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Abstract: The adult-definitive hematopoietic hierarchy and hematopoietic stem cells (HSCs)
residing in the bone marrow are established during embryonic development. In mouse,
human and many other mammals, it is the sudden formation of so-called intra-
aortic/arterial hematopoietic clusters (IAHCs) that best signifies and visualizes this de
novo generation of HSCs and hematopoietic progenitor cells (HPCs). Cluster cells
arise through an endothelial-to-hematopoietic transition and, for some time, express
markers/genes of both tissue types, whilst acquiring more hematopoietic features and
losing endothelial ones. Amongst several hundreds of IAHC cells, the midgestation
mouse embryo contains only very few bona fide adult-repopulating HSCs, suggestive
of a challenging cell fate to achieve. Most others are HPCs of various types, some of
which have the potential to mature into HSCs in vitro. Based on the number of cells
that reveal hematopoietic function, a fraction of IAHC cells is uncharacterized. This
review aims to explore the current state of knowledge on IAHC cells. We will describe
markers useful for isolation and characterization of these fleetingly-produced yet vitally-
important cells and for the refined enrichment of the HSCs they contain, and speculate
on the role of some IAHC cells that are as-yet functionally uncharacterized.
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Dear Dr Purton, 
 
Many thanks for your time and forwarding the reviewers’ comments. We are 
delighted to hear our review has been accepted in principle. Many thanks as well to 
the reviewers for their extremely helpful and insightful comments that reveal great 
expertise in the field. 
 
I hereby would like to resubmit the revised Manuscript and attach separate files 
containing the Manuscript (textual changes in red font), Response to Reviewers and 
Highlights.  
 
Additionally, I would also like to take this opportunity to submit a Cover Image for 
Exp Hematology that, we think, very nicely complements the Review Article. The 
image shows a live (unfixed) E10.5 WT mouse embryonic aorta, with CD31+cKit+ 
intra-aortic hematopoietic clusters marked in red and cyan, and the CD31+ 
endothelial lining in red. The vitelline artery and intersomitic vessels are visible too.  
 
I would also like to request that, once formally accepted and passed on to the 
publication team, the Corresponding Author be changed to Elaine Dzierzak (details 
on Title Page). There were some issues with her account when submitting the paper, 
hence me taking on the role of corresponding author in the meantime.  
 
We look forward to hearing from you. 
 
Kind regards, 
 
Chris Vink, PhD 
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Vink Review – Response to Reviewers 

Reviewer #1: 

1) It would be very helpful to Readers to have comments on the limitations of the 

approaches employed in the reviewed studies, how they complement each other and 

how particular approaches can heavily affect the perception of cellular heterogeneity. 

Authors already indicate potential issues with some approaches, such as low-

labeling systems.  

However, the in vitro functional assays and in vivo transplantation studies of isolated 

IAC cells are just taking a snapshot of a developing tissue at a particular stage. If the 

detected cellular heterogeneity in an IAC is due to an evolving and continuous 

maturation process conducting to the same cell type rather than 'more definitive,' 

heterogeneity is difficult to disentangle, especially for cells transcriptionally 

transitioning among different states (endothelial to hematopoietic). These studies 

mostly indicate the ability of the sorted cells to behave, for instance, as an HSC 

(defined by engrafting multilineage ability) or HSPC at the time of isolation. But these 

approaches are not able to report fate and if the cell would have matured later into 

an HSC if to remain in the embryo, perhaps in another location as in the fetal liver. It 

would be very useful to clearly highlight these limitations to the reader in a more 

organized manner. 

In addition, the difference between potential and fate and how this can affect the 
interpretation of detected cellular heterogeneity is barely considered in this 
manuscript and should be clearly discussed as it is very likely an important factor. 
 
Thank you. We agree this is a valuable point to add. We have now added the 
following text to page 4: “As the “gold standard” to test HSC functionality, such 
transplantations trigger an HSC towards expansion and multilineage differentiation to 
ultimately reveal its true potential at the time of isolation. When examined in their 
biological undisturbed (non-transplant) environment, the actual in vivo cell fate of 
these de novo-generated HSCs might not necessarily be the same (Ganuza et al., 
2022a; Haas et al., 2018; Jacobsen and Nerlov, 2019). The same might hold true for 
cells revealing progenitor function during in vitro hematopoietic assays. Similarly, 
other cells that are non-transplantable and do not reveal HSC potential at the time of 
isolation, might be fated to mature into HSCs (Ganuza et al., 2022a). Understanding 
de novo generation of a cell that can directly display HSC potential versus a cell that 
might be fated to become an HSC, will be of great importance to produce HSCs for 
clinical (transplantation) application. Though fate-mapping/lineage-tracing (genetic-
barcoding) studies have revealed valuable information on contribution of various 
HSPCs to steady-state hematopoiesis (Ganuza et al., 2022a), the maturation of 
these HSC-fated cells into bona fide HSCs under homeostatic conditions will rely on 
variable factors unlikely to be easily translatable for regenerative purposes.” 
 
2) Authors mostly focused on mouse data. Yet, they indicate differences in the 
endothelial to hematopoietic transition (EHT) process with zebrafish where IACs are 
not formed. Although much less is known about the composition of human IACs it 
would be helpful if some comparisons on potential mechanisms related to IAC 
formation or EHT recently inferred from scRNAseq data in human tissues are 

Response to Reviewers
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included (e.g., Calvanese et al., 2022; Crosse et al 2020). This will make the Review 
more comprehensive and relevant across species. 
 
We have now added the following text to page 15: “In mice, IAHCs might function to 
support the many different types of HPCs, pre-HSPCs and developmentally-
restricted HSCs before expansion and differentiation in the fetal liver 
microenvironment. The same could be true for human embryos that also generate 
ventral IAHCs. These arise between CS13 (27 dpc) and CS17 (39-42 dpc) and 
contain functional HSCs between CS14-17 (Ivanovs et al., 2017). Though much less 
is known about de novo HSC generation in human, recent scRNA-seq studies have 
started to carefully dissect the process to reveal a mix of overlapping and distinct 
players and markers as compared with mouse aortic HSCs (Calvanese et al., 2022; 
Crosse et al., 2020; Rix et al., 2022; Zeng et al., 2019).” 
 
3) Authors provide an interesting discussion on whether IAC size could relate to HSC 
function and if there may be different types of EHT. But, I think the literature 
supporting this is still quite limited and should perhaps be toned down, although I do 
agree that the data in Bennett et al., 2022 is provocative and complements studies 
recently performed by the authors (Vink et al., 2020). 
 
We have modified the conclusive sentence to which this comment relates into: “This 
suggests an uncoupling of IAHC growth and HSC generation and a direct HEC-to-
HSC transition, however this will need further investigation.” 
 
 
Reviewer #2: 

 
1. I suggest introducing the concept of pre-HSCs earlier in the manuscript, with a 
description of how they are defined. 
 
The paper starts with historic observations, leading up to discovery of HECs, and the 
EHT that gives rise to HSCs and IAHCs. We then discuss cell markers to isolate 
IAHC cells, and only after that discuss and speculate on the different cellular 
components of IAHCs and their functions and/or potentials. In the “IAHC micro-
niche” section, we introduce pre-HSCs. The hypothesis of a direct HEC-to-HSC 
transition vs pre-HSC maturation is explained later. 
While we have tried to introduce the concept earlier, this led to confusion and shifted 
the focus of the introductory section. We have therefore added more detail and 
phenotypic descriptions of pre-HSCs to the “IAHC micro-niche” section (p11) where 
we feel it is more appropriate.  
 
2. Page 2. I was unfamiliar with the term "rami" with respect to the vasculature. A 
quick Google search describes it as an abnormally branching coronary artery in the 
heart. 
 
“Rami” is the term used in the original Emmel 1916 publication. In the drawings used 
from this publication, these branches are referred to as “aortic rami” and abbreviated 
as “ar.” We have kept one example in the figure legend (to clarify “ar”) and have 
deleted “rami” in main text.   
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3. Page 2. What are extravascular cluster/islands? A little more description here 
would be helpful. 
 
Now explained in more detail on page 2. “…and the UA was shown to have a strong 
and direct effect on intra- and even extravascular cluster formation and blood-
forming capacity of this artery (Yzaguirre and Speck, 2016a; Zovein et al., 2010). 
The extravascular clusters of hematopoietic and/or endothelial cells, also referred to 
as mesenteric blood islands, were derived intravascularly from both the VA and UA 
(Yzaguirre and Speck, 2016a; Zovein et al., 2010).” 
 
4. Page 3. The authors suggest that the levels of Notch signaling are likely 
responsible for IAHCs forming in the artery. Differences in flow could also contribute, 
which I think is worth mentioning. 
 
Added to page 3: “and differences in blood-flow associated hemodynamic forces 
(Horton et al., 2021).” 
 
5. Page 4. Are there really 1-2 HSCs at E10.5? I believe it is lower than that at 
E10.5. 
 
Deleted “E10.5” here. 1-2 between E10.5-11.5 is more accurate.  
Changed into: “Mouse embryos contain around 500-700 phenotypic IAHC cells at 
embryonic day (E)10.5-11.5 (Figure 2A), with only 1-2 of these being bona fide 
HSCs at this time of development, as determined by long-term serial multilineage 
repopulation of lethally-irradiated adults.” 
 
6. Page 5. CD44 is cited as a marker of HECs, but it is also a well known marker of 
arterial endothelial cells. 
 
Indeed, the reviewer is correct. This was already mentioned in the text: “The 
hyaluronan receptor CD44 (Cd44) was shown recently to be a functional cell surface 
marker of mouse HECs at the very moment when they change morphology and 
express both an endothelial and hematopoietic program (Oatley et al., 2020). Onset 
of expression is slightly earlier than CD41 and cKit, and continues on most IAHC 
cells (Oatley et al., 2020), as seen in human (Watt et al., 2000). Others reveal wider 
and in fact pan-endothelial and -IAHC expression for CD44 (Hou et al., 2020; 
Wheatley et al. 1993).” 
We have added the Wheatley 1993 publication to make this clearer.  
 
7. Page 5-6, sentence beginning "The fact that slightly more functional HSCs . . " 
The authors indicate that there is a correlation between IAHC size and HSC 
functionality. I think it is more intuitive to refer to this as an anti-correlation. 
 
The reviewer is correct. It might indeed be more intuitive to refer to an increase in 
HSC-functionality and a decrease in IAHC size as an inverse correlation.  
 
8. Page 6. What is the middle segment of the aorta? Can the authors provide the 
boundaries, or whatever defines the middle? 
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This has now been clarified in text: “..in the middle segment of the aorta at the 
junction with the VA (2 somites cranial and 5 caudal of junction) at E10.5...”  
 
9. Page 7. The authors describe mRNA and reporter markers of IAHCs. I suggest 
also including protein markers, as good antibodies exist for some of the markers they 
mention. 
 
We have added a new introductory sentence to this section: “While good antibodies 
exist for intracellular molecules (e.g. Runx1 (Rybtsov et al., 2014; Sa da Bandeira et 
al., 2022; Yzaguirre and Speck, 2016a; Yzaguirre and Speck, 2016b)), the isolation 
and characterization of live (non-fixed/non-permeabilized) cells is more easily 
performed with fluorescent reporter genes.” 
 
10. Page 8. Ly6a-GFP marks more endothelial cells than HECs, so the statement 
that the Ly6A transgene specifically marks HSC-generating HE is not quite accurate. 
 
Changed into “with the Ly6a transgene is highly enriching for “HSC-generating” HE 
in vivo.”  
 
11. Page 10. The authors refer to a pro-HSC stage but don't define it. This could be 
addressed in the suggested pre-HSC section that would be earlier in the manuscript. 
 
On p10 changed into “the transition of CD41+CD43- IAHC cells (“pro-HSCs”) into..” 
We have added more details on pro-/pre-HSCs in the next section.  
 
12.  Figure 1. Is it possible to get permission from the journals to increase the size of 
the font in some of the figures, specifically 1Bi and 2B? 
 
We have now increased the font of Figure 1B1. Unfortunately, it was not possible to 
increase the font of the numbers (of cells per cluster) in Figure 2B without 
compromising the appearance and clarity of the figure. The figure was originally 
published like this.  
 
13. Page 17. Same comment as #2. I don't think many people know what an aortic 
"ramus" is. 
 
We have deleted the word “ramus” in the main text. Given that in Emmel 1916 this 
was abbreviated as “ar” for “aortic ramus”, we retain the description of Bii) as “the 
entrance of an aortic branch/ramus (ar)..” 
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Highlights 

 Marker combinations identify hematopoietic cells emerging from the 

embryonic aorta  

 IAHC cells are phenotypically, transcriptionally and functionally 

heterogeneous 

 HSC fate acquisition in the aorta can occur directly without gradual maturation 

 Most EHT events lead to accumulation of immature pre-HSCs and HPCs in 

large IAHCs 

 Distinct IAHC cells lacking direct hematopoietic function may act as a micro-

niche 

Twitter Abstract: 

Here we explore the current state of knowledge on the vitally important intra-aortic 

hematopoietic cluster cells that arise during development and contain the earliest 

functional hematopoietic stem cells. 
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Abstract 

 

The adult-definitive hematopoietic hierarchy and hematopoietic stem cells (HSCs) 

residing in the bone marrow are established during embryonic development. In 

mouse, human and many other mammals, it is the sudden formation of so-called 

intra-aortic/arterial hematopoietic clusters (IAHCs) that best signifies and visualizes 

this de novo generation of HSCs and hematopoietic progenitor cells (HPCs). Cluster 

cells arise through an endothelial-to-hematopoietic transition and, for some time, 

express markers/genes of both tissue types, whilst acquiring more hematopoietic 

features and losing endothelial ones. Amongst several hundreds of IAHC cells, the 

midgestation mouse embryo contains only very few bona fide adult-repopulating 

HSCs, suggestive of a challenging cell fate to achieve. Most others are HPCs of 

various types, some of which have the potential to mature into HSCs in vitro. Based 

on the number of cells that reveal hematopoietic function, a fraction of IAHC cells is 

uncharacterized. This review aims to explore the current state of knowledge on IAHC 

cells. We will describe markers useful for isolation and characterization of these 

fleetingly-produced yet vitally-important cells and for the refined enrichment of the 

HSCs they contain, and speculate on the role of some IAHC cells that are as-yet 

functionally uncharacterized.   

  

Manuscript (with changes in red font)
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Early observations of intra-aortic clusters 

 

Understanding de novo hematopoietic cell generation, i.e. transition or 

differentiation of a non-hematopoietic precursor to a hematopoietic cell identity, has 

long been a goal in the field of developmental hematopoiesis. Over a century ago, 

before functional assays existed, histological studies on many species of early-stage 

vertebrate embryos (Figure 1A) revealed the existence of clusters of hematopoietic-

like cells tightly associated to the ventral aortic endothelium, frequently near the 

divergence of vascular branches (Figure 1B) (Dantschakoff, 1907; Emmel, 1916; 

Jordan, 1916; Jordan, 1917; Maximow, 1909; Minot et al., 1912; Sabin, 1920; Stricht, 

1899). Given the cross-species conservation of intra-aortic hematopoietic clusters 

(IAHCs), it was thought that the biomechanical process(es) giving rise to them would 

also be conserved. Rather than an incidental accretion and accumulation of IAHCs 

from the circulating blood, the acquisition of a spheroidal shape and exclusive 

localization to the vascular wall, implicated an active transition state of endothelial 

cells (ECs) with a unique hemogenic capacity (Emmel, 1916; Jordan, 1916; Jordan, 

1917; Sabin, 1920). Similar intra-arterial masses/clusters were observed in the 

umbilical (UA) and vitelline arteries (VA), and other temporary ventral aortic 

branches, leaving several of these studies to postulate a causal relationship between 

IAHC formation and vascular remodeling/atrophy (Emmel, 1916; Jordan, 1916; 

Jordan, 1917). Indeed, the remodeling of the VA (first being connected to the aorta 

via the “vessel of confluence” (Daane and Downs, 2011), then via a plexus of small 

ventral aortic branches, to forming a singular arterial connection) and the UA was 

shown to have a strong and direct effect on intra- and even extravascular cluster 

formation and blood-forming capacity of this artery (Yzaguirre and Speck, 2016a; 

Zovein et al., 2010). The extravascular clusters of hematopoietic and/or endothelial 

cells, also referred to as mesenteric blood islands, were derived intravascularly from 

both the VA and UA (Yzaguirre and Speck, 2016a; Zovein et al., 2010).  

The early 20th century observations, combined with later functional proof of 

the definitive hematopoietic potency of hematopoietic cluster-containing embryonic 

arteries (Ciau-Uitz et al., 2000; de Bruijn et al., 2000; Dieterlen-Lievre, 1975; Lassila 

et al., 1978; Medvinsky and Dzierzak, 1996; Turpen et al., 1981), strongly suggested 

a correlation between cluster formation and hematopoietic stem and progenitor cell 
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(HSPC) generation. Additionally, these studies shed light on the unique 

spatiotemporal relationship between the hematopoietic and (cardio)vascular 

systems.  

The first experimental evidence that endothelial cells could adopt blood cell 

morphology and form IAHCs came from the avian model (Jaffredo et al., 1998). 

Specific dye-labelling of endothelial cells in chick embryos prior to the onset of 

hematopoiesis and IAHC formation, resulted in the later appearance of dye-positive 

IAHCs expressing hematopoietic surface markers (Jaffredo et al., 1998) indicating a 

cell transition or transdifferentiation. The ECs endowed with hemogenic capacity 

were called “hemogenic endothelium” (HE). This term was proposed in the early 80s 

when electron microscopy surprisingly revealed ultrastructural similarities and tight 

junctions between IAHCs and the underlying endothelial cells (Smith and Glomski, 

1982) (Figure 1C). Disjointedness of the endothelial layer and basal lamina was 

revealed where IAHCs form/emerge, with the most lumenal IAHC cells lacking a 

basal lamina (Garcia-Porrero et al., 1995; Jaffredo et al., 1998; Tavian et al., 1996). 

Real-time in vitro and in vivo imaging ultimately demonstrated that IAHCs arise via 

an endothelial-to-hematopoietic transition (EHT) event (Bertrand et al., 2010; Boisset 

et al., 2010; Eilken et al., 2009; Kissa and Herbomel, 2010; Lancrin et al., 2009). 

These events and resulting hematopoietic clusters are found predominantly (if 

not exclusively) in the arterial (as opposed to venous) vasculature. This is likely due 

to the requirement for Notch signaling in both the acquisition of arterial fate and 

generation of hematopoietic clusters (Kumano et al., 2003; Robert-Moreno et al., 

2005; Robert-Moreno et al., 2008; Thambyrajah and Bigas, 2022), and differences in 

blood-flow associated hemodynamic forces (Horton et al., 2021).  

  

Isolation and characterization of IAHC cells and the first adult-

repopulating HSCs 

 

While the developmental landscapes of HECs, IAHCs and HSPCs are highly 

similar, these individual populations are phenotypically overlapping and functionally 

heterogeneous, and therefore challenging to isolate and characterize. Cells 

undergoing EHT still express varying levels of many endothelial genes and surface 
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markers for some period, while already starting to display hematopoietic features 

(Swiers et al., 2013) (Figure 2C). 

Despite their transitional and potentially “metastable” state, as indicated by 

co-expression of counteracting/cross-antagonistic (endothelial and hematopoietic) 

transcriptional programs (Graf and Enver, 2009; Olsson et al., 2016), useful markers 

to enrich for HECs, HSCs and IAHCs exist (Figure 2C). Mouse embryos contain 

around 500-700 phenotypic IAHC cells at embryonic day (E)10.5-11.5 (Figure 2A), 

with only 1-2 of these being bona fide HSCs at this time of development, as 

determined by long-term serial multilineage repopulation of lethally-irradiated adults 

(Kumaravelu et al., 2002; Muller et al., 1994; Yokomizo and Dzierzak, 2010). As the 

“gold standard” to test HSC functionality, such transplantations trigger an HSC 

towards expansion and multilineage differentiation to ultimately reveal its true 

potential at the time of isolation. When examined in their biological undisturbed (non-

transplant) environment, the actual in vivo cell fate of these de novo-generated 

HSCs might not necessarily be the same (Ganuza et al., 2022a; Haas et al., 2018; 

Jacobsen and Nerlov, 2019). The same might hold true for cells revealing progenitor 

function during in vitro hematopoietic assays. Similarly, other cells that are non-

transplantable and do not reveal HSC potential at the time of isolation, might be 

fated to mature into HSCs (Ganuza et al., 2022a). Understanding de novo 

generation of a cell that can directly display HSC potential versus a cell that might be 

fated to become an HSC, will be of great importance to produce HSCs for clinical 

(transplantation) application. Though fate-mapping/lineage-tracing (genetic-

barcoding) studies have revealed valuable information on contribution of various 

HSPCs to steady-state hematopoiesis (Ganuza et al., 2022a), the maturation of 

these HSC-fated cells into bona fide HSCs under homeostatic conditions will rely on 

variable factors unlikely to be easily translatable for regenerative purposes.  

The rarity of functional HSCs within the heterogeneous mix of IAHC cells, 

together with the lack of an exclusive HSC phenotypic signature, are amongst some 

of the challenges that must be overcome in attempts to uncover how de novo 

acquisition of HSC identity is achieved.  
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Unique extracellular markers 

 

All mouse IAHCs and the entire aortic endothelial lining can be phenotypically 

characterized and isolated (by FACS) based on expression of endothelial surface 

markers like CD31 (Pecam1) and CD34 (Cd34) (Garcia-Porrero et al., 1998; 

Yokomizo and Dzierzak, 2010) (Figure 3). Additionally, all ECs and IAHC cells 

express VE-Cadherin (CD144, Cdh5), Tie2 (CD202B, Tek), Endoglin (CD105, Eng), 

and Esam (Esam) (Chen et al., 2011; Liakhovitskaia et al., 2009; Roques et al., 

2012; Takakura et al., 1998; Yokomizo and Dzierzak, 2010). Flk1 (VEGFR-2, Kdr) 

and mature pan-hematopoietic marker CD45 (Ptprc) show mutually exclusive 

expression, with Flk1 expressed on all ECs and the most basal IAHC cells, and 

CD45 mainly on the outer/lumenal cells of IAHCs (Bertrand et al., 2005; Yokomizo 

and Dzierzak, 2010). This expression pattern is like that observed in chick ECs and 

IAHCs (Jaffredo et al., 1998). In contrast to the more broadly expressed surface 

markers, CD41 (Itga2b) is observed on some IAHC cells (presumably those 

transitioning from Flk1+ to CD45+) but not on ECs (Bertrand et al., 2005; Ferkowicz et 

al., 2003; Mikkola et al., 2003; Robin et al., 2011; Yokomizo and Dzierzak, 2010) and 

thus is generally considered the earliest marker of definitive hematopoietic fate 

commitment. CD43 (Spn) is another marker expressed only on some IAHC cells, 

and specifically on those with potential to mature into definitive HSCs upon in vitro 

culture (“T[ype]1/2 pre-HSCs”) (Rybtsov et al., 2014; Rybtsov et al., 2016). During 

IAHC maturation, its expression comes on slightly later than CD41 and increases 

before the onset of CD45 expression. CD201 (Procr or Epcr) expression likely 

initiates slightly before pan-IAHC marker cKit (CD117, Kit) during/before EHT, with 

expression sustained on HSCs (Baron et al., 2018; Hou et al., 2020; Zhou et al., 

2016). Expression of pro-inflammatory TNF receptor family member CD27 (Tnfrsf7) 

is mostly observed on the IAHCs with the fewest number of cells (1-2) (Figure 3D) 

and importantly on all functional AGM HSCs, suggestive of a relation between IAHC 

size and HSC function (Li et al., 2017; Vink et al., 2020).  

High levels of Gpr56 (Adgrg1) expression, one of the most highly upregulated 

receptor genes during EHT and downstream target of the hematopoietic “heptad” 

transcription factors (TFs), is seen in all mouse IAHCs and some adjacent ECs (Rao 

et al., 2015; Solaimani Kartalaei et al., 2015). The hyaluronan receptor CD44 (Cd44) 
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was shown recently to be a functional cell surface marker of mouse HECs at the very 

moment when they change morphology and express both an endothelial and 

hematopoietic program (Oatley et al., 2020). Onset of expression is slightly earlier 

than CD41 and cKit, and continues on most IAHC cells (Oatley et al., 2020), as seen 

in human (Watt et al., 2000). Others reveal wider and in fact pan-endothelial and -

IAHC expression for CD44 (Hou et al., 2020; Wheatley et al., 1993).  

 

The pan-IAHC marker cKit 

 

Exclusive to all IAHC cells is the expression of stem cell factor receptor and 

well-known embryonic/adult HSC marker cKit (Okada et al., 1991; Sanchez et al., 

1996; Yokomizo and Dzierzak, 2010) (Figure 3A,C). Based on its expression, the 

first IAHCs are observed from E9.5 of murine development and both the total 

number of cKit+ cells within the aorta and the maximum size of individual clusters 

peaks at E10.5 ( 700 cells, up to 19 cells/IAHC), after which both gradually 

decrease (Yokomizo and Dzierzak, 2010) (Figure 2A,B). IAHCs are present between 

E9.5-14.5 and found to be of variable size, containing 1-19 and 1-11 cells per IAHC 

at E10.5 (Figure 2B) and E11.5 respectively. A significant portion of those ( 100 out 

of 500 total cKit+ cells) are single-cell “clusters” at E11. Based on their shape, IAHCs 

can generally be classed as either spheroidal, mushroom-like, stacked or single-cell 

(Boisset et al., 2015) (Figure 1D,E). The fact that slightly more functional HSCs are 

detected at E11.5 versus E10.5, in combination with an increase of the number of 

small clusters (1-2 cells) at E11.5, might indicate an inverse correlation between 

IAHC size and HSC functionality, and/or the way HSCs are de novo generated 

(Kumaravelu et al., 2002; Muller et al., 1994; Yokomizo and Dzierzak, 2010). This is 

supported by CD27 expression on all functional AGM HSCs and predominantly the 

smallest IAHCs (Figure 3D) (Vink et al., 2020).  

Most IAHCs are found in the middle segment of the aorta at the junction with 

the VA (2 somites cranial and 5 caudal of junction) at E10.5 and 11.5, with 63% and 

37% localized on the E10.5 ventral and dorsal wall, respectively (Yokomizo and 

Dzierzak, 2010) (Figure 2B,3A). The high density of cKit+ cells in the ventral middle 

segment of the aorta (Figure 3A) therefore matches the location of the earliest in 

vivo-repopulating HSCs (Mascarenhas et al., 2009; Taoudi and Medvinsky, 2007; 
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Yokomizo and Dzierzak, 2010). The dorsoventral polarization of HSC induction is in 

accordance with exposure of ventral ECs to Jag1-Notch1-driven low levels of Notch 

signaling required for HSC and IAHC formation, whereas the dorsal aspect maintains 

an arterial program due to Dll4-Notch1-driven high Notch (Bigas and Porcheri, 2018).  

Despite the almost exclusive generation of HSCs in ventral IAHCs, E10 and E11 

ventral IAHCs are more transcriptionally different than dorsal and ventral IAHCs at 

either of these stages (Baron et al., 2018; Souilhol et al., 2016; Taoudi and 

Medvinsky, 2007). This could suggest HSC specification is more likely to occur in HE 

or during EHT, rather than by gradual maturation in IAHCs.  

Clusters observed in the UA (Figure 3) and VA are phenotypically similar to 

those within the aorta and also peak in number and size at E10.5, after which both 

decrease (Yokomizo and Dzierzak, 2010). It is unknown why, compared to aortic 

clusters, their size is generally much larger. Those in the VA are localized on all 

circumferential aspects of the vessel, whilst the UA ones are predominantly on the 

dorsal side (Yokomizo and Dzierzak, 2010). Intra-arterial clusters are found along 

the full length of the VA already at E9.5, when the UA and aorta still only contain 

very few clusters (Garcia-Porrero et al., 1995; Yzaguirre and Speck, 2016b).  

 

Unique intracellular markers 

 

While good antibodies exist for intracellular molecules (e.g. Runx1 (Rybtsov et 

al., 2014; Sa da Bandeira et al., 2022; Yzaguirre and Speck, 2016a; Yzaguirre and 

Speck, 2016b)), the isolation and characterization of live (non-fixed/non-

permeabilized) cells is more easily performed with fluorescent reporter genes. The 

intracellular Ly6A-GFP (Sca1-GFP) reporter (JAX stock no. 012643) is expressed in 

a select number of (H)ECs, IAHC cells and all long-term adult-repopulating HSCs 

(de Bruijn et al., 2002; Solaimani Kartalaei et al., 2015; Vink et al., 2020) (Figure 

3C,D). Its ability to greatly enrich for the earliest de novo-generated HSCs ties in with 

the importance of pro-inflammatory cytokine IFN-γ for HSC generation (Li et al., 

2014), given that two hypersensitive sites in the transgene’s transcriptional 

regulatory fragment are responsible for high-level IFN-γ-inducible (Ly6A-)GFP 

expression (Ma et al., 2001; Sinclair et al., 1996). BMP pathway activation, as 

reported in BRE-GFP mouse embryos (Monteiro et al., 2008), is also observed in 
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some aortic endothelial and IAHC cells, and in all functional AGM HSCs (Crisan et 

al., 2015).  

The pivotal hematopoietic TFs Gata2 and Runx1 also serve as useful HSC 

markers (Figure 3B). Reporter expression driven from Runx1’s hematopoietic-

specific +23 enhancer (23GFP) (Nottingham et al., 2007) is observed in restricted 

numbers of aortic ECs (HECs) and most IAHCs (Swiers et al., 2013). When 

analyzed by in situ hybridization (ISH), Runx1 expression in the AGM (from any of its 

enhancers) is seen in all lateral and ventral ECs, IAHCs and several layers subjacent 

ventral mesenchyme (Bee et al., 2009). The transcriptional repressors Gfi1 and Gfib 

are downstream of Runx1 and expressed similarly to 23GFP, with Gfi1 expression 

initiated in rare HECs and sustained in basal IAHC cells, and Gfib expressed in 

nearly all IAHC cells (Thambyrajah et al., 2016). 

The Gata2Venus reporter mouse (JAX stock no. 037700) facilitated the first 

characterization of live Gata2-expressing cells with normal levels and function of 

Gata2 (Kaimakis et al., 2016). Between E8 and late E11, Gata2 is expressed in a 

steadily increasing number of (H)ECs and later also in most IAHC cells (Eich et al., 

2018; Kaimakis et al., 2016; Minegishi et al., 1999; Minegishi et al., 2003; Robert-

Moreno et al., 2005; Vink et al., 2020) (Figure 3B,D). Ninety eight percent of E10.5 

IAHC cells also express the TF Hlf, a gene not expressed in ECs (Yokomizo et al., 

2022; Yokomizo et al., 2019; Zhou et al., 2016). Most recently, an Evi1 (Mecom) 

reporter has been shown to mark HSPCs in the IAHCs, and is an especially potent 

marker of functional HSPCs (Yokomizo et al., 2022). 

Ly6A-GFP, (Runx1)23GFP, Gata2Venus and Gfi1 are all HEC markers 

expressed similarly in aortic HECs, with the Ly6A transgene highly enriching for 

“HSC-generating” HE in vivo (Chen et al., 2011; Eich et al., 2018; Swiers et al., 

2013; Thambyrajah et al., 2016). As a result, Ly6A-GFP reveals the most restricted 

expression pattern in IAHCs. More recently, aortic (CD201+cKit+CD44+) Neurl3-

expressing (Hou et al., 2020) and (VE-Cadherin+CD201+CD61+) CXCR4-marked 

(Dignum et al., 2021) cells were termed “HSC-primed” and “HSC-competent” HE, 

respectively. Based on phenotypic signatures, these cells are most likely basal, 

bulging and/or 1-2 cell cluster IAHC cells rather than purely HECs.  
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Unique functional HSC markers 

 

Long-term in vivo transplantation assays show that HSCs express many of 

the aforementioned cell markers. The first functional adult-repopulating HSCs in the 

AGM are phenotypically characterized (and isolated based on): Ly6A-GFP+ (Chen et 

al., 2011; de Bruijn et al., 2002; Solaimani Kartalaei et al., 2015), CD27+/high (Li et al., 

2017; Vink et al., 2020), CD34+ (Sanchez et al., 1996), cKit+/high (Eich et al., 2018; 

Sanchez et al., 1996; Solaimani Kartalaei et al., 2015; Vink et al., 2020), Gata2+ 

(Eich et al., 2018; Kaimakis et al., 2016; Minegishi et al., 1999; Minegishi et al., 

2003; Vink et al., 2020), CD31+/high (Eich et al., 2018; North et al., 2002; Solaimani 

Kartalaei et al., 2015; Vink et al., 2020), VE-Cadherin+, Runx1+ (North et al., 2002), 

Endoglin+ (Roques et al., 2012), Tie2+ (Liakhovitskaia et al., 2009; Takakura et al., 

1998) and CD41intermediate (Robin et al., 2011) expression and are BMP-activated 

(BRE-GFP+) (Crisan et al., 2015) (Figure 4).  

Some marker proteins like CD11b (Mac-1, Itgam) (Sanchez et al., 1996), 

CD45 (Bertrand et al., 2005; North et al., 2002), Sca-1 (de Bruijn et al., 2002; North 

et al., 2002) and Flk1 (North et al., 2002) are found only on some of the first HSCs, 

with HSC activity detected in both the expressing and non-expressing populations. 

Given the transitional and heterogeneous nature of HECs and IAHCs, and the non-

synchronous expression onset of most markers, the list is non-exhaustive, and 

several other endothelial/hematopoietic surface markers and TF reporter lines can 

be used for purification and/or visualization of the first HSCs. Our lab has found the 

use of one pan-endothelial-IAHC marker (like CD31), in combination with cKit (pan-

IAHC), and Ly6A-GFP or a pivotal hematopoietic TF reporter (like Gata2Venus) to 

yield the best HSC enrichment. The necessity for these combinations of embryonic 

markers is underlined by the fact most adult BM HSC enrichment strategies (e.g. 

LSK SLAM) are not suitable for isolation of the earliest adult-repopulating HSCs. As 

an example, while Ly6a-GFP is expressed in all AGM HSCs, the Sca-1 (Ly6A/E) 

surface protein is on only 50% of AGM HSCs (de Bruijn et al., 2002), and the SLAM 

marker CD150 is on very few AGM cells, none of which have HSC potential 

(McKinney-Freeman et al., 2009).   
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Lesser-known and/or appreciated IAHC components 

 

A wide range of phenotypic, functional, and transcriptomic heterogeneity of 

IAHCs has been revealed (Baron et al., 2018; Crisan and Dzierzak, 2016; Crisan et 

al., 2015; Eich et al., 2018; Kaimakis et al., 2016; Rybtsov et al., 2014; Rybtsov et 

al., 2011; Solaimani Kartalaei et al., 2015; Taoudi et al., 2008; Vink et al., 2020; 

Zhou et al., 2016). Functionally, IAHCs have been shown to contain various types of 

lymphoid and myeloid progenitors, embryonic multipotent progenitors, precursors to 

HSCs (pre-HSCs, unable to directly reconstitute adult-irradiated recipients), pre-

HPSCs, rare long-term multilineage adult-repopulating HSCs and erythro-myeloid 

progenitors (EMPs), the latter most likely of yolk sac origin (Baron et al., 2018; 

Boisset et al., 2015; Eich et al., 2018; Li et al., 2014; Patel et al., 2022; Rybtsov et 

al., 2014; Rybtsov et al., 2011; Taoudi et al., 2008; Vink et al., 2020; Yokomizo et al., 

2022). Still, functional (hematopoietic) assays fail to quantitatively match the roughly 

500-700 (CD31+cKit+) IAHC cells observed in vivo, leaving the question as to what 

these remaining cells are and might do? 

 

The (unknown) role of Runx1 in IAHCs 

 

IAHC heterogeneity and lack of unique (combinations/ levels of) markers have 

long impeded isolation, precise localization, and transcriptomic capture of a pure 

population of the first adult-repopulating HSCs. Recently, SmartSeq2 single-cell RNA 

sequencing (scRNA-seq) of a near-pure population of AGM HSCs was achieved 

through reiterations of single-cell functional and transcriptomic analyses, together 

with index-sorting (Vink et al., 2020) (Figure 4). Despite high-level HSC enrichment 

and the fact that >50% of (CD31+cKithighGata2medium) cells exhibit an immature or 

mature hematopoietic transcriptome, one major subset consisted of Runx1-

negative/low cells with an endothelial-like transcriptomic signature (Vink et al., 2020). 

Several other AGM scRNA-seq studies also found E11 Runx1- (CD31+cKit+) IAHC 

cells (Baron et al., 2018; Sa da Bandeira et al., 2022). Rare Runx1- (CD44+) 

bulging/IAHC cells were observed in the E10.5 aorta (Hou et al., 2020), and earlier 

studies using E11.5 (haploinsufficient) Runx1-LacZ reporter embryos also revealed 

Runx1- IAHC (CD34+cKit+) cells (North et al., 1999; North et al., 2002). CD41+VE-
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Cadherin+ IAHC cells, said to be enriched for HSC precursors, were both Runx1- and 

Runx1+ (by intracellular staining) at the time when IAHCs begin to be formed 

(Rybtsov et al., 2014). Furthermore, the E11 (CD31+cKit+) IAHC fraction of Runx1-

IRES-GFP reporter embryos (Lorsbach et al., 2004), contains ±55% of Runx1-

GFPnegative cells (Gonzalez, Crisan, under revision).  

Importantly, the Runx1-negative fraction of IAHCs did not contain any directly-

measurable HPC or adult-repopulating HSC function and thus appeared “non-

hematopoietic” (Vink et al., 2020). No other studies have so far attempted to 

characterize Runx1- IAHC cells, leaving their role undetermined. Runx1 plays an 

important role in hematopoietic specification prior to EHT (Swiers et al., 2013; Zhu et 

al., 2020), is crucial for cell emergence during EHT and is no longer required in 

Vav1-expressing hematopoietic cells/HSPCs from the fetal liver (FL) stage onwards 

(Chen et al., 2009). Cdh5/VE-Cadherin-specific deletion of Runx1 revealed that it is 

required for de novo generation of (pre-)HSCs until E11.5, after which some become 

Runx1-independent (Tober et al., 2013). However, with Cdh5 mRNA expression in 

IAHCs roughly 80% lower than VE-Cadherin surface protein (retained on these cells 

until shortly after FL colonization), it is unknown whether Runx1 was deleted in all 

cells (Yzaguirre et al., 2017). Another study using CD41-Cre mediated deletion found 

Runx1 only essential during, but not prior to, the transition of CD41+CD43- IAHC 

cells (“pro-HSCs”) into HSCs (Liakhovitskaia et al., 2014). Still, low-level CD41 

expression in early endothelium indicates that Runx1 might be necessary from the 

earliest HEC specification, during EHT and up until the pro-HSC stage (Swiers et al., 

2013; Yzaguirre et al., 2017).  

The ambiguity concerning the absolute requirement for Runx1 within IAHCs, 

raises several possibilities. The Runx1- IAHC cells may have previously expressed 

Runx1 long enough to emerge into IAHCs, but then downregulated its expression to 

result in an abortive EHT or a functionless cell. Abortive EHT events have been 

revealed by live-imaging of runx1-knockdown zebrafish embryos (Kissa and 

Herbomel, 2010). In these embryos EHT initiation is rare and when HECs begin 

bulging out of the endothelium, they immediately burst, thus establishing a crucial 

role for runx1 in aortic cell emergence. Some abortive EHT events could be the 

recently described “doomed” zebrafish HSPCs that did not pass macrophage “quality 

control” (Wattrus et al., 2022). EHT in fish differs in several aspects from mouse, with 
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HEC-derived HSPCs extravasating directly into the sub-aortic space instead of 

forming IAHCs (Boisset et al., 2010; Kissa and Herbomel, 2010). In contrast to 

zebrafish, abortive EHT events in mice could result in accumulation of such IAHC 

cells lacking (directly-testable) hematopoietic function. Whether these cells have any 

potential function (in vivo or in vitro) remains to be seen.  

 

The IAHC as a micro-niche within the wider embryonic aortic 

microenvironment 

 

Differently sized IAHCs and/or specific locations within the major embryonic 

arteries could result in micro-niches promoting generation/maturation of different 

hematopoietic fates. Some of the uncharacterized IAHC cells may have a supportive 

role or be in a “neutral”/plastic state awaiting establishment of a hematopoietic 

identity. Given that Runx1- cells express medium/high CD41 (Figure 4) and/or low 

CD43 (and medium levels of cKit) (Vink et al., 2020), they could also represent 

precursors to HSCs (“pro-/pre-HSCs”) (Rybtsov et al., 2014; Rybtsov et al., 2011; 

Taoudi et al., 2008) unable to directly reveal hematopoietic output. Such cells would 

only display HSC function upon in vitro culturing (Ganuza et al., 2017a; Inlay et al., 

2014; Rybtsov et al., 2016) or direct transplantation into neonates, but not adult mice 

(Boisset et al., 2015; Yoder et al., 1997). These precursors are thought to mature via 

a multi-step process, transitioning from a “pro-HSC” phenotype (CD41+CD43-CD45-) 

to “T1 pre-HSC” (CD41lowCD43+CD45-) and “T2 pre-HSC” (CD41lowCD43highCD45+) 

(Rybtsov et al., 2014; Rybtsov et al., 2011; Taoudi et al., 2008). Quantitative studies 

reveal around 1-2 of these pro-HSCs at E9.5, an increase from 5 to 50 pre-HSCs at 

E10, and a peak of 65 pre-HSCs in the E11 aorta (Rybtsov et al., 2016). By E12.5, 

approximately 10 pre-HSCs remain (Rybtsov et al., 2016), in line with a decrease in 

IAHCs and the end of de novo HSPC generation in the aorta (Yokomizo and 

Dzierzak, 2010). Slightly different phenotypic criteria reveal roughly 29 pre-HSCs per 

E11 AGM (Zhou et al., 2016).  

Pre-HSCs are thought to mature to definitive LT-HSCs in the FL. However, 

one subset supposedly serves as a second origin of innate-like B-1a cells (Hadland 

et al., 2017). These “pre-HSCs” do not mature into LT-HSCs, but rather 

developmentally-restricted (B-1a-producing) FL HSCs (Ghosn et al., 2019; Godin et 
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al., 1993; Hadland et al., 2017). In fact, recent work shows most FL HSCs are biased 

towards differentiation rather than capable of long-term self-renewal (Ganuza et al., 

2022b). Another subset of “pre-HSCs” might give rise to “embryonic multipotent 

progenitors” (eMPPs) with a predominant role in supporting lymphoid output (Patel et 

al., 2022), again suggesting not all phenotypic “pre-HSCs” mature into bona fide 

definitive HSCs. The low-efficiency labeling systems and (non-exclusive) phenotypic 

IAHC markers used in this study do not rule out contribution of AGM HSCs to the 

adult lymphoid compartment. (e)MPPs are said to play an important role in 

maintaining unperturbed (non-transplant) hematopoiesis (Busch et al., 2015; Patel et 

al., 2022; Pei et al., 2020; Rodriguez-Fraticelli et al., 2018; Sun et al., 2014). This is 

however controversial, with others showing HSCs are the major contributors to 

steady-state hematopoiesis (Chapple et al., 2018; Sawai et al., 2016; Sawen et al., 

2018). Since maturation (and proliferation) of HSC precursors into transplantable 

HSCs requires in vitro culture steps, and phenotypic “pre-HSCs” are clearly 

heterogeneous, it is uncertain what proportion matures into bona fide HSCs and 

whether all “pre-HSCs” that can attain HSC function in vitro will achieve HSC 

function and identity in vivo. In line with this, a recent publication coined the more 

fitting term “pre-HSPC,” for this phenotypically similar, yet functionally 

heterogeneous IAHC population (Yokomizo et al., 2022). Altogether these 

precursors are responsible for a fraction of IAHC cells and fail to add up to the 500-

700 IAHC cells observed in the E10.5-11.5 aorta (Yokomizo and Dzierzak, 2010). 

The stratified heterogeneity that could result in micro-niches might also be 

due to the clonality of IAHCs. Whereas two- and three-cell IAHCs are mostly 

monoclonal, those with four or more cells are polyclonal (Ganuza et al., 2017b; 

Porcheri et al., 2020), suggesting that IAHCs commence as monoclonal “units” and 

then recruit additional cells (migratory or from adjacent clusters). These cells would 

either already express markers like CD31 and cKit, or initiate expression in the 

IAHC. On the transcriptional level, rather than being enriched for a particular cell 

type, the majority of larger IAHCs are heterogeneous, though some were shown to 

contain mainly erythroid progenitors (Baron et al., 2018). In contrast to direct 

transplantations revealing 1-2 long-term multilineage-repopulating HSCs per E10.5-

11.5 AGM, unperturbed hematopoiesis appears to be sustained by several hundred 

EC/IAHC precursor clones in the mouse (Ganuza et al., 2017b) and roughly 30 in the 
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zebrafish AGM (Henninger et al., 2017). Transplanted HSCs are capable of 

withstanding stress hematopoiesis and functioning in the adult bone marrow niche, 

thus implicating a microenvironmental role (in pre-HSPC maturation) for some cells 

in the larger IAHCs. Recent mouse embryo studies suggest that the smallest, one- to 

two-cell-containing and Dll4-expressing, IAHCs are likely to contain the very first 

functional HSCs (Porcheri et al., 2020; Vink et al., 2020).    

Surprisingly, Runx1- IAHC cells express Bmp4 and Kitl (Kit ligand or Stem 

Cell Factor; SCF) (Figure 4; https://gottgens-lab.stemcells.cam.ac.uk/DZIERZAK/ 

(Vink et al., 2020)). SCF supports AGM HSC generation/maturation and survival, 

and is expressed/produced by roughly 16% of aortic ECs, 9% mesenchymal cells 

and some IAHC cells, the latter most likely with HSC potential (Azzoni et al., 2018; 

Souilhol et al., 2016). These precursors are responsive to SCF (Rybtsov et al., 

2014). Cytoplasmic Bmp4 is most highly expressed in ventral subaortic mesenchyme 

and to a lesser extent in IAHCs, with “foci” of Bmp4 (indicative of receptor activation) 

predominantly seen on the surface of IAHC cells (Durand et al., 2007; Souilhol et al., 

2016). Like Kit ligand, Bmp4 increases HSC maturation in the AGM (Crisan et al., 

2016; Durand et al., 2007), however there is a requirement for the timely 

downregulation of Bmp signaling (Souilhol et al., 2016). The same cells also express 

high levels of Apelin receptor (Aplnr or APJ) (Figure 4), which has been implicated in 

development and maintenance of the hematopoietic system (Jackson et al., 2021). 

Altogether, these uncharacterized cells might have supportive roles within IAHCs, 

creating unique hematopoietic (micro-)niches. 

Localization of the first HSCs – Does IAHC size correlate with HSC 

function?  

Live-imaging in mouse and zebrafish embryos demonstrates direct 

emergence of single round cells displaying all phenotypic (and functional) HSC 

criteria (Bertrand et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010). 

During one rapid transdifferentiation event, these cells are capable of initiating 

expression of HSC markers cKit, CD41 and Ly6A-GFP (Boisset et al., 2010). 

Whereas the E11.5 mouse aorta contains around 500 cKit+ IAHC cells of which 100 

are present as single-cell “clusters” (Yokomizo and Dzierzak, 2010), zebrafish 

HSPCs formed by EHT, immediately extravasate without the formation of intra-aortic 

https://gottgens-lab.stemcells.cam.ac.uk/DZIERZAK/


15 

 

clusters. With no formal proof of zebrafish generating multipotent and lineage-

restricted progenitors (Stachura and Traver, 2016), one might propose zebrafish 

have a simpler blood hierarchy than mice, which allows for direct emergence of 

HSPCs from HECs without the need for any maturation. In mice, IAHCs might 

function to support the many different types of HPCs, pre-HSPCs and 

developmentally-restricted HSCs before expansion and differentiation in the FL 

microenvironment. The same could be true for human embryos that also generate 

ventral IAHCs. These arise between CS13 (27 dpc) and CS17 (39-42 dpc) and 

contain functional HSCs between CS14-17 (Ivanovs et al., 2017). Though much less 

is known about de novo HSC generation in human, recent scRNA-seq studies have 

started to carefully dissect the process to reveal a mix of overlapping and distinct 

players and markers as compared with mouse aortic HSCs (Calvanese et al., 2022; 

Crosse et al., 2020; Rix et al., 2022; Zeng et al., 2019).  

Recent correlations of CD27 with Ly6A-GFP and Gata2 expression showed 

HSCs localize to small one- to two-cell clusters in the E10.5-11.5 mouse AGM (Vink 

et al., 2020) (Figure 3D), in support of a direct HEC-to-HSC transition. Some 

macrophages interact with these single emerged CD27+ cells in mouse (Vink et al., 

2020). Macrophages were recently found to be crucial for HSPC generation in 

mouse (Mariani et al., 2019) and HSPC expansion/quality control in zebrafish 

(Wattrus et al., 2022) embryos. Interestingly, AGM-associated macrophages showed 

upregulated expression of Bmp2 which binds the same type II receptor subunit 

(Bmpr2; expressed on AGM HSCs (Durand et al., 2007)) as Bmp4 and providing 

another possible source of Bmp for the generation of the first HSCs (Mariani et al., 

2019; Sadlon et al., 2004). Furthermore, Bmp2k (Bmp2-inducible kinase), a 

downstream target of Bmp2, was found upregulated in the first HSCs (Vink et al., 

2020). Though not much is known about this protein, it might provide a further link 

between HSCs and macrophages.  

High Dll4 expression made HSCs stand out from other cells with the same 

phenotype (CD31highSideScatterlowcKithighGata2mediumCD27medium), in line with others 

showing that Dll4 maintains smaller IAHCs (Porcheri et al., 2020). Dll4 could play a 

role in maintenance of HSC quiescence, providing further evidence for the direct 

HEC-to-HSC transition possibly facilitated by AGM-associated macrophages. The 

loss of MyD88-dependent toll-like receptor (TLR) signaling, an adaptor protein in one 
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of two main intracellular TLR pathways, was found to lead to a decrease in IAHC 

size/cell number and an increase in functional HSCs, whilst the number of HECs 

remains the same (Bennett et al., 2022). This suggests an uncoupling of IAHC 

growth and HSC generation and a direct HEC-to-HSC transition, however this will 

need further investigation.  

Altogether, there is increasing evidence in favor of existence of several types 

of EHT; a rare and direct HEC-to-HSC transition into 1-2 cell-containing IAHCs, and 

a more frequent EHT resulting in HPCs and immature pre-HSCs in larger IAHCs that 

mature in the FL to provide for the hematopoietic needs during ontogeny.  

 

Summary and Future Outlook 

 

Intra-aortic clusters were first observed in many early-stage vertebrate 

embryos more than a century ago. Single-cell approaches have now revealed vast 

transcriptomic and functional heterogeneity of IAHC cells. Rare adult-repopulating 

HSCs reside amongst a phenotypically heterogeneous mix of (lymphoid, myeloid, 

and embryonic multipotent) progenitors and pre-HSPCs, the latter requiring 

additional maturation before revealing hematopoietic function. The similar 

developmental landscapes and endothelial origin of these different but 

phenotypically overlapping IAHC cells, render them challenging to isolate and 

characterize. Nonetheless, the right combinations of unique embryonic intra- and 

extracellular markers, and advanced isolation techniques, now allow high-level 

enrichment. Single-cell transcriptome profiles of IAHC cells, together with the 

revelation that the mouse embryo contains more IAHC cells than can be accounted 

for with quantitative functional assays, has raised several questions. What role(s), if 

any, do these remaining cells play? Do they support maturation, proliferation, or 

generation of certain hematopoietic cell types/states, or are they abortive EHT 

events that lead to non-functional cells waiting for clearance? The current state of 

knowledge suggests that the rare and first adult-repopulating HSCs emerge directly 

from aortic HECs into small IAHCs, and that de novo HSC identity acquisition can 

occur during EHT rather than by gradual maturation. Many more EHT events lead to 

an accumulation of “immature” (pre-)HSCs and various types of HPCs in larger 

IAHCs. The maturation of these precursors and restricted-/biased-HSCs could be 
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influenced/regulated by transcriptionally-distinct IAHC cells, that lack direct 

hematopoietic function. Together this suggests an uncoupling of IAHC growth and 

HSC generation, and a direct HEC-to-HSC transition. A full understanding of the 

wider aortic microenvironment, and potential IAHC micro-niches, should provide 

essential clues on how to generate, mature and/or maintain hematopoietic stem and 

progenitor cells. The vertebrate embryo holds the key to understanding these 

processes vital for healthy hematopoiesis and regeneration.   
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Figure legends 

 

Fig 1. From early observations to high-resolution electron microscopy of EHT 

and IAHCs. A) Schematic of a midgestation mouse embryo with aorta (and 

branching at vitelline and umbilical artery) highlighted in red. Blue window indicates 

transversal cross-section through the aorta Bi) Early 20th century drawing of a 

transverse section through the aorta of a 12mm pig embryo. An intra-aortic 

haematopoietic cluster (IAHC) is attached to the ventral endothelial lining of the 

aorta. Ac=aortic cluster; vw=ventral wall; dw=dorsal wall; la=lateral aortic branch; 

s=mesenchyme. Bii) Early drawing of a sagittal section of vascular endothelium at 

the entrance of an aortic branch/ramus (ar) of a 9mm pig embryo. Morphological 

changes in (hemogenic) endothelial cells (HECs) are suggestive of IAHC formation 

(going from endothelial cell e1 to e2 to e3). Right arrow indicates blood flow from 

aorta into branch. Left arrow indicates direction of circulation along the long axis of 

the aorta. s=mesenchyme. Both Bi) and Bii) are effectively some of the first 

drawings of the endothelial-to-haematopoietic transition (EHT). Reprinted (with minor 

changes) from (Emmel, 1916), with permission from John Wiley and Sons. C) 

Transmission electron microscopy images of part of the wall of an embryonic day 

(E)10.5 murine dorsal aorta. Original magnifications 4000x. Ci) Endothelial cells (EC) 

budding out of the ventral aortic wall into the aortic lumen (L) as they undergo EHT. 

Many of the cells contain large cystic formations (*). Short arrow indicates a tight 

junction connecting ECs to each other, but not to the underlying mesenchyme. Long 

arrows point at the basal lamina of extracellular matrix between endothelium and 

mesenchyme. Cii) IAHC of four round haematopoietic cells (h) attached to the 

endothelial lining. The four cells in the IAHC are interconnected via tight junctions 

(short arrows). Reprinted (with minor changes) from (Marshall and Thrasher, 2001), 

with permission from John Wiley and Sons. D,E) Scanning electron microscopy 

(SEM) image of Di) thick transverse section through the E10 AGM region (A=inside 

aorta; top=dorsal; bottom=ventral), and zoom-in of an E10 Dii) sphere-shaped, Ei) 

stacked and Eii) “mushroom-like” IAHC. Dii) IAHC artificially-colored in yellow, 

endothelium in pink and sub-aortic mesenchyme in blue. D,E) Reprinted (with minor 

changes) from (Boisset et al., 2015), with permission from Elsevier. 
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Fig 2. Quantifications of IAHC number and size and marker changes during 

IAHC formation. A) Quantification of number of cKit+ cells within the murine 

embryonic dorsal aorta (DA) at different times of development (E=embryonic day; 

sp=somite pairs). B) Number of cKit+ cells per intra-aortic hematopoietic cluster 

(IAHC) in the E10.5 mouse. Each magenta dot indicates a cKit+ cell, with numbers 

representing cKit+ cells per cluster. One- and two-cell clusters were not 

drawn/included. Red numbers mark IAHCs with 10 or more cKit+ cells/IAHC. 

VA=vitelline artery, UA=umbilical artery, FL=fetal liver. A,B) Reprinted from 

(Yokomizo and Dzierzak, 2010), with permission from The Company of Biologists 

Ltd. C) Representation of morphological and cell-specific marker changes during the 

transdifferentiation of endothelial cells (HECs) into IAHCs and haematopoietic stem 

and progenitor cells (HSPCs) occurring in the midgestation mouse aorta in vivo. 

Vascular endothelial cells express a wide array of pan-endothelial cell surface 

markers. Through the expression of certain pivotal haematopoietic genes, a sub-

fraction of the endothelium will become hemogenic (HECs; light red) and start 

undergoing endothelial-to-hematopoietic transition (EHT), leading to the formation of 

IAHCs that gain hematopoietic characteristics (dark red) as they advance away from 

the endothelium. Once required/fully matured, the HSPCs will detach from IAHCs 

and enter circulation. Onset of expression of specific genes and markers is indicated 

above the schematic of the different EHT stages. Question mark (?) inside an IAHC 

cell refers to some of the lesser-known and/or appreciated IAHC components 

discussed in this review.  

 

Fig 3. Immunohistochemistry for a selection of relevant mouse intra-aortic 

hematopoietic cluster markers. A) Maximum intensity projection of the middle 

segment of a wild-type (WT) embryonic day (E)10.5 (35 somite pairs; sp) unfixed 

whole-mount dorsal aorta stained for endothelial and IAHC marker CD31 (red) and 

intra-aortic hematopoietic cluster (IAHC) marker cKit (cyan). The highest number of 

IAHCs is observed on the ventral side (left) near the mouths of several aortic 

branches. Image taken with a Zeiss light-sheet microscope (scale bar=100µm) B) 

Transversal sections through a 35sp Gata2-Venus (top) and 38sp WT (bottom) 

aorta-gonad-mesonephros (AGM) region. Nuclei are in dark blue (DAPI; top), 

endothelial (EC) and IAHC cells in red (CD34), and Gata2 (G2V) and Runx1 
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expression in green and cyan, respectively. White dashed boxes indicate magnified 

areas C) Zoom-in on small IAHCs attached to the ventral aortic wall (top) and large 

intra-arterial hematopoietic clusters inside the umbilical artery (UA; middle+bottom) 

of a whole-mount stained Ly6A-GFP embryo (top+middle=38sp; bottom=37sp). All 

ECs express CD31 (magenta) and IAHC cells express cKit (red) and CD31. Some 

ECs and IAHC cells also express Ly6A-GFP (green). D) Detection of CD27 

expression (white) on ventral one- to two-cell clusters present in transversal sections 

through the aorta of 43sp Gata2-Venus (top+bottom left), 42-43sp Ly6A-GFP 

(middle), and 36sp MacGreen (bottom right; MacGreen/GFP not shown) embryos. 

All ECs express CD34 (red). Some ECs and IAHC cells also express Gata2 (G2V; 

green; top+bottom left) or Ly6A-GFP (green; middle). Three-dimensional image 

(bottom left) showing a ventral two-cell cluster with one Gata2mediumCD27+ cell and 

one G2lowCD27− cell. See also Video S1 (Vink et al., 2020). Scale bars: 30µm, 

unless stated otherwise. Tissue sections: 10µm thick. 

 

Fig 4. Transcriptional profiles of select panel of genes in embryonic day 10.5-

11.5 intra-aortic hematopoietic cluster cells enriched for functional HSCs. 

SPRING visualization corresponding to 1087 single CD31+cKithighGata2medium intra-

aortic hematopoietic cluster (IAHC) cells (including 119 

CD31highSideScatterlowcKithighGata2mediumCD27medium cells, highly enriched for HSCs 

and localized to the HSC-containing [circled] transcriptomic sub-cluster; see CD31 

plot). Cells are colored according to expression of relevant endothelial-related, 

hematopoietic-related and transcription factor genes, and genes expressed in the 

Runx1 negative/low IAHC fraction (circled; see Runx1 plot). Transcript levels verify 

enrichment strategies based on expression levels of corresponding intra- and 

extracellular protein markers, as described in text. Data from (Vink et al., 2020). See 

also: https://gottgens-lab.stemcells.cam.ac.uk/DZIERZAK/ 
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Abstract 

 

The adult-definitive hematopoietic hierarchy and hematopoietic stem cells (HSCs) 

residing in the bone marrow are established during embryonic development. In 

mouse, human and many other mammals, it is the sudden formation of so-called 

intra-aortic/arterial hematopoietic clusters (IAHCs) that best signifies and visualizes 

this de novo generation of HSCs and hematopoietic progenitor cells (HPCs). Cluster 

cells arise through an endothelial-to-hematopoietic transition and, for some time, 

express markers/genes of both tissue types, whilst acquiring more hematopoietic 

features and losing endothelial ones. Amongst several hundreds of IAHC cells, the 

midgestation mouse embryo contains only very few bona fide adult-repopulating 

HSCs, suggestive of a challenging cell fate to achieve. Most others are HPCs of 

various types, some of which have the potential to mature into HSCs in vitro. Based 

on the number of cells that reveal hematopoietic function, a fraction of IAHC cells is 

uncharacterized. This review aims to explore the current state of knowledge on IAHC 

cells. We will describe markers useful for isolation and characterization of these 

fleetingly-produced yet vitally-important cells and for the refined enrichment of the 

HSCs they contain, and speculate on the role of some IAHC cells that are as-yet 

functionally uncharacterized.   
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Early observations of intra-aortic clusters 

 

Understanding de novo hematopoietic cell generation, i.e. transition or 

differentiation of a non-hematopoietic precursor to a hematopoietic cell identity, has 

long been a goal in the field of developmental hematopoiesis. Over a century ago, 

before functional assays existed, histological studies on many species of early-stage 

vertebrate embryos (Figure 1A) revealed the existence of clusters of hematopoietic-

like cells tightly associated to the ventral aortic endothelium, frequently near the 

divergence of vascular branches (Figure 1B) (Dantschakoff, 1907; Emmel, 1916; 

Jordan, 1916; Jordan, 1917; Maximow, 1909; Minot et al., 1912; Sabin, 1920; Stricht, 

1899). Given the cross-species conservation of intra-aortic hematopoietic clusters 

(IAHCs), it was thought that the biomechanical process(es) giving rise to them would 

also be conserved. Rather than an incidental accretion and accumulation of IAHCs 

from the circulating blood, the acquisition of a spheroidal shape and exclusive 

localization to the vascular wall, implicated an active transition state of endothelial 

cells (ECs) with a unique hemogenic capacity (Emmel, 1916; Jordan, 1916; Jordan, 

1917; Sabin, 1920). Similar intra-arterial masses/clusters were observed in the 

umbilical (UA) and vitelline arteries (VA), and other temporary ventral aortic 

branches, leaving several of these studies to postulate a causal relationship between 

IAHC formation and vascular remodeling/atrophy (Emmel, 1916; Jordan, 1916; 

Jordan, 1917). Indeed, the remodeling of the VA (first being connected to the aorta 

via the “vessel of confluence” (Daane and Downs, 2011), then via a plexus of small 

ventral aortic branches, to forming a singular arterial connection) and the UA was 

shown to have a strong and direct effect on intra- and even extravascular cluster 

formation and blood-forming capacity of this artery (Yzaguirre and Speck, 2016a; 

Zovein et al., 2010). The extravascular clusters of hematopoietic and/or endothelial 

cells, also referred to as mesenteric blood islands, were derived intravascularly from 

both the VA and UA (Yzaguirre and Speck, 2016a; Zovein et al., 2010).  

The early 20th century observations, combined with later functional proof of 

the definitive hematopoietic potency of hematopoietic cluster-containing embryonic 

arteries (Ciau-Uitz et al., 2000; de Bruijn et al., 2000; Dieterlen-Lievre, 1975; Lassila 

et al., 1978; Medvinsky and Dzierzak, 1996; Turpen et al., 1981), strongly suggested 

a correlation between cluster formation and hematopoietic stem and progenitor cell 
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(HSPC) generation. Additionally, these studies shed light on the unique 

spatiotemporal relationship between the hematopoietic and (cardio)vascular 

systems.  

The first experimental evidence that endothelial cells could adopt blood cell 

morphology and form IAHCs came from the avian model (Jaffredo et al., 1998). 

Specific dye-labelling of endothelial cells in chick embryos prior to the onset of 

hematopoiesis and IAHC formation, resulted in the later appearance of dye-positive 

IAHCs expressing hematopoietic surface markers (Jaffredo et al., 1998) indicating a 

cell transition or transdifferentiation. The ECs endowed with hemogenic capacity 

were called “hemogenic endothelium” (HE). This term was proposed in the early 80s 

when electron microscopy surprisingly revealed ultrastructural similarities and tight 

junctions between IAHCs and the underlying endothelial cells (Smith and Glomski, 

1982) (Figure 1C). Disjointedness of the endothelial layer and basal lamina was 

revealed where IAHCs form/emerge, with the most lumenal IAHC cells lacking a 

basal lamina (Garcia-Porrero et al., 1995; Jaffredo et al., 1998; Tavian et al., 1996). 

Real-time in vitro and in vivo imaging ultimately demonstrated that IAHCs arise via 

an endothelial-to-hematopoietic transition (EHT) event (Bertrand et al., 2010; Boisset 

et al., 2010; Eilken et al., 2009; Kissa and Herbomel, 2010; Lancrin et al., 2009). 

These events and resulting hematopoietic clusters are found predominantly (if 

not exclusively) in the arterial (as opposed to venous) vasculature. This is likely due 

to the requirement for Notch signaling in both the acquisition of arterial fate and 

generation of hematopoietic clusters (Kumano et al., 2003; Robert-Moreno et al., 

2005; Robert-Moreno et al., 2008; Thambyrajah and Bigas, 2022), and differences in 

blood-flow associated hemodynamic forces (Horton et al., 2021).  

  

Isolation and characterization of IAHC cells and the first adult-

repopulating HSCs 

 

While the developmental landscapes of HECs, IAHCs and HSPCs are highly 

similar, these individual populations are phenotypically overlapping and functionally 

heterogeneous, and therefore challenging to isolate and characterize. Cells 

undergoing EHT still express varying levels of many endothelial genes and surface 
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markers for some period, while already starting to display hematopoietic features 

(Swiers et al., 2013) (Figure 2C). 

Despite their transitional and potentially “metastable” state, as indicated by 

co-expression of counteracting/cross-antagonistic (endothelial and hematopoietic) 

transcriptional programs (Graf and Enver, 2009; Olsson et al., 2016), useful markers 

to enrich for HECs, HSCs and IAHCs exist (Figure 2C). Mouse embryos contain 

around 500-700 phenotypic IAHC cells at embryonic day (E)10.5-11.5 (Figure 2A), 

with only 1-2 of these being bona fide HSCs at this time of development, as 

determined by long-term serial multilineage repopulation of lethally-irradiated adults 

(Kumaravelu et al., 2002; Muller et al., 1994; Yokomizo and Dzierzak, 2010). As the 

“gold standard” to test HSC functionality, such transplantations trigger an HSC 

towards expansion and multilineage differentiation to ultimately reveal its true 

potential at the time of isolation. When examined in their biological undisturbed (non-

transplant) environment, the actual in vivo cell fate of these de novo-generated 

HSCs might not necessarily be the same (Ganuza et al., 2022a; Haas et al., 2018; 

Jacobsen and Nerlov, 2019). The same might hold true for cells revealing progenitor 

function during in vitro hematopoietic assays. Similarly, other cells that are non-

transplantable and do not reveal HSC potential at the time of isolation, might be 

fated to mature into HSCs (Ganuza et al., 2022a). Understanding de novo 

generation of a cell that can directly display HSC potential versus a cell that might be 

fated to become an HSC, will be of great importance to produce HSCs for clinical 

(transplantation) application. Though fate-mapping/lineage-tracing (genetic-

barcoding) studies have revealed valuable information on contribution of various 

HSPCs to steady-state hematopoiesis (Ganuza et al., 2022a), the maturation of 

these HSC-fated cells into bona fide HSCs under homeostatic conditions will rely on 

variable factors unlikely to be easily translatable for regenerative purposes.  

The rarity of functional HSCs within the heterogeneous mix of IAHC cells, 

together with the lack of an exclusive HSC phenotypic signature, are amongst some 

of the challenges that must be overcome in attempts to uncover how de novo 

acquisition of HSC identity is achieved.  
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Unique extracellular markers 

 

All mouse IAHCs and the entire aortic endothelial lining can be phenotypically 

characterized and isolated (by FACS) based on expression of endothelial surface 

markers like CD31 (Pecam1) and CD34 (Cd34) (Garcia-Porrero et al., 1998; 

Yokomizo and Dzierzak, 2010) (Figure 3). Additionally, all ECs and IAHC cells 

express VE-Cadherin (CD144, Cdh5), Tie2 (CD202B, Tek), Endoglin (CD105, Eng), 

and Esam (Esam) (Chen et al., 2011; Liakhovitskaia et al., 2009; Roques et al., 

2012; Takakura et al., 1998; Yokomizo and Dzierzak, 2010). Flk1 (VEGFR-2, Kdr) 

and mature pan-hematopoietic marker CD45 (Ptprc) show mutually exclusive 

expression, with Flk1 expressed on all ECs and the most basal IAHC cells, and 

CD45 mainly on the outer/lumenal cells of IAHCs (Bertrand et al., 2005; Yokomizo 

and Dzierzak, 2010). This expression pattern is like that observed in chick ECs and 

IAHCs (Jaffredo et al., 1998). In contrast to the more broadly expressed surface 

markers, CD41 (Itga2b) is observed on some IAHC cells (presumably those 

transitioning from Flk1+ to CD45+) but not on ECs (Bertrand et al., 2005; Ferkowicz et 

al., 2003; Mikkola et al., 2003; Robin et al., 2011; Yokomizo and Dzierzak, 2010) and 

thus is generally considered the earliest marker of definitive hematopoietic fate 

commitment. CD43 (Spn) is another marker expressed only on some IAHC cells, 

and specifically on those with potential to mature into definitive HSCs upon in vitro 

culture (“T[ype]1/2 pre-HSCs”) (Rybtsov et al., 2014; Rybtsov et al., 2016). During 

IAHC maturation, its expression comes on slightly later than CD41 and increases 

before the onset of CD45 expression. CD201 (Procr or Epcr) expression likely 

initiates slightly before pan-IAHC marker cKit (CD117, Kit) during/before EHT, with 

expression sustained on HSCs (Baron et al., 2018; Hou et al., 2020; Zhou et al., 

2016). Expression of pro-inflammatory TNF receptor family member CD27 (Tnfrsf7) 

is mostly observed on the IAHCs with the fewest number of cells (1-2) (Figure 3D) 

and importantly on all functional AGM HSCs, suggestive of a relation between IAHC 

size and HSC function (Li et al., 2017; Vink et al., 2020).  

High levels of Gpr56 (Adgrg1) expression, one of the most highly upregulated 

receptor genes during EHT and downstream target of the hematopoietic “heptad” 

transcription factors (TFs), is seen in all mouse IAHCs and some adjacent ECs (Rao 

et al., 2015; Solaimani Kartalaei et al., 2015). The hyaluronan receptor CD44 (Cd44) 
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was shown recently to be a functional cell surface marker of mouse HECs at the very 

moment when they change morphology and express both an endothelial and 

hematopoietic program (Oatley et al., 2020). Onset of expression is slightly earlier 

than CD41 and cKit, and continues on most IAHC cells (Oatley et al., 2020), as seen 

in human (Watt et al., 2000). Others reveal wider and in fact pan-endothelial and -

IAHC expression for CD44 (Hou et al., 2020; Wheatley et al., 1993).  

 

The pan-IAHC marker cKit 

 

Exclusive to all IAHC cells is the expression of stem cell factor receptor and 

well-known embryonic/adult HSC marker cKit (Okada et al., 1991; Sanchez et al., 

1996; Yokomizo and Dzierzak, 2010) (Figure 3A,C). Based on its expression, the 

first IAHCs are observed from E9.5 of murine development and both the total 

number of cKit+ cells within the aorta and the maximum size of individual clusters 

peaks at E10.5 ( 700 cells, up to 19 cells/IAHC), after which both gradually 

decrease (Yokomizo and Dzierzak, 2010) (Figure 2A,B). IAHCs are present between 

E9.5-14.5 and found to be of variable size, containing 1-19 and 1-11 cells per IAHC 

at E10.5 (Figure 2B) and E11.5 respectively. A significant portion of those ( 100 out 

of 500 total cKit+ cells) are single-cell “clusters” at E11. Based on their shape, IAHCs 

can generally be classed as either spheroidal, mushroom-like, stacked or single-cell 

(Boisset et al., 2015) (Figure 1D,E). The fact that slightly more functional HSCs are 

detected at E11.5 versus E10.5, in combination with an increase of the number of 

small clusters (1-2 cells) at E11.5, might indicate an inverse correlation between 

IAHC size and HSC functionality, and/or the way HSCs are de novo generated 

(Kumaravelu et al., 2002; Muller et al., 1994; Yokomizo and Dzierzak, 2010). This is 

supported by CD27 expression on all functional AGM HSCs and predominantly the 

smallest IAHCs (Figure 3D) (Vink et al., 2020).  

Most IAHCs are found in the middle segment of the aorta at the junction with 

the VA (2 somites cranial and 5 caudal of junction) at E10.5 and 11.5, with 63% and 

37% localized on the E10.5 ventral and dorsal wall, respectively (Yokomizo and 

Dzierzak, 2010) (Figure 2B,3A). The high density of cKit+ cells in the ventral middle 

segment of the aorta (Figure 3A) therefore matches the location of the earliest in 

vivo-repopulating HSCs (Mascarenhas et al., 2009; Taoudi and Medvinsky, 2007; 
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Yokomizo and Dzierzak, 2010). The dorsoventral polarization of HSC induction is in 

accordance with exposure of ventral ECs to Jag1-Notch1-driven low levels of Notch 

signaling required for HSC and IAHC formation, whereas the dorsal aspect maintains 

an arterial program due to Dll4-Notch1-driven high Notch (Bigas and Porcheri, 2018).  

Despite the almost exclusive generation of HSCs in ventral IAHCs, E10 and E11 

ventral IAHCs are more transcriptionally different than dorsal and ventral IAHCs at 

either of these stages (Baron et al., 2018; Souilhol et al., 2016; Taoudi and 

Medvinsky, 2007). This could suggest HSC specification is more likely to occur in HE 

or during EHT, rather than by gradual maturation in IAHCs.  

Clusters observed in the UA (Figure 3) and VA are phenotypically similar to 

those within the aorta and also peak in number and size at E10.5, after which both 

decrease (Yokomizo and Dzierzak, 2010). It is unknown why, compared to aortic 

clusters, their size is generally much larger. Those in the VA are localized on all 

circumferential aspects of the vessel, whilst the UA ones are predominantly on the 

dorsal side (Yokomizo and Dzierzak, 2010). Intra-arterial clusters are found along 

the full length of the VA already at E9.5, when the UA and aorta still only contain 

very few clusters (Garcia-Porrero et al., 1995; Yzaguirre and Speck, 2016b).  

 

Unique intracellular markers 

 

While good antibodies exist for intracellular molecules (e.g. Runx1 (Rybtsov et 

al., 2014; Sa da Bandeira et al., 2022; Yzaguirre and Speck, 2016a; Yzaguirre and 

Speck, 2016b)), the isolation and characterization of live (non-fixed/non-

permeabilized) cells is more easily performed with fluorescent reporter genes. The 

intracellular Ly6A-GFP (Sca1-GFP) reporter (JAX stock no. 012643) is expressed in 

a select number of (H)ECs, IAHC cells and all long-term adult-repopulating HSCs 

(de Bruijn et al., 2002; Solaimani Kartalaei et al., 2015; Vink et al., 2020) (Figure 

3C,D). Its ability to greatly enrich for the earliest de novo-generated HSCs ties in with 

the importance of pro-inflammatory cytokine IFN-γ for HSC generation (Li et al., 

2014), given that two hypersensitive sites in the transgene’s transcriptional 

regulatory fragment are responsible for high-level IFN-γ-inducible (Ly6A-)GFP 

expression (Ma et al., 2001; Sinclair et al., 1996). BMP pathway activation, as 

reported in BRE-GFP mouse embryos (Monteiro et al., 2008), is also observed in 
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some aortic endothelial and IAHC cells, and in all functional AGM HSCs (Crisan et 

al., 2015).  

The pivotal hematopoietic TFs Gata2 and Runx1 also serve as useful HSC 

markers (Figure 3B). Reporter expression driven from Runx1’s hematopoietic-

specific +23 enhancer (23GFP) (Nottingham et al., 2007) is observed in restricted 

numbers of aortic ECs (HECs) and most IAHCs (Swiers et al., 2013). When 

analyzed by in situ hybridization (ISH), Runx1 expression in the AGM (from any of its 

enhancers) is seen in all lateral and ventral ECs, IAHCs and several layers subjacent 

ventral mesenchyme (Bee et al., 2009). The transcriptional repressors Gfi1 and Gfib 

are downstream of Runx1 and expressed similarly to 23GFP, with Gfi1 expression 

initiated in rare HECs and sustained in basal IAHC cells, and Gfib expressed in 

nearly all IAHC cells (Thambyrajah et al., 2016). 

The Gata2Venus reporter mouse (JAX stock no. 037700) facilitated the first 

characterization of live Gata2-expressing cells with normal levels and function of 

Gata2 (Kaimakis et al., 2016). Between E8 and late E11, Gata2 is expressed in a 

steadily increasing number of (H)ECs and later also in most IAHC cells (Eich et al., 

2018; Kaimakis et al., 2016; Minegishi et al., 1999; Minegishi et al., 2003; Robert-

Moreno et al., 2005; Vink et al., 2020) (Figure 3B,D). Ninety eight percent of E10.5 

IAHC cells also express the TF Hlf, a gene not expressed in ECs (Yokomizo et al., 

2022; Yokomizo et al., 2019; Zhou et al., 2016). Most recently, an Evi1 (Mecom) 

reporter has been shown to mark HSPCs in the IAHCs, and is an especially potent 

marker of functional HSPCs (Yokomizo et al., 2022). 

Ly6A-GFP, (Runx1)23GFP, Gata2Venus and Gfi1 are all HEC markers 

expressed similarly in aortic HECs, with the Ly6A transgene highly enriching for 

“HSC-generating” HE in vivo (Chen et al., 2011; Eich et al., 2018; Swiers et al., 

2013; Thambyrajah et al., 2016). As a result, Ly6A-GFP reveals the most restricted 

expression pattern in IAHCs. More recently, aortic (CD201+cKit+CD44+) Neurl3-

expressing (Hou et al., 2020) and (VE-Cadherin+CD201+CD61+) CXCR4-marked 

(Dignum et al., 2021) cells were termed “HSC-primed” and “HSC-competent” HE, 

respectively. Based on phenotypic signatures, these cells are most likely basal, 

bulging and/or 1-2 cell cluster IAHC cells rather than purely HECs.  
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Unique functional HSC markers 

 

Long-term in vivo transplantation assays show that HSCs express many of 

the aforementioned cell markers. The first functional adult-repopulating HSCs in the 

AGM are phenotypically characterized (and isolated based on): Ly6A-GFP+ (Chen et 

al., 2011; de Bruijn et al., 2002; Solaimani Kartalaei et al., 2015), CD27+/high (Li et al., 

2017; Vink et al., 2020), CD34+ (Sanchez et al., 1996), cKit+/high (Eich et al., 2018; 

Sanchez et al., 1996; Solaimani Kartalaei et al., 2015; Vink et al., 2020), Gata2+ 

(Eich et al., 2018; Kaimakis et al., 2016; Minegishi et al., 1999; Minegishi et al., 

2003; Vink et al., 2020), CD31+/high (Eich et al., 2018; North et al., 2002; Solaimani 

Kartalaei et al., 2015; Vink et al., 2020), VE-Cadherin+, Runx1+ (North et al., 2002), 

Endoglin+ (Roques et al., 2012), Tie2+ (Liakhovitskaia et al., 2009; Takakura et al., 

1998) and CD41intermediate (Robin et al., 2011) expression and are BMP-activated 

(BRE-GFP+) (Crisan et al., 2015) (Figure 4).  

Some marker proteins like CD11b (Mac-1, Itgam) (Sanchez et al., 1996), 

CD45 (Bertrand et al., 2005; North et al., 2002), Sca-1 (de Bruijn et al., 2002; North 

et al., 2002) and Flk1 (North et al., 2002) are found only on some of the first HSCs, 

with HSC activity detected in both the expressing and non-expressing populations. 

Given the transitional and heterogeneous nature of HECs and IAHCs, and the non-

synchronous expression onset of most markers, the list is non-exhaustive, and 

several other endothelial/hematopoietic surface markers and TF reporter lines can 

be used for purification and/or visualization of the first HSCs. Our lab has found the 

use of one pan-endothelial-IAHC marker (like CD31), in combination with cKit (pan-

IAHC), and Ly6A-GFP or a pivotal hematopoietic TF reporter (like Gata2Venus) to 

yield the best HSC enrichment. The necessity for these combinations of embryonic 

markers is underlined by the fact most adult BM HSC enrichment strategies (e.g. 

LSK SLAM) are not suitable for isolation of the earliest adult-repopulating HSCs. As 

an example, while Ly6a-GFP is expressed in all AGM HSCs, the Sca-1 (Ly6A/E) 

surface protein is on only 50% of AGM HSCs (de Bruijn et al., 2002), and the SLAM 

marker CD150 is on very few AGM cells, none of which have HSC potential 

(McKinney-Freeman et al., 2009).   
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Lesser-known and/or appreciated IAHC components 

 

A wide range of phenotypic, functional, and transcriptomic heterogeneity of 

IAHCs has been revealed (Baron et al., 2018; Crisan and Dzierzak, 2016; Crisan et 

al., 2015; Eich et al., 2018; Kaimakis et al., 2016; Rybtsov et al., 2014; Rybtsov et 

al., 2011; Solaimani Kartalaei et al., 2015; Taoudi et al., 2008; Vink et al., 2020; 

Zhou et al., 2016). Functionally, IAHCs have been shown to contain various types of 

lymphoid and myeloid progenitors, embryonic multipotent progenitors, precursors to 

HSCs (pre-HSCs, unable to directly reconstitute adult-irradiated recipients), pre-

HPSCs, rare long-term multilineage adult-repopulating HSCs and erythro-myeloid 

progenitors (EMPs), the latter most likely of yolk sac origin (Baron et al., 2018; 

Boisset et al., 2015; Eich et al., 2018; Li et al., 2014; Patel et al., 2022; Rybtsov et 

al., 2014; Rybtsov et al., 2011; Taoudi et al., 2008; Vink et al., 2020; Yokomizo et al., 

2022). Still, functional (hematopoietic) assays fail to quantitatively match the roughly 

500-700 (CD31+cKit+) IAHC cells observed in vivo, leaving the question as to what 

these remaining cells are and might do? 

 

The (unknown) role of Runx1 in IAHCs 

 

IAHC heterogeneity and lack of unique (combinations/ levels of) markers have 

long impeded isolation, precise localization, and transcriptomic capture of a pure 

population of the first adult-repopulating HSCs. Recently, SmartSeq2 single-cell RNA 

sequencing (scRNA-seq) of a near-pure population of AGM HSCs was achieved 

through reiterations of single-cell functional and transcriptomic analyses, together 

with index-sorting (Vink et al., 2020) (Figure 4). Despite high-level HSC enrichment 

and the fact that >50% of (CD31+cKithighGata2medium) cells exhibit an immature or 

mature hematopoietic transcriptome, one major subset consisted of Runx1-

negative/low cells with an endothelial-like transcriptomic signature (Vink et al., 2020). 

Several other AGM scRNA-seq studies also found E11 Runx1- (CD31+cKit+) IAHC 

cells (Baron et al., 2018; Sa da Bandeira et al., 2022). Rare Runx1- (CD44+) 

bulging/IAHC cells were observed in the E10.5 aorta (Hou et al., 2020), and earlier 

studies using E11.5 (haploinsufficient) Runx1-LacZ reporter embryos also revealed 

Runx1- IAHC (CD34+cKit+) cells (North et al., 1999; North et al., 2002). CD41+VE-
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Cadherin+ IAHC cells, said to be enriched for HSC precursors, were both Runx1- and 

Runx1+ (by intracellular staining) at the time when IAHCs begin to be formed 

(Rybtsov et al., 2014). Furthermore, the E11 (CD31+cKit+) IAHC fraction of Runx1-

IRES-GFP reporter embryos (Lorsbach et al., 2004), contains ±55% of Runx1-

GFPnegative cells (Gonzalez, Crisan, under revision).  

Importantly, the Runx1-negative fraction of IAHCs did not contain any directly-

measurable HPC or adult-repopulating HSC function and thus appeared “non-

hematopoietic” (Vink et al., 2020). No other studies have so far attempted to 

characterize Runx1- IAHC cells, leaving their role undetermined. Runx1 plays an 

important role in hematopoietic specification prior to EHT (Swiers et al., 2013; Zhu et 

al., 2020), is crucial for cell emergence during EHT and is no longer required in 

Vav1-expressing hematopoietic cells/HSPCs from the fetal liver (FL) stage onwards 

(Chen et al., 2009). Cdh5/VE-Cadherin-specific deletion of Runx1 revealed that it is 

required for de novo generation of (pre-)HSCs until E11.5, after which some become 

Runx1-independent (Tober et al., 2013). However, with Cdh5 mRNA expression in 

IAHCs roughly 80% lower than VE-Cadherin surface protein (retained on these cells 

until shortly after FL colonization), it is unknown whether Runx1 was deleted in all 

cells (Yzaguirre et al., 2017). Another study using CD41-Cre mediated deletion found 

Runx1 only essential during, but not prior to, the transition of CD41+CD43- IAHC 

cells (“pro-HSCs”) into HSCs (Liakhovitskaia et al., 2014). Still, low-level CD41 

expression in early endothelium indicates that Runx1 might be necessary from the 

earliest HEC specification, during EHT and up until the pro-HSC stage (Swiers et al., 

2013; Yzaguirre et al., 2017).  

The ambiguity concerning the absolute requirement for Runx1 within IAHCs, 

raises several possibilities. The Runx1- IAHC cells may have previously expressed 

Runx1 long enough to emerge into IAHCs, but then downregulated its expression to 

result in an abortive EHT or a functionless cell. Abortive EHT events have been 

revealed by live-imaging of runx1-knockdown zebrafish embryos (Kissa and 

Herbomel, 2010). In these embryos EHT initiation is rare and when HECs begin 

bulging out of the endothelium, they immediately burst, thus establishing a crucial 

role for runx1 in aortic cell emergence. Some abortive EHT events could be the 

recently described “doomed” zebrafish HSPCs that did not pass macrophage “quality 

control” (Wattrus et al., 2022). EHT in fish differs in several aspects from mouse, with 
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HEC-derived HSPCs extravasating directly into the sub-aortic space instead of 

forming IAHCs (Boisset et al., 2010; Kissa and Herbomel, 2010). In contrast to 

zebrafish, abortive EHT events in mice could result in accumulation of such IAHC 

cells lacking (directly-testable) hematopoietic function. Whether these cells have any 

potential function (in vivo or in vitro) remains to be seen.  

 

The IAHC as a micro-niche within the wider embryonic aortic 

microenvironment 

 

Differently sized IAHCs and/or specific locations within the major embryonic 

arteries could result in micro-niches promoting generation/maturation of different 

hematopoietic fates. Some of the uncharacterized IAHC cells may have a supportive 

role or be in a “neutral”/plastic state awaiting establishment of a hematopoietic 

identity. Given that Runx1- cells express medium/high CD41 (Figure 4) and/or low 

CD43 (and medium levels of cKit) (Vink et al., 2020), they could also represent 

precursors to HSCs (“pro-/pre-HSCs”) (Rybtsov et al., 2014; Rybtsov et al., 2011; 

Taoudi et al., 2008) unable to directly reveal hematopoietic output. Such cells would 

only display HSC function upon in vitro culturing (Ganuza et al., 2017a; Inlay et al., 

2014; Rybtsov et al., 2016) or direct transplantation into neonates, but not adult mice 

(Boisset et al., 2015; Yoder et al., 1997). These precursors are thought to mature via 

a multi-step process, transitioning from a “pro-HSC” phenotype (CD41+CD43-CD45-) 

to “T1 pre-HSC” (CD41lowCD43+CD45-) and “T2 pre-HSC” (CD41lowCD43highCD45+) 

(Rybtsov et al., 2014; Rybtsov et al., 2011; Taoudi et al., 2008). Quantitative studies 

reveal around 1-2 of these pro-HSCs at E9.5, an increase from 5 to 50 pre-HSCs at 

E10, and a peak of 65 pre-HSCs in the E11 aorta (Rybtsov et al., 2016). By E12.5, 

approximately 10 pre-HSCs remain (Rybtsov et al., 2016), in line with a decrease in 

IAHCs and the end of de novo HSPC generation in the aorta (Yokomizo and 

Dzierzak, 2010). Slightly different phenotypic criteria reveal roughly 29 pre-HSCs per 

E11 AGM (Zhou et al., 2016).  

Pre-HSCs are thought to mature to definitive LT-HSCs in the FL. However, 

one subset supposedly serves as a second origin of innate-like B-1a cells (Hadland 

et al., 2017). These “pre-HSCs” do not mature into LT-HSCs, but rather 

developmentally-restricted (B-1a-producing) FL HSCs (Ghosn et al., 2019; Godin et 



13 

 

al., 1993; Hadland et al., 2017). In fact, recent work shows most FL HSCs are biased 

towards differentiation rather than capable of long-term self-renewal (Ganuza et al., 

2022b). Another subset of “pre-HSCs” might give rise to “embryonic multipotent 

progenitors” (eMPPs) with a predominant role in supporting lymphoid output (Patel et 

al., 2022), again suggesting not all phenotypic “pre-HSCs” mature into bona fide 

definitive HSCs. The low-efficiency labeling systems and (non-exclusive) phenotypic 

IAHC markers used in this study do not rule out contribution of AGM HSCs to the 

adult lymphoid compartment. (e)MPPs are said to play an important role in 

maintaining unperturbed (non-transplant) hematopoiesis (Busch et al., 2015; Patel et 

al., 2022; Pei et al., 2020; Rodriguez-Fraticelli et al., 2018; Sun et al., 2014). This is 

however controversial, with others showing HSCs are the major contributors to 

steady-state hematopoiesis (Chapple et al., 2018; Sawai et al., 2016; Sawen et al., 

2018). Since maturation (and proliferation) of HSC precursors into transplantable 

HSCs requires in vitro culture steps, and phenotypic “pre-HSCs” are clearly 

heterogeneous, it is uncertain what proportion matures into bona fide HSCs and 

whether all “pre-HSCs” that can attain HSC function in vitro will achieve HSC 

function and identity in vivo. In line with this, a recent publication coined the more 

fitting term “pre-HSPC,” for this phenotypically similar, yet functionally 

heterogeneous IAHC population (Yokomizo et al., 2022). Altogether these 

precursors are responsible for a fraction of IAHC cells and fail to add up to the 500-

700 IAHC cells observed in the E10.5-11.5 aorta (Yokomizo and Dzierzak, 2010). 

The stratified heterogeneity that could result in micro-niches might also be 

due to the clonality of IAHCs. Whereas two- and three-cell IAHCs are mostly 

monoclonal, those with four or more cells are polyclonal (Ganuza et al., 2017b; 

Porcheri et al., 2020), suggesting that IAHCs commence as monoclonal “units” and 

then recruit additional cells (migratory or from adjacent clusters). These cells would 

either already express markers like CD31 and cKit, or initiate expression in the 

IAHC. On the transcriptional level, rather than being enriched for a particular cell 

type, the majority of larger IAHCs are heterogeneous, though some were shown to 

contain mainly erythroid progenitors (Baron et al., 2018). In contrast to direct 

transplantations revealing 1-2 long-term multilineage-repopulating HSCs per E10.5-

11.5 AGM, unperturbed hematopoiesis appears to be sustained by several hundred 

EC/IAHC precursor clones in the mouse (Ganuza et al., 2017b) and roughly 30 in the 
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zebrafish AGM (Henninger et al., 2017). Transplanted HSCs are capable of 

withstanding stress hematopoiesis and functioning in the adult bone marrow niche, 

thus implicating a microenvironmental role (in pre-HSPC maturation) for some cells 

in the larger IAHCs. Recent mouse embryo studies suggest that the smallest, one- to 

two-cell-containing and Dll4-expressing, IAHCs are likely to contain the very first 

functional HSCs (Porcheri et al., 2020; Vink et al., 2020).    

Surprisingly, Runx1- IAHC cells express Bmp4 and Kitl (Kit ligand or Stem 

Cell Factor; SCF) (Figure 4; https://gottgens-lab.stemcells.cam.ac.uk/DZIERZAK/ 

(Vink et al., 2020)). SCF supports AGM HSC generation/maturation and survival, 

and is expressed/produced by roughly 16% of aortic ECs, 9% mesenchymal cells 

and some IAHC cells, the latter most likely with HSC potential (Azzoni et al., 2018; 

Souilhol et al., 2016). These precursors are responsive to SCF (Rybtsov et al., 

2014). Cytoplasmic Bmp4 is most highly expressed in ventral subaortic mesenchyme 

and to a lesser extent in IAHCs, with “foci” of Bmp4 (indicative of receptor activation) 

predominantly seen on the surface of IAHC cells (Durand et al., 2007; Souilhol et al., 

2016). Like Kit ligand, Bmp4 increases HSC maturation in the AGM (Crisan et al., 

2016; Durand et al., 2007), however there is a requirement for the timely 

downregulation of Bmp signaling (Souilhol et al., 2016). The same cells also express 

high levels of Apelin receptor (Aplnr or APJ) (Figure 4), which has been implicated in 

development and maintenance of the hematopoietic system (Jackson et al., 2021). 

Altogether, these uncharacterized cells might have supportive roles within IAHCs, 

creating unique hematopoietic (micro-)niches. 

Localization of the first HSCs – Does IAHC size correlate with HSC 

function?  

Live-imaging in mouse and zebrafish embryos demonstrates direct 

emergence of single round cells displaying all phenotypic (and functional) HSC 

criteria (Bertrand et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010). 

During one rapid transdifferentiation event, these cells are capable of initiating 

expression of HSC markers cKit, CD41 and Ly6A-GFP (Boisset et al., 2010). 

Whereas the E11.5 mouse aorta contains around 500 cKit+ IAHC cells of which 100 

are present as single-cell “clusters” (Yokomizo and Dzierzak, 2010), zebrafish 

HSPCs formed by EHT, immediately extravasate without the formation of intra-aortic 

https://gottgens-lab.stemcells.cam.ac.uk/DZIERZAK/
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clusters. With no formal proof of zebrafish generating multipotent and lineage-

restricted progenitors (Stachura and Traver, 2016), one might propose zebrafish 

have a simpler blood hierarchy than mice, which allows for direct emergence of 

HSPCs from HECs without the need for any maturation. In mice, IAHCs might 

function to support the many different types of HPCs, pre-HSPCs and 

developmentally-restricted HSCs before expansion and differentiation in the FL 

microenvironment. The same could be true for human embryos that also generate 

ventral IAHCs. These arise between CS13 (27 dpc) and CS17 (39-42 dpc) and 

contain functional HSCs between CS14-17 (Ivanovs et al., 2017). Though much less 

is known about de novo HSC generation in human, recent scRNA-seq studies have 

started to carefully dissect the process to reveal a mix of overlapping and distinct 

players and markers as compared with mouse aortic HSCs (Calvanese et al., 2022; 

Crosse et al., 2020; Rix et al., 2022; Zeng et al., 2019).  

Recent correlations of CD27 with Ly6A-GFP and Gata2 expression showed 

HSCs localize to small one- to two-cell clusters in the E10.5-11.5 mouse AGM (Vink 

et al., 2020) (Figure 3D), in support of a direct HEC-to-HSC transition. Some 

macrophages interact with these single emerged CD27+ cells in mouse (Vink et al., 

2020). Macrophages were recently found to be crucial for HSPC generation in 

mouse (Mariani et al., 2019) and HSPC expansion/quality control in zebrafish 

(Wattrus et al., 2022) embryos. Interestingly, AGM-associated macrophages showed 

upregulated expression of Bmp2 which binds the same type II receptor subunit 

(Bmpr2; expressed on AGM HSCs (Durand et al., 2007)) as Bmp4 and providing 

another possible source of Bmp for the generation of the first HSCs (Mariani et al., 

2019; Sadlon et al., 2004). Furthermore, Bmp2k (Bmp2-inducible kinase), a 

downstream target of Bmp2, was found upregulated in the first HSCs (Vink et al., 

2020). Though not much is known about this protein, it might provide a further link 

between HSCs and macrophages.  

High Dll4 expression made HSCs stand out from other cells with the same 

phenotype (CD31highSideScatterlowcKithighGata2mediumCD27medium), in line with others 

showing that Dll4 maintains smaller IAHCs (Porcheri et al., 2020). Dll4 could play a 

role in maintenance of HSC quiescence, providing further evidence for the direct 

HEC-to-HSC transition possibly facilitated by AGM-associated macrophages. The 

loss of MyD88-dependent toll-like receptor (TLR) signaling, an adaptor protein in one 
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of two main intracellular TLR pathways, was found to lead to a decrease in IAHC 

size/cell number and an increase in functional HSCs, whilst the number of HECs 

remains the same (Bennett et al., 2022). This suggests an uncoupling of IAHC 

growth and HSC generation and a direct HEC-to-HSC transition, however this will 

need further investigation.  

Altogether, there is increasing evidence in favor of existence of several types 

of EHT; a rare and direct HEC-to-HSC transition into 1-2 cell-containing IAHCs, and 

a more frequent EHT resulting in HPCs and immature pre-HSCs in larger IAHCs that 

mature in the FL to provide for the hematopoietic needs during ontogeny.  

 

Summary and Future Outlook 

 

Intra-aortic clusters were first observed in many early-stage vertebrate 

embryos more than a century ago. Single-cell approaches have now revealed vast 

transcriptomic and functional heterogeneity of IAHC cells. Rare adult-repopulating 

HSCs reside amongst a phenotypically heterogeneous mix of (lymphoid, myeloid, 

and embryonic multipotent) progenitors and pre-HSPCs, the latter requiring 

additional maturation before revealing hematopoietic function. The similar 

developmental landscapes and endothelial origin of these different but 

phenotypically overlapping IAHC cells, render them challenging to isolate and 

characterize. Nonetheless, the right combinations of unique embryonic intra- and 

extracellular markers, and advanced isolation techniques, now allow high-level 

enrichment. Single-cell transcriptome profiles of IAHC cells, together with the 

revelation that the mouse embryo contains more IAHC cells than can be accounted 

for with quantitative functional assays, has raised several questions. What role(s), if 

any, do these remaining cells play? Do they support maturation, proliferation, or 

generation of certain hematopoietic cell types/states, or are they abortive EHT 

events that lead to non-functional cells waiting for clearance? The current state of 

knowledge suggests that the rare and first adult-repopulating HSCs emerge directly 

from aortic HECs into small IAHCs, and that de novo HSC identity acquisition can 

occur during EHT rather than by gradual maturation. Many more EHT events lead to 

an accumulation of “immature” (pre-)HSCs and various types of HPCs in larger 

IAHCs. The maturation of these precursors and restricted-/biased-HSCs could be 
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influenced/regulated by transcriptionally-distinct IAHC cells, that lack direct 

hematopoietic function. Together this suggests an uncoupling of IAHC growth and 

HSC generation, and a direct HEC-to-HSC transition. A full understanding of the 

wider aortic microenvironment, and potential IAHC micro-niches, should provide 

essential clues on how to generate, mature and/or maintain hematopoietic stem and 

progenitor cells. The vertebrate embryo holds the key to understanding these 

processes vital for healthy hematopoiesis and regeneration.   
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Figure legends 

 

Fig 1. From early observations to high-resolution electron microscopy of EHT 

and IAHCs. A) Schematic of a midgestation mouse embryo with aorta (and 

branching at vitelline and umbilical artery) highlighted in red. Blue window indicates 

transversal cross-section through the aorta Bi) Early 20th century drawing of a 

transverse section through the aorta of a 12mm pig embryo. An intra-aortic 

haematopoietic cluster (IAHC) is attached to the ventral endothelial lining of the 

aorta. Ac=aortic cluster; vw=ventral wall; dw=dorsal wall; la=lateral aortic branch; 

s=mesenchyme. Bii) Early drawing of a sagittal section of vascular endothelium at 

the entrance of an aortic branch/ramus (ar) of a 9mm pig embryo. Morphological 

changes in (hemogenic) endothelial cells (HECs) are suggestive of IAHC formation 

(going from endothelial cell e1 to e2 to e3). Right arrow indicates blood flow from 

aorta into branch. Left arrow indicates direction of circulation along the long axis of 

the aorta. s=mesenchyme. Both Bi) and Bii) are effectively some of the first 

drawings of the endothelial-to-haematopoietic transition (EHT). Reprinted (with minor 

changes) from (Emmel, 1916), with permission from John Wiley and Sons. C) 

Transmission electron microscopy images of part of the wall of an embryonic day 

(E)10.5 murine dorsal aorta. Original magnifications 4000x. Ci) Endothelial cells (EC) 

budding out of the ventral aortic wall into the aortic lumen (L) as they undergo EHT. 

Many of the cells contain large cystic formations (*). Short arrow indicates a tight 

junction connecting ECs to each other, but not to the underlying mesenchyme. Long 

arrows point at the basal lamina of extracellular matrix between endothelium and 

mesenchyme. Cii) IAHC of four round haematopoietic cells (h) attached to the 

endothelial lining. The four cells in the IAHC are interconnected via tight junctions 

(short arrows). Reprinted (with minor changes) from (Marshall and Thrasher, 2001), 

with permission from John Wiley and Sons. D,E) Scanning electron microscopy 

(SEM) image of Di) thick transverse section through the E10 AGM region (A=inside 

aorta; top=dorsal; bottom=ventral), and zoom-in of an E10 Dii) sphere-shaped, Ei) 

stacked and Eii) “mushroom-like” IAHC. Dii) IAHC artificially-colored in yellow, 

endothelium in pink and sub-aortic mesenchyme in blue. D,E) Reprinted (with minor 

changes) from (Boisset et al., 2015), with permission from Elsevier. 
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Fig 2. Quantifications of IAHC number and size and marker changes during 

IAHC formation. A) Quantification of number of cKit+ cells within the murine 

embryonic dorsal aorta (DA) at different times of development (E=embryonic day; 

sp=somite pairs). B) Number of cKit+ cells per intra-aortic hematopoietic cluster 

(IAHC) in the E10.5 mouse. Each magenta dot indicates a cKit+ cell, with numbers 

representing cKit+ cells per cluster. One- and two-cell clusters were not 

drawn/included. Red numbers mark IAHCs with 10 or more cKit+ cells/IAHC. 

VA=vitelline artery, UA=umbilical artery, FL=fetal liver. A,B) Reprinted from 

(Yokomizo and Dzierzak, 2010), with permission from The Company of Biologists 

Ltd. C) Representation of morphological and cell-specific marker changes during the 

transdifferentiation of endothelial cells (HECs) into IAHCs and haematopoietic stem 

and progenitor cells (HSPCs) occurring in the midgestation mouse aorta in vivo. 

Vascular endothelial cells express a wide array of pan-endothelial cell surface 

markers. Through the expression of certain pivotal haematopoietic genes, a sub-

fraction of the endothelium will become hemogenic (HECs; light red) and start 

undergoing endothelial-to-hematopoietic transition (EHT), leading to the formation of 

IAHCs that gain hematopoietic characteristics (dark red) as they advance away from 

the endothelium. Once required/fully matured, the HSPCs will detach from IAHCs 

and enter circulation. Onset of expression of specific genes and markers is indicated 

above the schematic of the different EHT stages. Question mark (?) inside an IAHC 

cell refers to some of the lesser-known and/or appreciated IAHC components 

discussed in this review.  

 

Fig 3. Immunohistochemistry for a selection of relevant mouse intra-aortic 

hematopoietic cluster markers. A) Maximum intensity projection of the middle 

segment of a wild-type (WT) embryonic day (E)10.5 (35 somite pairs; sp) unfixed 

whole-mount dorsal aorta stained for endothelial and IAHC marker CD31 (red) and 

intra-aortic hematopoietic cluster (IAHC) marker cKit (cyan). The highest number of 

IAHCs is observed on the ventral side (left) near the mouths of several aortic 

branches. Image taken with a Zeiss light-sheet microscope (scale bar=100µm) B) 

Transversal sections through a 35sp Gata2-Venus (top) and 38sp WT (bottom) 

aorta-gonad-mesonephros (AGM) region. Nuclei are in dark blue (DAPI; top), 

endothelial (EC) and IAHC cells in red (CD34), and Gata2 (G2V) and Runx1 
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expression in green and cyan, respectively. White dashed boxes indicate magnified 

areas C) Zoom-in on small IAHCs attached to the ventral aortic wall (top) and large 

intra-arterial hematopoietic clusters inside the umbilical artery (UA; middle+bottom) 

of a whole-mount stained Ly6A-GFP embryo (top+middle=38sp; bottom=37sp). All 

ECs express CD31 (magenta) and IAHC cells express cKit (red) and CD31. Some 

ECs and IAHC cells also express Ly6A-GFP (green). D) Detection of CD27 

expression (white) on ventral one- to two-cell clusters present in transversal sections 

through the aorta of 43sp Gata2-Venus (top+bottom left), 42-43sp Ly6A-GFP 

(middle), and 36sp MacGreen (bottom right; MacGreen/GFP not shown) embryos. 

All ECs express CD34 (red). Some ECs and IAHC cells also express Gata2 (G2V; 

green; top+bottom left) or Ly6A-GFP (green; middle). Three-dimensional image 

(bottom left) showing a ventral two-cell cluster with one Gata2mediumCD27+ cell and 

one G2lowCD27− cell. See also Video S1 (Vink et al., 2020). Scale bars: 30µm, 

unless stated otherwise. Tissue sections: 10µm thick. 

 

Fig 4. Transcriptional profiles of select panel of genes in embryonic day 10.5-

11.5 intra-aortic hematopoietic cluster cells enriched for functional HSCs. 

SPRING visualization corresponding to 1087 single CD31+cKithighGata2medium intra-

aortic hematopoietic cluster (IAHC) cells (including 119 

CD31highSideScatterlowcKithighGata2mediumCD27medium cells, highly enriched for HSCs 

and localized to the HSC-containing [circled] transcriptomic sub-cluster; see CD31 

plot). Cells are colored according to expression of relevant endothelial-related, 

hematopoietic-related and transcription factor genes, and genes expressed in the 

Runx1 negative/low IAHC fraction (circled; see Runx1 plot). Transcript levels verify 

enrichment strategies based on expression levels of corresponding intra- and 

extracellular protein markers, as described in text. Data from (Vink et al., 2020). See 

also: https://gottgens-lab.stemcells.cam.ac.uk/DZIERZAK/ 

 

 

 

  

https://gottgens-lab.stemcells.cam.ac.uk/DZIERZAK/
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