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Abstract

In adult hematopoiesis, the hematopoietic stem cell (HSC) sits at the top of a hierarchy of 

hematopoietic progenitors responsible for generating the diverse repertoire of blood and immune 

cells. During embryonic development, however, the initial waves of hematopoiesis provide the first 

functioning blood cells of the developing embryo, such as primitive erythrocytes arising in the 

yolk sac, independently of HSC. In the field of developmental immunology, it has been recognized 

that some components of the immune system, such as B-1a lymphocytes, are uniquely produced 

during the embryonic and neonatal period, suggesting a “layered” development of immunity. 

Several recent studies have shed new light on the developmental origin of the layered immune 

system, suggesting complex and sometimes multiple contributions to unique populations of innate-

like immune cells from both fetal HSC and earlier HSC-independent progenitors. In this review, 

we will attempt to synthesize these studies to provide an integrated model of developmental 

hematopoiesis and layered immunity that may offer new insight into the origin of HSC.
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INTRODUCTION

Functionally defined, hematopoietic stem cells (HSC) have the unique ability to reconstitute 

the entire hematopoietic program of a conditioned adult recipient, which implies the 
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capacity for homing and engraftment in the bone marrow niche, for life-long self-renewal, 

and for multilineage hematopoietic differentiation. During embryonic development, HSC 

arise from specialized hemogenic endothelium residing in arterial blood vessels in a process 

referred to as the endothelial to hematopoietic transition (EHT) (reviewed in (1)), before 

they undergo further maturation and expansion in the liver during the fetal period and finally 

home to the bone marrow. Complicating studies of the developmental ontogeny of HSC, 

embryonic hematopoiesis is characterized by unique waves of EHT giving rise to a series of 

transient progenitors prior to the generation of functional HSC, suggesting an HSC-

independent origin in part serving to meet the immediate needs of the developing embryo. 

The initial waves exclusively emerge from extraembryonic yolk sac and are lacking in 

lymphoid potential. The earliest, primitive wave of hematopoiesis initiates by murine 

embryonic day E7.25 in the yolk sac blood islands, generating progenitors restricted to the 

production of primitive erythrocytes, megakaryocytes, and macrophages (2–5). Slightly 

thereafter by E8, erythromyeloid progenitors (EMPs) can be detected emerging within the 

blood vessels of the developing yolk sac, and give rise to definitive (adult-like) erythrocytes, 

megakaryocytes, and myeloid progeny that includes granulocytes in addition to 

macrophages (3, 6, 7).

The final wave of embryonic hematopoiesis, which is multilineage in that it encompasses 

lymphoid in addition to erythromyeloid potential, is thought to be responsible for generation 

of HSC. In contrast to the yolk sac-restricted primitive and EMP waves, this multilineage 

wave is detected from both extraembryonic and embryonic tissues. Freshly isolated cells that 

meet the functional definition of HSC by long-term, multilineage reconstitution following 

transplantation into immune-competent adult mice, are reliably detected only after about 

E11, in the aorta of the region known as the aorta-gonad-mesonephros (AGM) as well as in 

extraembryonic vessels including the vitelline and umbilical arteries (8–13). 

Counterintuitive to the concept that all multilineage progenitors are derived from HSC, 

studies over the last decades in search of the developmental origin of HSC have revealed the 

emergence of a complex array of progenitors with T and B lymphoid, lymphomyeloid, and 

multilineage potential that arise prior to detectable HSC (14–20). Furthermore, recent 

studies suggest that these early progenitors contribute to unique types of lymphocytes, such 

as B-1a B cells and certain subsets of γδ Τ-cells, which are primarily generated during the 

embryonic to neonatal period (15, 21–23). This has raised important questions about the 

developmental relationships of these early progenitors to later HSC. Do some of these early 

progenitors represent waves of hematopoiesis that, like primitive progenitors and EMP in the 

yolk sac, arise from distinct populations of hemogenic endothelium independently of HSC? 

Alternatively, do they arise from a common pool of HSC precursors, which are not yet 

competent to provide long-term multilineage engraftment in transplantation assays but are 

able to produce multilineage progeny including lymphoid cells in the early embryo? Finally, 

how do these early progenitors and subsequent fetal HSC differentially contribute to the 

unique lineages of fetal lymphocytes that constitute the layered immune model initially 

proposed by Herzenberg and Herzenberg (24–26)? Recent studies employing novel genetic 

models, lineage tracing, and clonal analysis, have provided new evidence to suggest 

increasing complexity in the emergence of HSC-independent progenitors and subsequent 

fetal HSC, and their relative contribution to “layered” immunity during development. 
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Furthermore, these studies have challenged the dogma that HSC are the sole source of all 

hematopoietic lineages in the adult. The objective of this review is to summarize these recent 

advances and to offer a perspective on their implications for our current understanding of the 

origin of HSC.

Not all blood cells are the product of HSC: insights from development and evolution

Nishikawa et al. (27) proposed the concept of acaulescent (HSC-independent) 

hematopoiesis, where hematopoietic progenitor cells prior to the emergence of 

transplantable HSC are produced without stem cells. From a developmental perspective, the 

ability of the early embryo to generate functional blood cells by direct differentiation from 

mesodermal precursors, bypassing an intermediate HSC stage, is necessary to meet the 

immediate needs of the rapidly developing embryo. From an evolutionary perspective, the 

earliest waves of hematopoiesis recapitulate the formation of hematopoietic-like cells, such 

as amoebocytes, observed in some invertebrate organisms that lack an HSC equivalent. In 

this light, the existence of sequential “layers” of HSC-independent blood cell development 

in the early vertebrate embryo prior to HSC genesis is not surprising; however, our 

recognition of the complexity of layered hematopoiesis preceding HSC development in this 

regard has continued to evolve, and the contribution of these HSC-independent waves to 

some self-maintaining lineages of innate immune-like cells in the adult has gained recent 

attention.

HSC-independent primitive macrophages and EMP: Origin of tissue-resident macrophages

The first detectable hematopoietic progenitors during embryonic development arise in the 

yolk sac by mid primitive streak stage at E7.25 (2, 3). Referred to as primitive 

hematopoiesis, this initial wave produces primitive erythrocytes, megakaryocytes, and 

macrophages (3–5). The primitive erythrocytes, a transient population of initially nucleated 

erythrocytes expressing embryonic forms of globin, rapidly differentiate to form the first 

circulating blood cells of the developing embryo upon the initiation of circulation that 

connects the yolk sac vasculature to the embryo proper at around E8.25, providing for 

oxygen transport in the developing embryo. Primitive megakaryocytes, which share a 

common progenitor with primitive erythrocytes based on clonal colony-forming assays, 

provide the first circulating platelets for the embryo (5). Primitive macrophage progenitors, 

though detected concomitantly with primitive erythroid and megakaryocytes in the murine 

yolk sac, do not appear to share a common progenitor with the other primitive lineages 

based on clonal colony-forming assays. During embryonic development, macrophages play 

a central role in tissue remodeling, supporting erythrocyte maturation in the fetal liver, and 

instructing neuronal and vascular development (28–32).

A second wave of hematopoiesis arises in the yolk sac by E8, overlapping with the primitive 

wave but giving rise to distinct progenitors considered “definitive” based on their ability to 

generate adult-like erythrocytes with distinct globin expression patterns (6). This 

erythromyeloid progenitor (EMP) wave gives rise to clonal progenitors with erythroid, 

megakaryocyte and myeloid potential but not significant lymphoid potential, and can 

produce adult-like erythrocytes transiently upon transplantation (7). In contrast to the 

primitive wave, the EMP wave also has a broader myeloid potential that includes 
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granulocyte in addition to macrophage production. Studies in Ncx1-deficient embryos, 

which lack a heartbeat and thus functional circulation, confirm that, like primitive 

hematopoiesis, the origin of EMP is restricted to the yolk sac, arising from hemogenic 

endothelium in both venous and arterial vessels of the developing yolk sac vasculature (33, 

34). Lack of dependence on Notch signaling and blood flow (both of which are required for 

HSC production), as well as distinct temporal and spatial requirements for CBFβ, support 

the concept that EMPs arise from a separate population of hemogenic endothelial cells than 

those later giving rise to HSC in arterial vessels (33, 35–38).

The primitive and EMP waves of yolk sac hematopoiesis give rise primarily to transient 

hematopoietic progeny that have unique and essential roles restricted to the developing 

embryo. However, recent lineage tracing studies have demonstrated the persistence of 

populations of tissue-resident macrophages derived from these waves of embryonic 

hematopoiesis in some adult tissues, including contribution of primitive macrophages to the 

microglia of the adult brain and EMP-derived macrophages to the Kupffer cells of the liver, 

alveolar macrophages of the lungs, and Langerhans cells of the epidermis. The distinct 

properties of these embryonic-derived tissue-resident macrophages, and the extent to which 

they can be replenished by HSC-derived monocytes in the setting of tissue injury, is the 

subject of much recent research given the essential functions of these unique populations in 

tissue homeostasis, innate immunity, and disease (39–42) (for current review, refer to (43)). 

Importantly, these studies have challenged the central dogma of HSC as the source of all 

hematopoietic lineages in the adult, providing evidence for maintenance and self-renewal of 

hematopoietic lineages from embryonic “layers” of developmental hematopoiesis 

independent of HSC (44) (Figure 1).

HSC-independent T lymphocytes: Origin of the first thymic pioneers and tissue-resident T 
cells

During embryogenesis, the thymic anlage develops from bilateral organ primordia at around 

E11 (45) at which time it is seeded with the earliest lymphoid progenitors (46–48). 

Consistent with the layered immune hypothesis, different waves of T cells carrying distinct 

T cell antigen receptors originate in the fetal thymus during development (49), some of 

which are uniquely produced from stem/progenitor cells in the embryonic and fetal periods, 

but not from adult HSC. These include certain subsets of γδ T cells, which ultimately reside 

largely in peripheral tissues such as gut and skin and bear restricted T cell receptors thought 

to function in first line defense to foreign antigens (for review see (50)). One γδ T cell 

subset, TCR-Vγ3 T cells (also known as dendritic epidermal T cells), functions uniquely in 

immune responses in the epidermis and can be produced only by stem/progenitor cells 

during embryonic and fetal development (23, 51). The distinct T lymphopoietic potentials of 

fetal and adult HSC/progenitors appear to be in part genetically controlled. For example, 

Lin28b, a negative regulator of the let-7 family of microRNA, is expressed in fetal HSC/

progenitors but not in adult HSC. When overexpressed in adult bone marrow stem/

progenitor cells, Lin28b can restore aspects of fetal lymphopoiesis, including efficient 

production of B-1a and γδ T cells (though not Vγ3 T cells) following transplantation (52).
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Although there is disagreement as to whether the first progenitors colonizing the thymic 

anlage at E11 are lymphomyeloid progenitors or T cell-restricted progenitors (46–48), there 

is common speculation that these initial progenitors must be derived independently of HSC, 

since there are only 2–3 HSCs in the whole embryo at this stage (8). Consistent with an 

HSC-independent origin, progenitors with T cell potential have been detected prior to HSC 

emergence by numerous groups (18–20, 53, 54). Analysis in mice lacking functional 

circulation (Ncx1-deficient mice) confirmed T cell potential from both the yolk sac and 

embryo proper, including αβ T cells, ƴδ T cells, and Vγ3 T cells (23). Furthermore, this 

study detected T cell potential from E9.5 yolk sac progenitors as assayed following direct 

transplantation into immune-deficient mice, as well as T cell potential from both yolk sac 

and P-Sp following in vitro co-culture from cells phenotypically isolated as hemogenic 

endothelium (VE-Cadherin+CD41−), suggesting that autonomous generation of T cell 

progenitors by EHT may initially occur independently of HSC to provide the first 

progenitors colonizing the thymus (46, 47). Whether these early T cell progenitors share a 

common lineage of hemogenic endothelium with later HSC, or arise from distinct 

populations of hemogenic endothelium similar to the primitive and EMP waves, remains to 

be determined.

HSC-independent B lymphocytes: Origin of tissue-resident B1-a cells

The observation that fetal and adult progenitors give rise to B cells with distinct properties 

led to the initial proposition of the “layered” immune system hypothesis several decades ago 

(24, 25). Progenitors from the fetal liver are biased toward the production of a unique 

population of CD5+ B-cells, now referred to as B-1a cells, that reside mainly in peritoneal 

and pleural cavities and secrete natural IgM antibodies in a T cell-independent manner, 

contributing to innate-like immunity (26, 55). In contrast, stem/progenitor cells from the 

adult bone marrow primarily contribute to conventional B cells (B-2 lymphocytes) that 

constitute part of the adaptive immune system generating antigen-specific antibodies in a T 

cell-dependent manner. Until the seminal discovery of distinct B-1 specific progenitor cells 

in the fetal liver and fetal bone marrow (56, 57), it had long been debated whether B-1 and 

B-2 cells are derived from a common lymphocyte progenitor that differentiates depending on 

specific antigen exposures or they arise from separate progenitors. It is now generally 

recognized that B-1a cells are developmentally distinct from B-2 cells, but identifying the 

precise origin for B-1a progenitor cells during embryonic development has been 

challenging. Previous studies demonstrated the existence of unique progenitors with B-1, but 

not B-2, lymphocyte potential derived from yolk sac and P-Sp as early as E8.5, prior to HSC 

emergence (22). Furthermore, detection of these B-1 specific progenitors in HSC-deficient 

embryos, and their serial engraftment properties demonstrated by peritoneal transplantation 

in vivo, suggested an HSC-independent pathway of B-1a cell development (21). Parallel 

evidence from clonal transplantation studies of highly purified adult bone marrow HSC, and 

more recently from a study using inducible genetic labelling of HSC in situ, confirmed that 

adult HSC lack efficient contribution to the peritoneal B-1a compartment following 

transplantation or under physiologic conditions (58, 59), suggesting that B-1a cells may 

originate entirely independent of HSC.
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Several studies examining B-1a cell production by fetal liver HSCs using different 

approaches, however, hint at an additional layer of complexity in the origin of B-1a cells, 

demonstrating that they can also be derived from at least a subset of fetal HSC (60, 61). 

Beaudin et al. (60) used a lineage reporter mouse, in which cells activating Flk2 expression 

are irreversibly labeled with GFP whereas those not having expressed Flk2 remain Tomato 

positive (Tom+), to define two distinct populations of fetal HSC based on history of Flk2 

expression. The authors identified a “developmentally-restricted” Flk2+(GFP+) HSC that can 

provide long-term, multilineage and secondary engraftment in transplantation assays, thus 

meeting the functional definition of HSC. However, these Flk2+(GFP+) HSC displayed 

unique properties including lymphoid-biased engraftment and relative skewed contribution 

toward B-1a verses B-2 B cells in the peritoneum, and strikingly, they failed to significantly 

contribute to the long-term multilineage HSC that populate the bone marrow when traced 

into adult development in situ. In contrast, Flk2−(Tom+) HSC contributed to long-term HSC 

in the adult marrow and had lower B-1a contribution in transplantation assays. A separate 

group recently reported the use of barcoding technology to label fetal liver stage stem/

progenitor cells (61). In this study, HSC were defined functionally by their clonal 

contribution to multilineage hematopoiesis (including short lived granulocytes) following 

transplantation into congenic strain mice. Detection of B-1a cell, B-2 cell, and granulocyte 

contribution in the majority of long-term engrafting clones sharing a common barcode, 

including those shown to provide robust secondary engraftment, confirmed a common origin 

for B-1a and B-2 cells in functionally defined fetal liver stage HSC. Loss of efficient B-1a 

cell engraftment following serial engraftment demonstrated that, over time, fetal liver HSC 

come to resemble adult HSC in this regard. In this study, direct transplantation of sorted, 

phenotypically defined E14.5 fetal liver HSC (LSK CD150+CD48−FLT3−) also confirmed a 

common clonal origin for peritoneal B-1a and B-2 cells at this stage, albeit only 2 of 40 

mice transplanted were engrafted in this analysis. This is consistent with a prior study by 

Barber et al. in which neonatal (but not adult) HSC (sorted as LSK CD150+) could 

contribute to peritoneal B-1a engraftment, although a common clonal origin for B-1a and 

B-2 cells could not be confirmed as this study was based on transplantation of sorted 

populations of cells (62). In contrast, a recent study which incorporated transplantation of 

highly purified E15 fetal liver HSC (LSK CD150+CD48−CD45+CD41−) failed to 

demonstrate significant B-1a cell contribution (63). While further investigations will be 

needed to reconcile these studies, differences in the stages analyzed or gating strategies for 

isolating HSC could potentially account for differences in the functional properties of HSC 

in these studies (for further discussion on this topic, also refer to (64)).

Combined, these studies suggest heterogeneity in the fetal liver HSC pool, with biased 

contribution to B-1a cells from “developmentally-restricted” HSC relative to fetal HSC, 

which initially have limited B-1a potential that is lost over time as this pool expands to 

supply the HSC in the adult bone marrow. However, these studies do not address the lineage 

relationships of the various fetal liver stem/progenitor cells that differentially contribute to 

the B-1a cell compartment; specifically, do these cells have distinct origins or do they share 

a common precursor in early embryonic development? To address this question, we tested 

the B-1a cell potential of HSC precursors (pre-HSC) at the single cell level (65). We isolated 

and co-cultured single E9.5 to E11.5 pre-HSC from the P-Sp/AGM region with Akt-
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expressing AGM-derived endothelial cell (AGM-EC), which can promote their maturation to 

functional, engrafting HSC (66), and transplanted the clonal progeny into lethally irradiated 

congenic mice. Interestingly, all engrafted recipient mice displayed both B-1a and B-2 cell 

engraftment, indicating the presence of common precursors for B-1a and B-2 cells in the 

E9.5 to E11.5 P-Sp/AGM. This included clones that generated multilineage engraftment in 

primary and secondary transplants, suggesting a common precursor for B-1a and B-2 cells at 

the level of the pre-HSC. Interestingly, we noted a relative bias of clones derived from 

earlier time points (prior to E11) toward B-1a verses B-2 cell contribution in the peritoneum 

compared to later clones. This suggests that heterogeneity in the fetal liver HSC pool may 

originate as early as the pre-HSC stage, as most pre-HSC from the P-Sp/AGM are believed 

to seed the fetal liver before undergoing further maturation to HSC (67, 68). Based on our 

previous observation that YS/P-Sp-derived progenitors isolated prior to HSC emergence can 

also produce B-1a, but not B-2, cells following OP9 co-culture, it is also possible that this 

separate population of hemogenic precursors, independent of those that give rise to HSC, 

also contributes to B-1a progenitors in the fetal liver, consistent with their detection in the 

fetal liver of HSC-deficient Cbfβ−/−:Tek-GFP/Cbfβ embryos (21, 22). Regardless, these 

studies altogether support the existence of multiple origins, including HSC-independent and 

HSC-derived lineages, for B-1a cells during embryonic and fetal development. Determining 

the relative contributions of the HSC-independent YS/P-Sp B cell progenitors and pre-HSC/

fetal HSC to tissue-resident B-1a cell compartments throughout development and in the 

adult will require lineage tracing studies that can uniquely mark HSC-independent B cell 

progenitors separate from HSC.

LMP, MPP, and pre-HSC: tracing the origin of multilineage hematopoiesis prior to HSC 
emergence

The above studies demonstrate the emergence of hematopoietic populations with T and B 

lymphoid potential from the yolk sac and P-Sp prior to and independent of HSC. However, 

distinguishing whether lineage-restricted B and T cells can emerge directly from hemogenic 

endothelium or rather transit through progenitors with multilineage or oligolineage potential 

requires clonal assays and lineage tracing studies. A recent report combining these 

approaches utilized a Rag1-GFP reporter mouse to identify a clonal Rag1-GFP+IL7Ra+ 

progenitor with restricted lymphoid and myeloid potential in the embryonic yolk sac and 

fetal liver (15). Lineage tracing confirmed the in vivo contribution of this lymphomyeloid 

progenitor (LMP) to fetal lymphocytes and myeloid cells, but not erythrocytes or 

megakaryocytes. Transcriptional analysis also demonstrated expression of lymphoid and 

myeloid-associated genes with concomitant downregulation of erythroid and 

megakaryocytes programs. Altogether, this study convincingly demonstrates the existence of 

an LMP-restricted progenitor in embryonic development arising prior to HSC, suggesting 

that at least in part B and T lymphocyte progenitors detected in the early yolk sac/P-Sp may 

transit through an LMP intermediate. However, although Rag1-GFP+IL7Ra+ progenitors 

with transcriptional profiles suggestive of LMP were detected as early as E9.5 in the yolk 

sac, the clonal in vitro lymphoid and myeloid potential of these progenitors at E9.5 was not 

assessed. Moreover, E9.5 yolk sac Rag1-GFP+IL7Ra+ progenitors were found to already 

express CD45 at this stage, in contrast to B and T lymphoid precursors previously described 
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in the E9.5 yolk sac (21–23), thus the relationship of these various early yolk sac-derived 

progenitor populations requires further investigation.

Another recent study also identified clonal progenitors with true multilineage potential at a 

similar stage in development (14). Inlay and colleagues developed an in vitro assay for 

multipotency using an OP9 stroma with inducible expression of Notch ligand Delta1, which 

could simultaneously support the differentiation of erythroid, myeloid, megakaryocyte, B 

lymphocyte, and T lymphocyte fates from single cells. By this approach, the authors 

identified a phenotypically-defined population of clonal multipotent progenitors (MPP) that 

are detected simultaneously in the yolk sac and P-Sp/AGM as early as E9.5, although in far 

greater numbers from the yolk sac between E9.5 and E11.5. While cells isolated at E11.5 

based on the identified MPP phenotype could contribute to multilineage hematopoiesis upon 

transplantation to adult immune-deficient recipients in this study, the relationship of the first 

emerging MPP at E9.5 and later HSC that can engraft immune-competent adult mice after 

E11, was not determined.

Although these studies together provide clear evidence for the emergence of progenitors 

with T and B lymphoid, LMP, and MPP activity prior to the emergence of HSC, the lineage 

relationship of these early multilineage progenitors to the precursors that eventually give rise 

to HSC remains obscure. Do they originate from a common pool of hemogenic endothelium 

or, like primitive progenitors and EMP, do they represent separate waves of hematopoiesis 

arising from lineages of hemogenic endothelial precursors distinct from those that give rise 

to HSC? Addressing this question highlights a critical challenge in the understanding of 

HSC ontogeny, which is that detection of HSC is based on a functional definition of long-

term (or more stringently, serial) multilineage engraftability in adult immune-competent 

mice. Thus, in search of the developmental origin of HSC, a variety of surrogate assays have 

been utilized to identify HSC potential prior to detection of HSC that meet this functional 

definition. These include ex vivo maturation of HSC precursors (pre-HSC) to engrafting 

HSC by whole organ, re-aggregation, or stromal co-culture or in vivo transplantation assays 

using newborn or immune-deficient recipient mice that enable multilineage engraftment 

from hematopoietic precursor cells at earlier stages of development (54, 66, 68–74). 

Generally, these studies suggest that detection of pre-HSC activity coincides temporally with 

lymphoid/multilineage progenitor activity (17, 54, 66, 68–70, 75), which is also consistent 

with lineage tracing studies that genetically mark HSC precursors during this same window 

of development prior to the detection of transplantable HSC (76). However, those studies 

which have examined quantitative pre-HSC activity by clonal analysis or limiting dilution 

assays have found that initial pre-HSC activity prior to E10 is exceedingly rare (65, 67, 71), 

at most one per embryo equivalent, thus insufficient to account for T/B progenitor, LMP, and 

MPP activity during this same stage of development, although it cannot be ruled out that 

inefficiencies in the assays for pre-HSC may account for this discrepancy. Moreover, 

whereas the majority of LMP and MPP activity is quantitatively detected initially in the yolk 

sac, the pre-HSC activity which quantitatively accounts for the first wave of HSC in the fetal 

liver is detected predominantly in the AGM (67). Together, these studies thus suggest that 

initial lymphoid/LMP/MPP activity is not necessarily derived entirely from the same lineage 

of hemogenic endothelium that gives rise to HSC (Figure 2A), but may also be derived by 

direct differentiation from a heterogeneous population of hemogenic endothelium that in 
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some cases may have more restricted hematopoietic potential (Figure 2B). Consistent with 

this, a recent clonal study of hemogenic endothelial precursors from the E9.5 to 11.5 P-

Sp/AGM revealed significant heterogeneity in hematopoietic potential assessed by stromal 

co-culture (77). This heterogeneity may result from cell autonomous properties dependent 

on developmental ontogeny as well as from non-autonomous signals dependent on the niche 

microenvironment (egs, yolk sac verses P-Sp/AGM, dorso-ventral positioning in the aorta). 

Notably, this model, which provides for separate hemogenic endothelium with lymphoid/

multilineage progenitor potential from hemogenic endothelium with pre-HSC/HSC 

potential, would also account for the ability to generate multiple hematopoietic lineages, 

including B and T cells, from embryonic stem cells using current protocols that have not 

generated detectable pre-HSC/HSC activity. Finally, this model could also account for the 

origin of HSC heterogeneity recently described in the fetal liver (60, 61), suggesting that 

unique populations of HSC with different self-renewal potentials and lineage biases (such as 

the “developmentally-restricted” fetal HSC described by Beaudin et al. (60)) could arise 

from distinct populations or waves of hemogenic endothelium. Supporting this concept, our 

clonal studies uncovered heterogeneity in functional aspects of pre-HSC, including their 

lineage potential and self-renewal capacity, for example revealing rare clones that can give 

rise to as many as several hundred long-term engrafting HSC following maturation and 

expansion in the AGM EC niche (65). A recent study using a novel technology that enabled 

tamoxifen-inducible DNA barcoding in E9.5 Tie2+ hemogenic precursors similarly revealed 

heterogeneous clonal contribution to adult hematopoiesis from barcoded precursors, some of 

which gave rise to several hundred HSC in the adult marrow pool (78). Thus, heterogeneity 

in hematopoietic potential may be inherent to hemogenic endothelium/pre-HSC at their 

inception, suggesting distinct waves of embryonic hematopoiesis may also contribute to a 

“layered” development of multilineage hematopoiesis and HSC genesis.

Future directions

Building on foundational studies over the past decades which have explored the unique 

aspects of embryonic hematopoiesis, numerous recent studies discussed herein (and several 

others not included due to space constraints), employing a variety of novel strategies 

including fate mapping and clonal analysis, have revealed increasing complexity in the many 

layers of developmental hematopoiesis. These studies have provided new insights into HSC 

heterogeneity in the fetal liver, revealed both HSC-dependent and independent origins for 

some innate-like immune cells, such as B-1a lymphocytes, and identified persistence of 

some embryonic-derived, HSC-independent hematopoietic lineages in adult tissues. Rapidly 

advancing technologies in lineage tracing, such as use of genome editing to introduce 

barcodes over successive rounds of cell divisions (79), combined with high-throughput 

single cell transcriptional and epigenetic analysis (80, 81) should permit the comprehensive 

mapping of the lineage ancestry and transcriptional machinery regulating successive layers 

of embryonic hematopoiesis and culminating in the adult HSC. This advance would be 

transformative, for example revealing the precise contributions of HSC-independent waves 

to critical populations of immune cells in the adult, and identifying current barriers to 

efficient generation of long-term repopulating HSC from pluripotent stem cells. Ultimately, 

such knowledge could lead to novel therapeutic applications in disease modeling, gene 
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editing, and cellular therapies for advancing treatments of hematologic and immunologic 

disorders.
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HIGHLIGHTS

• During embryonic development, initial hematopoietic progenitors are 

generated from hemogenic endothelium in multiple waves independently of 

HSC.

• Recent studies highlight the contribution of embryonic waves of HSC-

independent hematopoiesis to unique innate-like immune cells that can persist 

as self-maintaining hematopoietic populations in adult tissues.

• Recent studies suggest that distinct waves of hemogenic endothelium/HSC 

precursors may contribute to the production of heterogeneous populations of 

HSC in the fetal liver with distinct self-renewal properties and B cell lineage 

potentials.
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Figure 1. HSC-independent waves of embryonic hematopoiesis contribute to self-maintaining, 
tissue-resident populations of innate-type immune cells in adult tissues
This includes microglia in the adult brain derived from primitive macrophage progenitors, 

tissue-resident macrophages (Kupffer cells, alveolar macrophages, and Langerhans cells) of 

the liver, lungs, and skin derived from erythromyeloid progenitors (EMP), some B-1a cells 

residing in the peritoneal and pleural cavities derived from embryonic B cell progenitors 

and/or lymphomyeloid progenitors (LMP), and some γδ T cells, including the subset of 

dendritic epidermal T cells (DETC), in skin and intestines derived from embryonic T cell 

progenitors and/or LMP. *It remains uncertain as to whether the earliest innate-type 

lymphoid wave is derived from the same lineage of hemogenic endothelium that later gives 

rise to HSC and/or from a distinct lineage of hemogenic endothelium (see Figure 2).
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Figure 2. Models for the origin of multilineage progenitors that precede HSC during embryonic 
development
Acaulescent (HSC-independent) progenitors, as originally proposed by Nishikawa et al. 
(27), can either originate from a common lineage of hemogenic endothelial cells that have 

the capacity to give rise to HSC (A) or from distinct lineages of hemogenic endothelial cells 

that are heterogeneous in their hematopoietic potential (B). In the first model, hemogenic 

endothelial cells with multilineage potential undergo developmental maturation to acquire 

additional properties necessary to generate long-term HSC (LT-HSC). Prior to full 

maturation, a hemogenic endothelial cell that undergoes endothelial to hematopoietic 

transition (EHT) would give rise to HSC-independent hematopoietic progeny. In the second 

Hadland and Yoshimoto Page 18

Exp Hematol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



model, lineages of hemogenic endothelial cells with distinct hematopoietic potentials 

originate from mesoderm in separate temporal or spatial waves, similar to those giving rise 

to primitive progenitors and EMP, thus producing different populations of HSC-independent 

progenitors or HSC. LMP (lymphomyeloid progenitor), MPP (multipotent progenitor), ST-

HSC (short-term HSC).
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