammalian, and zebrafish models have identified 

hemogenic endothelium (HE) as the immediate precursor of blood cells in the vasculature at 

many extraembryonic and embryonic sites (reviewed in [16, 19–21]). It has become evident 

that HE at different sites possess distinct hematopoietic lineage potential and that 

development of definitive multilineage hematopoietic progenitors are restricted to arterial 

vessels [22–25]. This review will outline current knowledge and controversies about the link 

between arterial specification and the definitive hematopoietic program. Exploring this link 

will aid in identifying and enhancing lympho-myeloid hematopoietic progenitors and 

eventually lead to generating engraftable HSCs from hPSC cultures.

Hematopoietic development in the arterial and non-arterial embryonic 

vasculature

It has been established that hematopoietic development in the vertebrate embryo occurs in 

multiple waves. The first transient wave of hematopoiesis takes place in the yolk sac blood 

islands that give rise only to primitive erythroid, megakaryocytic and macrophage cells that 

are different from their corresponding adult counterparts. In contrast, subsequent waves of 

definitive hematopoiesis produce adult-type erythro-myeloid progenitors (EMPs), 

lymphomyeloid cells, and HSCs (reviewed in [15, 26, 27]). While HSCs possess 

multilineage engraftment potential, other types of emerging definitive hematopoietic 

progenitors are lineage-restricted and do not reconstitute the entire hematopoietic system 

following transplantation. Thus, for clarity, we specify the type of definitive hematopoietic 

development to distinguish definitive erythro-myelopoiesis, lympho-myeloid hematopoiesis, 

and the development of HSC with multilineage engraftment potential.

Most of the HSCs in the mammalian embryo arise in the intraembryonic dorsal aorta within 

the intra-aortic hematopoietic clusters (IAHCs) [23, 25, 28, 29]. Lineage tracing experiments 

and real-time in vivo observations documented that IAHCs are formed from a distinct 

population of endothelium lining the ventral wall of the dorsal aorta through a unique 
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morphogenic process called endothelial-to-hematopoietic transition (EHT) [22, 30–33]. 

During EHT, flat endothelial cells gradually acquire round hematopoietic morphology and 

phenotype and HSC potential.

Although the concept of HE was initially developed based on studies of hematopoiesis in the 

developing aorta, it became clear that endothelium in other embryonic sites such as 

endocardium [24, 34, 35], head vasculature [24, 36], and possibly somitic vessels [24] also 

possess hemogenic potential. In addition, multiple studies demonstrated that blood 

formation from the earliest primitive hematopoietic progenitor, the hemangioblast, also 

proceed through hemogenic endothelial intermediates [37–39]. When definitive erythro-

myeloid and lymphomyeloid hematopoiesis establishes in the yolk sac, HE becomes a major 

source of adult-type blood cells formed within the extraembryonic vasculature, including 

vitelline, umbilical [25, 40], placental [41] and yolk sac [42–47] vasculature. Although 

blood cells arise almost exclusively from arterial HE within the embryo proper, EHT in 

extraembryonic sites is observed from HE lining arterial, venous, and capillary vessels [25, 

42–45]. Interestingly, distinguishing extraembryonic umbilical and vitelline vasculature into 

venous and arterial compartments reveals HSC potential localized exclusively to arterial 

vessels [25]. When Yzaguirre and Speck [24] performed careful morphological and 

functional analysis of hematopoietic clusters arising within E9.5 and E10.5 mouse yolk sac 

vasculature, they found that cells with lymphoid potential are mostly restricted to arterial 

vessels. In contrast, the first wave of yolk sac erythro-myelopoiesis, which lack lymphoid 

potential, is not specific to the arterial vessels [24, 43]. In addition, murine embryonic 

studies of the role of the core binding factor beta (CBFβ) gene demonstrated that EMPs and 

HSCs emerge from distinct HE populations. Rescued expression of CBFβ in Cbfb−/− mice 

under control of the pan-endothelial gene, Tie2, rescued yolk sac HE and EMPs, but not 

HSC development from the AGM. In contrast, rescued expression of CBFβ expression under 

the control of the HSC-specific gene, Ly6a, restored HSC formation in the AGM, but not 

EMPs in yolk sac [48]. These results support the notion that not all HE are equal and that 

hematopoietic lineage potential is already predetermined at the HE stage. Overall, the above 

observations suggest that blood formation through endothelial intermediates is a central 

process during the development of the entire hematopoietic system, and that arterial versus 

non-arterial specification of HE may have a significant impact on hemogenic progeny and 

hematopoietic competence.

Is arterial specification of HE required for HSC formation and specification 

of definitive multilineage hematopoiesis?

The observation that HSCs originate particularly from arterial vessels led to the longstanding 

hypothesis that arterial specification is an essential prerequisite for initiating the definitive 

hematopoietic program [49] (Figure 1A). This hypothesis is supported by the direct 

observation of HSC formation from aortic endothelium through EHT [22, 30–33], and the 

demonstration of shared requirements of Notch, VEGF, and Hedgehog signaling for both 

arterial fate acquisition and HSC development [50–56]. Additional evidence supporting the 

arterial specification-dependent model of HSC development came from studies in mice with 

knock-out of the artery-specific gene, Ephrin B2 (EfnB2), which is essential for the vascular 
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remodeling and repulsive sorting of arterial- and venous-fated endothelial cells [57]. 

EfnB2−/− mice, in addition to defects in the vascular network, revealed selective impairment 

of hematopoiesis in the dorsal aorta, while primitive and erythro-myeloid hematopoiesis in 

yolk sac was not affected [58].

However, this hypothesis has been challenged by the identification of hematopoietic 

specification mechanisms that are uncoupled from arteriovenous specification. Notch1−/− 

mice display altered arteriovenous specification with dorsal aorta malformations [59]. 

Although paraaortic splanchnopleural cells in these mutants did not produce blood cells [55, 

60], hematopoiesis was restored from these cells in vitro by overexpressing RUNX1 [60]. It 

has been demonstrated that the NOTCH ligand Jag1 is not involved in arterial specification, 

but is required for blood formation in mouse AGM [54]. Zebrafish studies revealed that Jag1 

expression is regulated by TGFβ which affects hematopoiesis in dorsal aorta independently 

of arterial development [61]. Zebrafish tbx16 mutant lacking axial vascular organization also 

have impaired HSC function. However, overexpression of Vegf and Notch is sufficient to 

induce hematopoiesis in these mutants despite a lack of axial vascular organization [53]. 

These findings led to the hypothesis that HSC development could be uncoupled from arterial 

specification of the HE (Figure 1B). According to this hypothesis, HE cells are distinct, 

hematopoietic-restricted progenitors expressing endothelial markers rather than bona-fide 

endothelial cells. These progenitors acquire HSC potential following transition through 

AGM which provides a permissive environment for the acquisition of the self-renewal 

program [15]. Observation of migrating subaortic mesenchymal/mesodermal cells through 

aortic endothelial cells to become hematopoietic cells [31, 62] is consistent with arterial 

specification-independent model for HSC development. In addition, the demonstration that 

HE isolated from murine AGM produce almost exclusively blood cells in cultures with 

hematopoietic cytokines, but never both blood and endothelium [63], has been used to define 

HE as a hematopoietic-restricted progenitor.

However, this model implies that HSC development does not proceed through an arterial 

endothelial stage, which is challenged by the fact that HE cells in the aorta are highly similar 

to non-HE and express typical arterial-specific genes including EfnB2, Dll4, Notch4, and 

Sox17 [54, 56, 64, 65]. HE are also capable of forming vascular tubes in the presence of 

VEGF and the absence of hematopoietic cytokines [63], suggesting that aortic HE are bona 

fide endothelial cells and their capacity to make blood or endothelial cells is determined by 

appropriate milieu of signaling factors. Moreover, conclusions about restoring HSC function 

in the setting of perturbed arteriovenous specification were made almost exclusively on the 

morphological observation of blood formation at anatomical sites of HSC emergence or in 
vitro functional analysis, without assessing functionality of the rescued blood cells in vivo. It 

is quite possible that HE mis-specified in the setting of disrupted arterial program can still 

undergo EHT under certain conditions, but ultimately fail to form functional HSCs. In fact, 

Guiu et al showed that increasing levels of Notch signaling increased EHT and the number 

of hematopoietic cells in the mouse AGM lumen, but decreased the number of functional 

HSCs due to persistent GATA2 expression [66]. Their findings emphasize the importance of 

functional assays of HSCs and that simply observing EHT occurring in AGM does not 

necessarily mean that the resulting blood cells possess self-renewal potential.

Slukvin and Uenishi Page 4

Exp Hematol. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While existence of unique mechanisms regulating HSC development independent of arterial 

specification is commonly used to justify an arterial-independent model of HSC 

specification, this argument does not consider the complexity of HE and HSC development. 

HE are likely specified independently of non-HE during early mesodermal partitioning [67, 

68] and blood formation from HE includes the EHT step. Thus, inhibition of blood 

formation in dorsal aorta in the setting of preserved arterial specification could be explained 

by the selective effect of a particular signal on HE specification or EHT, and does not 

exclude the need for arterial specification by HE to become HSCs.

Similar to the embryo proper, arterial specification of extraembryonic vessels is regulated by 

NOTCH signaling [69–72]. Although it has been well documented that EMPs in the yolk sac 

do not require NOTCH signaling [55, 73], little is known about the effect of NOTCH 

signaling on arterial specification of HE and lympho-myeloid hematopoiesis in the yolk sac 

and extraembryonic vasculature. Studies by Hirschi’s lab demonstrated that NOTCH 

signaling plays an important role in the specification of HE with retinoic acid signaling-

dependent definitive hematopoiesis [74], suggesting that HE in extraembryonic sites may 

also undergo an arterial-intermediate.

Major advances in understanding HE development in hPSC differentiation 

cultures

In the last two decades, significant progress has been made in understanding HE and blood 

development from hPSCs. One of the important milestones was the identification of CD43 

as an early marker of all hematopoietic cells generated from hPSCs [75]. This allowed for 

the precise separation of CD43+ hematopoietic cells from preceding VE-cadherin(VEC)
+CD43− HE progenitors. It also became clear that endothelium generated from hPSCs are 

heterogenous and at least three different clonogenic progenitors with varying endothelial 

potential are formed from hPSCs committed to lateral plate mesoderm: 1) 

mesenchymoangioblast (endothelial and mesenchymal potentials) [76, 77], 2) hemangioblast 

(endothelial and hematopoietic potentials) [77, 78], and 3) cardiovascular progenitors 

(endothelial and cardiomyocyte potentials) [79], suggesting that VEC+CD43− may include a 

heterogenous population of endothelial cells with varying levels of hemogenic and non-

hemogenic potential.

Indeed, functional analysis of the VEC+ populations in hPSC cultures revealed that HE are a 

distinct endothelial lineage which can be distinguished from non-HE cells by the lack of 

CD73 expression [17, 18]. Extensive phenotypic and molecular profiling analyses 

demonstrated that HE and non-HE progenitors are very similar phenotypically and express 

typical endothelial surface markers, including CD31, CD34, KDR, TEK, ESAM, CD49d, 

CD54, CD141, CD146, CD151, CD166, CD201, and APLNR. However HE in contrast to 

non-HE express plentiful CD226 and high levels of RUNX1, GFI1, RHAG, NTS and 

BMPER genes [17]. Based on these findings, HE was characterized as VEC+CD43−CD73− 

cells with primary endothelial characteristics lacking hematopoietic CFC potential, but 

capable of producing blood cells following secondary culture on stromal cells or 

extracellular matrix in the presence of hematopoietic cytokines [17].
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Functional analysis of single hPSC-derived HE cells revealed that not all HE cells are 

functionally the same. Only less than 10% of HE cells that produced blood in presence of 

OP9DLL4 stroma were able to generate lympho-myeloid progenitors, while the remaining 

HE cells produced lineage-restricted blood cells [18], thus suggesting that the hematopoietic 

potential of HE is already predetermined at the HE stage. Similar conclusions can be made 

from our direct HE programming studies, which revealed that HE with erythro-

megakaryocytic or panmyeloid potentials can be induced directly from hPSCs using 

different sets of transcription factors TAL1/GATA2 and ETV2/GATA2 respectively [80].

Studies by the Keller group revealed that specification of HE with primitive and definitive 

hematopoietic potential from mesoderm in hPSC cultures is regulated by distinct signaling. 

Primitive hematopoiesis from hPSCs requires Nodal/activin signaling and inhibition of the 

WNT/β-catenin pathway. Specification of definitive HE occurs in the absence of Nodal/

activin signaling and requires activation of the WNT/β-catenin signaling [81].

Specification of arterial-type HE from hPSCs

As discussed above, development of definitive hematopoiesis with lympho-myeloid and 

HSC potentials is restricted to arterial vessels. It has been established that NOTCH signaling 

is the most critical determinant of arterial specification in embryonic [51] and 

extraembryonic yolk sac vasculature [69–72]. However, it remains unclear whether NOTCH 

signaling plays a similar role in the specification of vasculogenic and hemogenic endothelia. 

Moreover, the arterial specification-independent model of HSC development outlined in the 

prior section questions the necessity for HE to acquire an arterial fate in order to enable HSC 

development.

To determine whether NOTCH signaling affects HE specification, we employed a 2D 

chemically-defined, feeder and xeno-free hPSC differentiation system in which all stages of 

hematopoietic development are temporally, phenotypically and functionally defined [82]. In 

this system, the first VEC+CD43−CD73− arose on day 4 (D4) of differentiation. Since D4 

HE cells retain expression of HAND1 mesodermal gene, we defined them as immature or 

primordial HE. These cells expressed NOTCH1, but not DLL4 or DLL1 NOTCH ligands 

[83]. When primordial HE were isolated and cultured in the presence DLL1-Fc or DAPT to 

activate or inhibit NOTCH signaling respectively [83], NOTCH activation led to the 

formation of CD144+CD43−CD73− HE expressing the earliest arterial marker DLL4 [84]. 

Molecular profiling studies demonstrated that DLL4+ HE in contrast to DLL4− HE had an 

arterial molecular signature as signified by high expression of NOTCH1, NOTCH4, JAG2, 
HEY1, HEY2, SOX17 and EFNB2.

To determine whether NOTCH activation and formation of DLL4+ HE is associated with 

establishing the definitive hematopoietic program, we engineered a H1 hESC reporter line in 

which the Runx+23 enhancer [85, 86] linked to the minimal β-globin promoter and 

fluorescent protein is inserted into AAVS1 locus [83]. Previously, the Runx1+23 enhancer 

was found to be active in HE found in regions where definitive hematopoiesis emerges, 

including the para-aortic splanchnopleura, AGM region, vitelline, and umbilical arteries 

[85–89]. Using this reporter cell line, we found that NOTCH activation leads to increased 
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Runx1+23 reporter signal, and is mostly restricted to DLL4+ HE. Hemogenic capacity of 

DLL4+ HE was strictly dependent on NOTCH signaling and required stroma.

Functional analysis of hematopoietic progenitors obtained from DLL4+ HE revealed an 

enrichment of lymphoid progenitors and the production of erythrocytes expressing increased 

levels of adult β and decreased levels of embryonic ζ and ε hemoglobins compared to blood 

cells generated from DLL4− HE [83]. In addition, molecular profiling of lin-CD34+CD45+ 

hematopoietic progenitors generated from DLL4+ and DLL4− HE cultured on OP9-DLL4 

revealed upregulation of genes essential for AGM and fetal liver hematopoiesis and 

lymphoid development, including MECOM, GFI1B, ERG, ARID5B, and BCOR [83]. 

Studies using GATA2 knockout hESC lines with conditional GATA2 expression revealed 

that GATA2 deficiency does not affect specification of arterial and non-arterial HE 

indicating that arterial vs non-arterial HE fate is likely predetermined by mechanisms 

upstream of GATA2 [90].

Overall these findings suggest that following exposure to NOTCH signaling, primordial HE 

generated from hPSCs specify into VEC+CD43−CD73−DLL4+ arterial-type HE which 

requires NOTCH signaling to undergo EHT and produce definitive lympho-myeloid and 

erythroid cells (Figure 2). The demonstration that NOTCH-mediated arterialization of HE is 

an essential prerequisite for establishing the definitive hematopoietic program provides 

supports for an arterial specification-dependent model of definitive hematopoietic 

development. In addition, these findings demonstrate the utility of DLL4 as marker for 

identifying definitive hematopoietic wave from hPSC cultures at the HE stage of 

development.

Enhancing definitive hematopoiesis from hPSCs through arterial 

specification

Since arterial specification of HE has been found to be critical for establishing 

lymphomyeloid hematopoiesis, it is logical to assume that definitive multilineage 

hematopoiesis in hPSC cultures can be enhanced through promoting the arterial program. 

During vascular development, arterial fate is controlled by a number of key signaling 

pathways including Hedgehog, VEGF, NOTCH, MAPK/ERK, Wnt/B-catenin signaling 

pathways and ETS, SOXF and FOXC1/C2 transcription factors (reviewed in [91]). In 

vertebrate embryo, arterial specification is initiated by the induction of DLL4 expression 

[84] through an arterial-specific enhancer located within the third intron of DLL4 that is 

controlled by ETS, SOXF and RBPJk factors [92, 93]. In hPSC cultures, overexpression of 

ETS1 during the mesodermal stage of development dramatically enhances the formation of 

arterial-type HE expressing DLL4 and CXCR4. Blood cells generated from arterial HE were 

more than 100-fold enriched in the frequency of T cell precursors and possessed the capacity 

to produce B lymphocytes and red blood cells expressing high levels of BCL11a and β-

globin [94]. The effect of ETS1 was mostly mediated through activating NOTCH signaling. 

Following ETS1 overexpression, regulon activity for NOTCH1, SOXF (SOX17, SOX18), 
KLF5 and BCL6B genes in DLL4+ arterial-type HE was increased while ETS1 regulon 

signal was poor, which is consistent with findings that the effect of ETS1 is primarily 
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mediated through the activation of an arterial-specific enhancer leading to upregulation of 

NOTCH1 signaling and SOXF transcription factors, rather than from any immediate 

downstream signaling of ETS1.

Arterial specification is also controlled by several signaling cascades operating downstream 

of the VEGF signaling pathway. Among them are the MAPK/ERK signaling cascade. It has 

been shown that indirect ERK activation through inhibition of Phosphoinositide 3-kinase 

(PI3K) downstream of VEGF signaling, enhances arterial specification in zebrafish, while 

inhibition of the ERK signaling pathway blocks arterial specification [95, 96]. Modulation of 

this signaling in hPSC cultures revealed that indirect MAPK/ERK activation promotes 

DLL4+CXCR4+/− arterial-type HE and lympho-myeloid progeny, while its inhibition causes 

the opposite effect [94].

In hPSC cultures, arterial specification of vascular endothelium has been also achieved using 

TGFβ inhibitors immediately after initiating mesoderm formation [97]. The use of TGFβ 
inhibitors along with the WNT activator, CHIR99021, was essential to induce 

SOX17+CD34+ HE with arterial identity that express HOXA genes and possess hemogenic 

activity closely resembling human AGM hematopoiesis [98].

Overall, these findings strongly indicate that exploiting mechanisms critical for arterial 

specification could be an important strategy to enhance definitive multilineage 

hematopoiesis, from hPSC cultures. Although it was hoped that arterial specification of the 

primordial HE would be sufficient to generate engraftable hematopoietic cells, these 

expectations were not realized [83, 94, 98]. This reflects the complexity of the mechanisms 

involved in embryonic HSC formation which still has not been reproduced in vitro. Several 

other signaling pathways, including those uncoupled from aortic specification, such as 

TGFβ [61], retinoic acid [99, 100], inflammation [101, 102], hormone [103, 104], and blood 

flow induced shear stress [105, 106], have all been shown to serve critical roles during HSC 

development, and may be aberrantly modulated during differentiation from hPSC culture in 
vitro. It remains to be determined how these pathways identified in vivo can be integrated 

into in vitro hPSC differentiation cultures to successfully generate engraftable HSCs de 
novo.

Advances in understanding specification of hematopoietic lineages and 

producing engraftable hematopoietic cells from hPSCs

Differentiation and generation of hematopoietic cells from hPSC cultures reflects the 

multiple waves of embryonic hematopoiesis; phenotypic markers for which still remain 

obscure [15]. The hPSC-derived CD34+CD43+ hematopoietic progenitors are heterogeneous 

and include populations of CD235a+CD41a+ cells enriched in erythro-megakaryocytic 

progenitors and linCD43+ CD90+CD45RA−CD45+/− multipotent progenitors with broad 

lympho-myeloid potentials [75, 107–109]. Although specific phenotypic markers to 

distinguish primitive versus definitive hematopoietic progenitors remain largely unknown, 

different waves of and hematopoiesis in hPSC cultures can be identified based on functional 

assays.

Slukvin and Uenishi Page 8

Exp Hematol. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The first wave of FGF2- and VEGF-dependent mesodermal progenitor with hematopoietic 

and endothelial potential can be identified in hPSC cultures using a blast colony forming 

assay [77, 78, 110]. Hematopoietic cells within blast colonies develops through an 

endothelial intermediate (cores), and their differentiation potential is restricted to 

erythrocytes, megakaryocytes and macrophages [17, 39, 77], thereby suggesting that blast 

colonies reflects the first primitive wave of hematopoiesis. The definitive wave of 

hematopoiesis with lympho-myeloid potential can be identified based on their lymphoid 

potential, i.e. capacity to produce all types of myeloid cells and T lymphocytes [111].

Lympho-myeloid specification from hPSC can be promoted by inhibiting activin signaling 

or activating WNT signaling, or by combining both immediately after primitive streak 

formation [81, 98, 111]. This treatment simultaneously suppresses primitive hematopoiesis 

while promoting lympho-myeloid hematopoiesis. Similarly, promotion of lympho-myeloid 

and suppression of primitive hematopoiesis was achieved through forced expression of 

CDX4 during mesodermal specification [112].

Definitive myeloid-restricted progenitors, EMPs, have not been formally characterized in 

humans. However, distinguishing this wave of hematopoiesis from primitive hematopoiesis 

could be made based on their capacity to produce granulocytes, while the lack of lymphoid 

potential could separate EMPs from definitive lympho-myeloid cells. In defined 2D 

differentiation systems, cells with EMP properties can be identified by CD34+CD41a/

CD235a+CD45+ phenotype [82]. It was also suggested that EMP in human embryo and 

hPSC cultures can be distinguished from lympho-myeloid progenitors based on the 

expression of HOXA genes [98].

Despite these advances in understanding hematopoiesis from hPSCs, generating cells with 

robust engraftment and multilineage-reconstitution potential in vivo remains a significant 

challenge. It has been shown that low/lack of HOXA cluster gene expression in hPSC-

derived hematopoietic progenitors distinguishes them from their fetal liver and AGM 

counterparts [98, 100, 113]. Although knockdown of HOXA genes in fetal liver HSCs make 

them more similar to hESC-derived hematopoietic progenitors, which are incapable of 

engraftment in NSG mice [100], overexpression of HOXA5 and HOXA7 genes in hPSC-

derived CD34+ cells [100] or induction of HOXA genes in hPSC differentiation cultures by 

treatment with TGFβ-inhibitor and WNT activator [98], or retinoic acid agonists [100], fail 

to endow hPSC-derived hematopoietic progenitors with engraftment potential. However, 

overexpression of ERG, RUNX1, LCOR and SPI1 transcription factors in addition to 

HOXA5, HOXA7 and HOXA9 in hPSC-derived HE produced cells capable of multilineage 

hematopoietic engraftment in primary and secondary mouse recipients [6]. In addition, 

hematopoietic engraftment in newborn NSG mice was achieved following overexpression of 

MLL-AF4 lymphoblastic leukemia fusion protein in hiPSC-derived hematopoietic 

progenitors [114]. Both types of engineered cells still demonstrated molecular and 

functional differences to bona fide HSCs in their robustness of engraftment and spectrum of 

terminal differentiation and their potential for leukemic transformation remains unknown.
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Conclusion and perspectives

Since the first derivation of hESC in 1998 and hiPSCs in 2007, remarkable progress has 

been made toward developing systems for efficient hematopoietic differentiation and 

understanding hematopoietic development from hPSCs. Almost all types of blood cells have 

been produced from hPSCs and the feasibility of using iPSC-derived T and NK cells for 

immunotherapy have been demonstrated [115, 116]. Recognizing HE as the immediate 

precursor of hematopoietic cells and the identification of HE in hPSC cultures has advanced 

our understanding of hematopoietic development and defined the future directions critical to 

improving definitive hematopoiesis from hPSC.

It has become clear that HE represents a unique endothelial lineage distinct from nonHE. 

Accumulating evidence suggest that hematopoietic specification is predetermined at the HE 

stage of differentiation. Thus, it is critical to define the conditions essential for 

differentiating HE specifically into cells with long-term engraftment and multilineage 

reconstitution potential. In vivo observations and recent in vitro hPSC studies demonstrated 

a close link between arterial specification and HSC development, and this understanding was 

utilized to define phenotypic markers specific to arterial-type HE with enhanced potential 

for lympho-myeloid progeny. Although hPSC-derived arterial HE display many features of 

HE found in the AGM, it remains to be determined whether the bottleneck in HSC 

specification is due to the lack of appropriate environmental signals for subsequent 

specification of arterial HE into pre-HSC and more mature HSCs, or whether arterial HE 

generated in vitro still retains properties of yolk sac arterial-type HE and therefore, 

inherently lacks engraftment potential. In vivo studies in animal models will be essential to 

fully understand the differences in hematoendothelial development and hematopoietic 

potential at different arterial and non-arterial sites of hematopoiesis and translate these 

findings toward advancing hPSC technologies for HSC production.
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Highlightes

• Hemogenic endothelium (HE) is a distinct endothelial lineage

• Arterial programming of HE is an essential prerequisite for lymphopoiesis

• Arterial-specific markers can be used to identify HE with lympho-myeloid 

potential

• Arterial programming of HE could aid to instruct lymphopoiesis from hPSCs

• Alternative models of HSC specification at arterial sites are discussed
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Figure 1. Models of hematopoietic specification in AGM region.
(A) Classical arterial fate acquisition-dependent model of HSC development. HE progenitor 

arising from mesoderm undergoes an arterial specification that then allows for the HSC 

program to initiate and lead to EHT. AHE is arterial-type HE. (B) Arterial-independent 

model of HSC specification. According to this model, HE are hematopoietic-restricted 

progenitors expressing endothelial markers rather than true endothelial cells. These 

progenitors undergo HSC specification and maturation following transition through the 

permissive arterial environment. This model assumes that HSC specification is uncoupled 

from the arterial program.
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Figure 2. Specification of arterial-type HE and definitive multilineage hematopoiesis in hPSC 
cultures.
HE that undergo EHT to give rise to lympho-myeloid HPs mature through an arterialization 

process, which can be identified by the upregulation of arterial markers, NOTCH1 (N1), 

DLL4, and CXCR4. In contrast, HE that give rise to primitive, erythro-myeloid restricted 

HPs do not mature through an arterialization process and undergo EHT through a NOTCH-

independent procedure. Arterial specification of HE can be promoted by modulation of 

pathways involved in arteriovenous specification during embryonic development, including 

ETS1 and MAPK/ERK signaling.
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