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Abstract

Background—Hematopoietic stem and progenitor cells (HSPCs) are generated de novo in the
embryo in a process termed the endothelial to hematopoietic transition (EHT). EHT is most
extensively studied in the yolk sac and dorsal aorta. Recently new sites of hematopoiesis have
been described, including the heart, somites, head and venous plexus of the yolk sac.

Results—We examined sites of HSPC formation in well-studied and in less well-known sites by
mapping the expression of the key EHT factor Runx1 along with several other markers via
confocal microscopy. We identified sites of HSPC formation in the head, heart and somites. We
also identified sites of HSPC formation in both the arterial and venous plexuses of the yolk sac,
and show that progenitors with lymphoid potential are enriched in hematopoietic clusters in close
proximity to arteries. Furthermore, we demonstrate that many of the cells in hematopoietic clusters
resemble monocytes or granulocytes based on nuclear shape.

Conclusions—We identified sites of HSPC formation in the head, heart, and somites,
confirming that embryonic hematopoiesis is less spatially restricted than previously thought.
Furthermore, we show that HSPCs in the yolk sac with lymphoid potential are located in closer
proximity to arteries than to veins.
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INTRODUCTION

Hematopoietic cells are generated de novo during midgestation from a transient subset of
endothelium called hemogenic endothelium (HE). HE is located within the endothelial layer,
and undergoes a transition, autonomous of cell division, into hematopoietic progenitor and
stem cells (HSPCs) (Zovein et al., 2008; Eilken et al., 2009; Lancrin et al., 2009; Bertrand et
al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010). This endothelial to hematopoietic
transition (EHT) is strictly dependent upon the transcription factor Runx1 (North et al.,
1999; Yokomizo et al., 2001; Chen et al., 2009; Lancrin et al., 2009; Boisset et al., 2010;
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Kissa and Herbomel, 2010). When Runx1 is knocked out in the germ line, or ablated via
endothelial cell specific Cre-recombinase-mediated excision, the EHT is completely
blocked, preventing the development of all hematopoietic cells with the exception of
primitive erythrocytes and diploid megakaryocytes (North et al., 1999; Cai et al., 2000; Chen
etal., 2009; Lancrin et al., 2009; Potts et al., 2014). When Runx1 is depleted in zebrafish
embryos via morpholino knockdown, a small subset of endothelial cells begins the EHT
process but the cells rapidly die upon leaving the endothelial layer, suggesting that in the
absence of Runx1, HE is at least partially specified (Kissa and Herbomel, 2010).
Transcription factors upstream of Runx1 that specify HE include Flil, Gata2, and Tall,
which directly regulate Runx1 expression (Nottingham et al., 2007).

Embryonic hematopoiesis occurs in multiple waves of HSPC differentiation from mesoderm
or HE. The first wave of hematopoiesis begins in the yolk sac at embryonic day (E) 7.25 and
produces primarily primitive erythrocytes but also megakaryocytes and macrophages (Palis
etal., 1999; Tober et al., 2007). Primitive erythrocytes and megakaryocytes appear to be
generated directly from mesoderm, and their emergence is only partially dependent on
Runx1 activity (Okuda et al., 1996; Wang et al., 1996; Potts et al., 2014). The second wave
of hematopoiesis, defined by the production of committed definitive hematopoietic
progenitors prior to HSC formation (Lin et al., 2014), begins in the yolk sac at E8.75 as HE
cells in the vascular plexus transition into erythro-myeloid progenitors (EMPs) that are
released into circulation (Palis et al., 1999; Palis et al., 2001; McGrath et al., 2015). Also in
wave 2 at E9.5, lymphoid progenitors differentiate from endothelial cells in the yolk sac and
in the major arteries of the embryo proper (Huang et al., 1994; Nishikawa et al., 1998;
Yoshimoto et al., 2011; Yoshimoto et al., 2012). The third wave of hematopoiesis gives rise
to hematopoietic stem cells (HSCs) that emerge between E10.5 and E11.5 from a subset of
hemogenic endothelium in the dorsal aorta, vitelline artery and umbilical artery that
expresses both Runx and Lyé6a, the latter of which encodes the cell surface protein Sca-1
(de Bruijn et al., 2002; North et al., 2002; Chen et al., 2011). Both waves 2 and 3
hematopoiesis are dependent on Runx1 activity. In recent years additional sites of HSPC
formation have been identified such as the endocardium of the heart and the endothelium of
the head, which give rise to EMPs and HSCs, respectively (Li et al., 2012; Nakano et al.,
2013).

EHT has been directly observed in live-imaging studies of midgestation embryos (Boisset et
al., 2010; Kissa and Herbomel, 2010; Lam et al., 2010). These studies revealed that during
the EHT, HE cells bend away from the lumen of the dorsal aorta leaving the endothelial
layer as they transition into morphological hematopoietic cells independent of cell division
(Kissa and Herbomel, 2010). In zebrafish the newly formed hematopoietic cells bud into the
sub-aortic space and migrate towards the caudal hematopoietic tissue (Murayama et al.,
2006). In contrast, in mice the newly formed hematopoietic cells remain briefly attached to
the endothelium where they accumulate in clusters of Kit* cells on the luminal side of the
vessel (Garcia-Porrero et al., 1995; Yokomizo and Dzierzak, 2010). Hematopoietic clusters
are heterogeneous, but thought to largely consist of hematopoietic progenitor cells
(Yokomizo and Dzierzak, 2010). Hematopoietic cluster cells eventually enter the circulation
and seed the fetal liver where they undergo further maturation and proliferation before
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traveling to the thymus, spleen and bone marrow where they will reside throughout the
lifetime of the animal (DeLuca et al., 1995; Ema et al., 1998; Kumaravelu et al., 2002).

Using whole mount immunofluorescence and confocal microscopy, we examined murine
hematopoietic development between E7.5 and E10.5 by mapping the location of endogenous
Runx1 and Kit protein, and also GFP expressed from a Ly6a-GFP transgene (de Bruijn et
al., 2002) throughout the embryo. We describe several novel features of embryonic
hematopoiesis in well-studied sites of hematopoietic cell formation, including the
association of progenitors with lymphoid potential in the yolk sac with arterial endothelium.
We also show that hematopoietic cluster cells have bean, round and ring-shaped nuclear
morphology, the latter of which is suggestive of maturing myeloid lineage cells. Finally, we
examined the vasculature of the head, heart and somitic region and found evidence of
hematopoietic cluster formation in these sites.

RESULTS AND DISCUSSION

Hemogenic endothelium is present in both the arterial and venous yolk sac vasculature,
but HSPCs with lymphoid potential are more proximal to arterial endothelium

We analyzed the embryo for sites of blood cell formation by examining the expression of
several proteins, the presence or absence of which can be used to identify newly emerging
blood cells and HE (Table 1). In brief, we identified HE cells by their integration in an
endothelial layer, the expression of an endothelial marker (vascular endothelial cadherin
(VEC) or CD31), Runx1, and low levels of Kit. Runx1, VEC/CD31, plus high Kit
expression marks newly emerged hematopoietic cells, which may be either single dispersed
cells, or cells located within hematopoietic clusters. The Ly6a-GFP* fraction of Runx1*
VEC/CD31* Kit* cells marks lymphoid progenitors (beginning at E10.5), and HSCs (at
E11.5) in the major arteries (dorsal aorta, umbilical and vitelline) (de Bruijn et al., 2002; Li
etal., 2014). The Ly6a-GFP* fraction of Runx1* VEC/CD31* Kit*/W cells contains
hemogenic endothelium that gives rise to HSCs (Chen et al., 2011). The antibody we used to
detect Runx1 recognizes all three Runx proteins (Runx1, Runx2, Runx3), but as Runx2 and
Runx3 are not expressed in endothelium or blood cells at the times of development we
characterized (Otto et al., 1997; Levanon et al., 2001), any observed signal is from Runx1.
We obtained identical results using a Runx1 specific antibody (not shown), but used the pan-
Runx antibody due to its stronger signal.

Multiple waves of hematopoietic cells are generated from the vasculature of the yolk sac as
it develops from a primitive vascular plexus into an organized vascular tree consisting of
arteries, veins and capillaries (Palis et al., 1999; Frame et al., 2013; Lin et al., 2014; Frame
et al., 2015). The first wave of hematopoiesis, at E7.5, precedes the formation of the
vasculature. Runx1 protein at E7.5 was present in mesoderm in the prospective yolk sac
blood islands (hot shown), as previously reported for Runx1 mRNA and reporter genes
(North et al., 1999; Lacaud et al., 2002; Zeigler et al., 2006; Tanaka et al., 2014). At E8.0
(late headfold stage), an unorganized network of CD31* endothelial cells is present in the
proximal yolk sac, and contained within this endothelial network is a band of Runx1* cells
(Fig. 1A, bracket). Additionally, small populations of Runx1* cells are located distal to the
discrete proximal band (Fig. 1A). A higher magnification image of the distal Runx1*
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population shows that the cells lack cell surface Kit and appear to be integrated in an
endothelial layer, but have a rounded hematopoietic-like morphology (Fig. 1B). The identity
of these cells is unknown. In contrast, the proximal band of Runx1* cells contains a
population of CD31* Runx1Ni9h Kijt!oW cells with elongated endothelial-like morphology
(Fig. 1C, white arrowheads) representing yolk sac HE cells. The proximal band also has a
CD31* Runx1'°" Kit~ population. The most abundant hematopoietic cells in the yolk sac at
E8.5 are primitive erythrocytes (Palis et al., 1999) that express low levels of Runx1
compared to other hematopoietic lineages (North et al., 1999). Therefore the CD31*
Runx1'ow Kit~ cells in the yolk sac are likely to be primitive erythrocytes (Fig. 1C, yellow
arrowheads). It was previously shown that endothelial cells in the posterior portion of the
yolk sac have by E8.5 been specified as arterial, and express the arterial marker ephrin-B2,
while venous endothelial cells are located in the anterior yolk sac (Wang et al., 1998).
Runx1* cells encircle the yolk sac between E7.5 and E8.5 (not shown), and therefore are
located within both the anterior (venous) and posterior (arterial) portions.

To prepare and orient E9.5-E10.5 yolk sacs for confocal analysis we first fixed and
dehydrated whole conceptuses within their yolk sacs. We removed the chorions and made
three to four proximal to distal cuts so that the yolk sacs could be laid flat (Fig. 2A). The
yolk sacs were then separated from the embryo proper by severing the vitelline artery and
vein, which enabled us to identify the arterial and venous vasculature based on their original
relationship to the embryo. We determined that the arterial and venous yolk sac vasculature
have several distinct morphological features that allowed us to distinguish them by confocal
microscopy. For example, the vitelline vein has a lower intensity of CD31 staining compared
to the artery (Fig. 2B) (Hagerling et al., 2013). Furthermore, the Ly6a-GFP transgene is
expressed more strongly in the vitelline artery compared to the vein (Fig. 2B). An additional
distinguishing feature is that at E10.5 the vascular plexus surrounding the vitelline vein
consists of vessels with larger diameters than the plexus around the vitelline artery (Fig. 2C).
Thus by multiple independent criteria we are able to differentiate the arterial from the
venous yolk sac vasculature.

At E9.5 the vitelline artery is very distinct; the large diameter vessel can be seen from its
point of entry at the distal most portion of the yolk sac (Fig. 3A, asterisk) all the way to the
proximal yolk sac, where it branches several times (Fig. 3A). In contrast, at E9.5 remodeling
of the vitelline vein is less advanced, and a single large diameter vessel cannot be
distinguished from the venous plexus (Fig. 3A). Development of the vitelline artery has also
been shown to precede development of the vein in the yolk sacs of chick embryos (le Noble
et al., 2004). The delayed development of the vein may be due to lower shear stress in the
vein relative to the artery, as shear stress due to blood flow has been shown to play a role in
vascular remodeling (Lucitti et al., 2007; Culver and Dickinson, 2010).

E9.5 yolk sacs contained dispersed and tightly associated clusters of CD31* Runx1* Kit*
hematopoietic cells concentrated in the proximal region of the vascular plexus in both the
arterial and venous vessels (Fig. 3A-E). By E10.5 distinct clusters of hematopoietic cells are
found throughout the proximal and distal regions of the yolk sac, and are located primarily
in the small diameter vessels (Fig. 3F, arrowheads). We could identify hematopoietic clusters
in the small diameter vessels of both the arterial (posterior) and venous (anterior) yolk sac
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vasculature, as recently described by Frame et al. (Frame et al., 2015) (Fig. 3F-J).
Quantification of hematopoietic clusters containing 5 or more Kit* cells in the yolk sac at
E10.5 demonstrated that there is an average of 22.0 + 7.9 clusters per E10.5 yolk sac, with
14.2 + 5.1 residing in arteries, and 7.8 + 3.0 residing in veins (mean + SD, n=6). This differs
from hematopoietic cluster formation in the embryo proper, which occurs primarily in the
large arteries, and not in the venous vasculature. Notch signaling is required for
hematopoietic cluster formation and arterial identity in the embryo proper (Kumano et al.,
2003; Burns et al., 2005; Robert-Moreno et al., 2005; Bigas et al., 2013; Marcelo et al.,
2013). Yolk sac EMPs, on the other hand, can form in the absence of Notch1 signaling
(Hadland et al., 2004). Notch signaling is repressed in venous endothelium by the
transcription factor COUP-TFII (encoded by Ar2f2) (You et al., 2005). The distribution of
hematopoietic clusters in both the small diameter arterial and venous yolk sac vessels, the
latter of which would lack Notch signaling, suggests that many of these clusters contain
EMPs (Hadland et al., 2004).

To determine the hematopoietic progenitor potential of HSPCs in Kithi9" clusters we sorted
VEC* CD31* Kithi9" cells from E9.5 and E10.5 yolk sacs collected from superovulated
mice for erythro-myeloid progenitor (EMP) and lymphoid progenitor assays (Fig. 4A). To
assess EMP potential, colony-forming assays in methylcellulose supplemented with
cytokines were performed. The frequency of EMPs in yolk sac clusters at E9.5 and E10.5
were comparable (Fig. 4B). However the percent of EMP colonies containing granulocytes
and macrophages increases between E9.5 and E10.5, while mixed colonies containing
granulocytes, erythroid cells, monocytes and megakaryocytes decrease (Fig. 4C). To assess
lymphoid potential, sorted hematopoietic cluster cells were plated in limiting dilutions on
OP9 and OP9-DL1 stromal cells (Schmitt and Zuniga-Pflucker, 2006). Cells cultured on
OP9 were analyzed for B lymphoid markers (CD45* CD19* B220™), and cells cultured on
OP9-DL1 for T markers (CD45* CD25* CD90* cells) one week later. The frequency of
HSPCs with lymphoid potential increased more than 80 fold between E9.5 and E10.5 (Fig.
4B). This suggests that lymphoid potential arises in Kit"9" hematopoietic clusters in the
yolk sac between E9.5 and E10.5.

In the embryo proper, HSPCs with lymphoid potential are enriched in the Ly6a-GFP*
population of hematopoietic cluster cells (Li et al., 2014). To determine if hematopoietic
clusters in the yolk sac contain Ly62GFP* cells we immunostained E9.5 and E10.5
Tg(Ly6a-GFP) yolk sacs for GFP, CD31 and Runx1 or Kit. Confocal analysis revealed that
at E9.5 Ly6a-GFP is expressed in the endothelium of the vitelline artery and in rare Runx1*
cells with hematopoietic morphology, but is not expressed in the venous plexus (Fig. 5SA-B).
At E10.5, Ly6a-GFP is expressed most robustly in endothelial cells of the vitelline artery,
though rare GFP* endothelial cells are also seen in the vitelline vein (Fig. 5C). The
hematopoietic clusters at E10.5 are heterogeneous, containing Ly6a-GFP* and Ly6aGFP~
cells, similar to what has been observed in the large arteries of the embryo proper (Chen et
al., 2011) (Fig. 5D). We examined whether the clusters containing Ly6a-GFP* cells were
associated with the arterial or the venous vasculature. Since we lacked a marker to
distinguish between the two vascular beds, we measured the distance of the hematopoietic
clusters to the nearest distinguishable artery or vein. Clusters in closer proximity to an artery
than to a vein were classified as being associated with arteries or the arterial plexus, and vice
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versa. Hematopoietic clusters that lack Ly6a-GFP* cells localize to both the arterial and
venous plexuses (Fig. 5C, white arrowheads), whereas hematopoietic clusters containing
Ly6aGFP* cells are found primarily in arteries and their surrounding plexus (Fig. 5C, green
arrowheads). Five-fold more clusters containing Ly6a-GFP* cells were closer to arteries than
to veins (P< 0.0065), whereas 40% of clusters containing only Ly6a-GFP~ cells were found
in the vitelline vein or the surrounding plexus (Fig. 5E). A majority of hematopoietic
clusters containing Ly6aGFP* cells were located within small diameter vessels in the
arterial plexus (Fig. 5F) but they could also be found in larger diameter arterial vessels (Fig
5@G). This suggests that hematopoietic clusters that contain Ly6a-GFP* cells are associated
primarily with the arterial vasculature of the yolk sac at E10.5.

As HSPCs with B and T lymphoid potential are enriched within the Ly6a-GFP* population
of hematopoietic cluster cells in the major arteries (Li et al., 2014), we examined whether
this was also true in the yolk sac. We sorted hematopoietic cluster cells from E10.5 yolk sacs
and separated them based on Ly6a-GFP expression (Fig. 5H), and performed progenitor
assays to determine the frequency of HSPCs with T and B potential in each population. The
frequency of HSPCs with B and T potential within yolk sac hematopoietic cluster cells was
significantly enriched in the Ly6a-GFP* population (Fig 5I). Previous studies found that the
EMP potential is enriched in the Ly6a-GFP~ yolk sac population (Li et al., 2014), therefore
Ly6a—GFP expression appears to segregate HSPCs with lymphoid potential from those with
restricted erythro-myeloid potential in the E10.5 yolk sac. As Ly6a-GFP™ cells are localized
primarily in the yolk sac artery and arterial plexus, we conclude that, unlike EMPs that form
from both arterial and venous vasculature, lymphoid progenitors in the yolk sac are more
closely associated with arterial vasculature.

New insights into blood cell formation in the major arteries

Runx1 expression in the major arteries initiates at the late headfold stage in the vessel of
confluence (VOC), which is the vascular intersection between the placenta, yolk sac and
embryo proper (Daane and Downs, 2011) (Fig 6A, arrowheads). Concentrated in the area
surrounding the VOC are Runx1~ CD31* Kit* primordial germ cells (PGCs) (Fig. 6A). The
VOC and its immediate surroundings is a location of high levels of bone morphogenic
protein (BMP) signaling (Rhee and lannaccone, 2012), which is required for both Runx1
expression in hemogenic endothelium (Wilkinson et al., 2009), and for PGC specification
(Lawson et al., 1999). The Kit ligand Steel, or stem cell factor is also expressed in the
ventral hindgut and visceral endoderm in the vicinity of the VOC (Gu et al., 2009), which
may explain, in part, why the first aortic hemogenic endothelial cells and the PGCs co-
localize to that particular anatomic site.

Beginning at E8.5 the major arteries undergo extensively remodeling, which is described in
detail elsewhere (Drake and Fleming, 2000; Walls et al., 2008). In brief, at E8.5 the paired
dorsal aorta (pDA) in the embryo loop from the heart tube, and at the distal most point of the
conceptus connect to the vitelline artery (VA) via the VOC (Fig. 6B). By the 7sp stage, the
umbilical artery (UA), which arises from de novo vasculogenesis in the allantois (A), also
fuses to the pDA at the VOC (Inman and Downs, 2007; Walls et al., 2008). The pDA, aside
from the VOC contain neither Runx1* nor Ly6a-GFP* endothelial cells at this stage (Fig.
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6C). However the VA contains both Runx1* Ly6aGFP~ CD31* endothelial cells (Fig. 6D,
yellow arrowhead) and a smaller number of Runx1* Ly6a-GFP* CD31* endothelial cells
(Fig. 6D, white arrowhead). By E9.5 the embryo has turned and active angiogenesis has
created a more complex vascular network (Fig. 7A). Runx1 expression at E9.5 is
concentrated in the endothelium of the VA, UA, and the pDA (Fig. 7A-D). Clusters of
CD31* Runx1* Kiti9h cells, some of which are also Ly6a-GFP* (not shown) line the entire
length of the vitelline artery, but clusters are still largely absent in the UA and dorsal aorta
(DA) (Fig. 7A-D), and completely absent from the vitelline and umbilical vein (not shown).
Garcia-Porrero et al. also noted the appearance of hematopoietic clusters first in the VA
(Garcia-Porrero et al., 1995). Many CD31* Kit™ PGCs cells are also present in the vicinity
of the dorsal aorta at E9.5, in the process of migrating from the base of the allantois towards
the gonadal ridge (Fig. 7B, magnified image of boxed region on the right).

At E10.5 the number of hematopoietic clusters peaks (Yokomizo and Dzierzak, 2010), with
hundreds lining the lumens of the DA, the UA and the VA. Numerous studies have shown
that hematopoietic cluster cells are heterogeneous with respect to the expression of cell
surface markers (Bertrand et al., 2005; Yokomizo and Dzierzak, 2010; Chen et al., 2011).
We found that the shape of nuclei in cells within hematopoietic clusters, highlighted by
nuclear Runx1 protein, is also heterogeneous (Fig. 8A-H). In hematopoietic clusters in the
UA, some cells have round Runx1* nuclei (Fig. 8A, asterisks). However most hematopoietic
cluster cells within the large arteries have nuclei that are ring (yellow arrow) or bean-shaped
(Fig. 8A-B, movie 4-5). Hemogenic endothelial cells with ring-shaped nuclei were not
identified, suggesting that hematopoietic cells acquire the ring-shaped nuclei while in
clusters. Hematopoietic cluster cells within the yolk sac are similar to embryonic clusters in
that they contain a heterogeneous mix of round, ring and bean-shaped nuclei (Fig. 8C-D,
movie 6-7). In adult mice, cells with ring-shaped nuclei make up 50% of total bone marrow
and can also be found in the peripheral blood (Biermann et al., 1999). Hematopoietic cells
with ring-shaped nuclei in adult blood comprise both mature myeloid cells and myeloid
progenitor cells (Biermann et al., 1999), thus the hematopoietic cluster cells with ring-
shaped nuclei are likely myeloid cells. Interestingly, Ly6a-GFP* hematopoietic cluster cells
in both the embryo proper and the yolk sac have bean-shaped or round nuclei, and no ring-
shaped nuclei were observed within that population (Fig. 8E-H, movie 8-11).

Hematopoietic cluster formation in the heart

A subset of endocardial cells has hemogenic potential and gives rise to a transient population
of erythroid and myeloid cells at E9.5, prior to the emergence of hematopoietic clusters in
the dorsal aorta (Nakano et al., 2013). We examined hearts at this stage for the presence of
Runx1* endocardial cells. Confocal analysis of E8.5 (9sp), E9.0 (16sp) and E9.5 (22sp)
embryos identified disperse Runx1* cells with hematopoietic morphology in the ventricle
and atrium (Fig. 9A). However we could find no Runx1* endocardial cells at this stage of
development. One possible explanation for this is that hematopoietic cell formation from
hemogenic endocardium may not require Runx1. Two lineages of hematopoietic cells in the
embryo do not require Runx1 for their formation, primitive erythrocytes and diploid
megakaryocytes, which appear to differentiate directly from mesoderm (Mucenski et al.,
1991; Okuda et al., 1996; Wang et al., 1996; Potts et al., 2014). However, the hematopoietic
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cells that differentiate from endocardium were reported to be definitive erythroid and
myeloid progenitors, the equivalents of which in the embryonic yolk sac differentiate from
HE in a process that is strictly Runx1 dependent. It is possible that hemogenic endocardium
and HE rely on different transcriptional pathways during their specification and transition
into hematopoietic cells. For example, Nakano et al. demonstrated that the transcription
factor Nkx2-5 is required for the hemogenic potential of endocardium, whereas endothelial
cells in the major arteries of the embryo proper do not express Nkx2-5. However, a more
likely explanation for the lack of Runx1* endocardial cells is that Runx1 may not be
expressed until the endocardial cell has almost completed its transition into a hematopoietic
cell, in which case it would be difficult to identify a hemogenic endocardial precursor.

A second wave of blood formation from the heart occurs at E10.5, and at this time rare
Runx1* endocardial cells were detectable in the ventricular trabeculae (Fig. 9B, arrowhead)
and the atrioventricular canal (Fig. 9C, arrowhead). Large clusters of Kit* CD31* cells were
found in the ventricular cavity that were morphologically identical to the hematopoietic
clusters that form in the major arteries at E10.5 (Fig. 9D, arrowheads). The hematopoietic
clusters were also found in the atrioventricular canal, and expressed Runx1 (Fig. 9E,
arrowheads). These clusters may be equivalent to CD41* FIk1* hematopoietic clusters that
were previously observed in the atrium, ventricular cavity and outflow tract as late as E11.5
(Jankowska-Steifer et al., 2015). A third wave of hematopoiesis in the heart occurs between
E11 and E14, and involves the formation of cardiac blood islands from the ventricular
endocardium (Ratajska et al., 2006; Ratajska et al., 2009; Red-Horse et al., 2010;
Jankowska-Steifer et al., 2015). Cardiac blood islands balloon out from the ventricular
endocardium near the interventricular sulci and are associated with Runx1* hematopoietic
cells (Fig. 9F, arrowheads). Endocardial cells at the base of cardiac blood islands express
Runx1, suggesting that rather than simply trapping hematopoietic cells, cardiac blood
islands generate hematopoietic cells de novo (Fig. 9F, lower panels). Thus the heart, like the
yolk sac, appears to have multiple waves of a hematopoiesis; an initial wave described by
Nakano et al. characterized by disperse erythroid and myeloid cells, a second wave
characterized by hematopoietic cluster formation, and a third wave characterized by the
formation of cardiac blood islands.

Hematopoietic cluster formation in the head

In a previous study, lineage tracing from the cerebrovasculature using Cre recombinase
driven from the surfactant protein A (Sftpal) promoter demonstrated that endothelium
within the head has hemogenic potential and generates HSCs de novo (Li et al., 2012). To
locate sites of hematopoietic cell formation in the head we analyzed E9.5, E10 and E10.5
mouse heads immunostained for CD31, Runx1 and Kit. At E9.5, Runx1* cells with
hematopoietic morphology are scattered throughout the vasculature, but very few Runx1*
cells express Kit, and those that do are not found within clusters, suggesting that they are
either in the circulation or represent an early stage of cluster formation (Fig. 10A-B). By
E10 there is an increase in Runx1* Kit™ and Runx1* Kit* cells with hematopoietic
morphology in circulation (Fig. 10C). The Runx1* Kit* cells are predominantly located in
the periphery of the cephalic plexus and do not form clusters of closely associated cells (Fig.
10D). Kit* CD31~ Runx1~ cells not associated with the vasculature are present in the
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midbrain and maxillary arch and likely correspond to neuronal cells since Kit is widely
expressed in the brain (Orr-Urtreger et al., 1990; Zhang and Fedoroff, 1997) (Fig. 10A, C, E,
arrowheads). By E10.5 very rare small clusters of CD31" Runx1* Kit* cells are present in
the peripheral cephalic plexus (Fig. 10E-F), but the larger diameter internal carotid artery
did not contain CD31* Runx1* hemogenic endothelial cells or Kit* Runx1* clusters
suggesting that hematopoietic cell formation may be restricted to the cephalic plexus (Fig
10G). Interestingly, concentrated regions of Runx1* hematopoietic cells could be identified
within the plexus however the cells did not have the typical polygonal shape of cluster cells
and they heterogeneously expressed Kit, therefore a majority of the Runx1* hematopoietic
cells in the head are morphologically distinct from the hematopoietic clusters that form in
the large diameter arteries, heart and yolk sac (Fig. 10H). Similar to the heart and yolk sac,
there were no obvious regions of hemogenic endothelium (defined here as CD31" Runx1*
Kitlow/~ cells) in the cerebrovasculature. Expression of Runx1 in endothelium for long
periods of time prior to the initiation of the EHT seems to be a unique characteristic of
hemogenic endothelial cells in the major arteries (umbilical artery, vitelline artery and dorsal
aorta) of the embryo proper. Our findings illustrate a lack of hematopoietic clusters and
hemogenic endothelium in the cerbrovasculature and are consistent with recent studies
(lizuka et al., 2016; Li et al., 2016).

Hematopoietic cluster formation in the somitic region

A recent study in zebrafish embryos has demonstrated that the somitic vasculature contains
hemogenic potential (Qiu et al., 2016). Using whole mount immunofluorescence we
identified CD31* Runx1* Kit™ hematopoietic clusters in the intersomitic vessels (ISVs) and
the dorsal longitudinal anastomotic vessels (DLAVS) of E10.5 embryos suggesting that the
somitic region of mouse embryos may also contain hemogenic potential (Fig. 11A-B).
Beginning at 8 somite pairs, sprouting angiogenesis from the dorsal aorta gives rise to ISVs
that then fuse and interconnect to form the DLAVs (Walls et al., 2008). Since ISVs and
DLAVs arise from a hemogenic vessel it follows that they too would harbor hemogenic
potential. However, another explanation could be that the hematopoietic clusters entered the
ISVs and DLAV via the circulation. At E10.5 the most abundant cells in circulation are
CD31%% Runx1~ Kit™ erythroid cells, therefore it is not likely that the rare circulating
CD31* Runx1* Kit* cells would be found concentrated together unless CD31* Runx1* Kit*
cells enter the circulation clustered together and subsequently become trapped in narrow
capillaries. Further analysis aimed at determining the hemogenic potential of ISV and DLAV
endothelium are necessary to confirm the hypothesis that mouse 1SVs and DLAVS give rise
to hematopoietic cells de novo.

EXPERIMENTAL PROCEDURES

Mice

This study was performed in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. All of the
animals were handled according to approved institutional animal care and use committee
(IACUC) protocol #803789 of the University of Pennsylvania.
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Superovulation

3-week-old B6C3F1 females were injected intraperitoneally with 5 IU of gonadotropin from
pregnant mare serum (Sigma-Aldrich, St Louis, MO). 48 hours later the B6C3F1 females
were injected intraperitoneally with 5 IU of human chorionic gonadotropin (Sigma-Aldrich)
and placed in cages with males at a 1:1 ratio for mating. Superovulated females were
sacrificed no later than E10.5.

Confocal Microscopy

Embryos were prepared as previously described (Yokomizo et al., 2012). A Zeiss LSM 710
AxioObserver inverted confocal microscope with ZEN 2011 software was used to acquire Z-
projections and single optical projections. Images were processed using Fiji software
(Schindelin et al., 2012). 3-dimensional reconstructions were produced using Volocity
software (PerkinElmer). The following primary antibodies were used; rat anti-mouse CD31
(Mec 13.3, BD Pharmingen, San Diego, CA), rat anti-mouse CD117 (2B8, eBioscience,
San Diego, CA), chicken anti-GFP (polyclonal, Thermo Fisher Scientific, Waltham, MA)
and rabbit anti-human/mouse Runx (EPR3099, Abcam, Cambridge, MA). Secondary
antibodies used were goat anti-rat Alexa Fluor 647 (Invitrogen, Carlsbad, CA), goat-anti rat
Alexa Fluor 555 (Abcam), donkey anti-rat Alexa Fluor 555 (Abcam), goat anti-chicken
Alexa Fluor 647 (Jackson ImmunoResearch, West Grove, PA) and goat anti-rabbit Alexa
Fluor 488 (Invitrogen).

Fluorescence-activated cell sorting and flow cytometry

Embryos were removed from the uterus and dissected in dissecting media (PBS with 20%
fetal bovine serum (FBS) and antibiotics). The embryos and yolk sacs were separated and
then dissociated in 0.125% collagenase Type | (Sigma-Aldrich) at 37°C for 30 minutes. The
samples were reduced to a single cell solution via vortexing and manual trituration, then
rinsed two times in dissecting media before being immunostained with different
combinations of the following antibodies; PE-Cy7 CD31 (390, eBioscience), APC VEC
(eBioBV13, eBioscience), PerCP-eF710 Kit (2B8, eBioscience), PerCP-Cy5.5 CD45
(30F11, Biolegend San Diego, CA), APC CD19 (eBiolD3, eBiosciences), PE-Cy7 B220
(RA3-6B2, eBioscience), APC-Cy7 CD25 (PC61, Biolegend) and PE-Cy7 CD90 (53-2.1,
eBioscience). After a 1-hour incubation with antibodies at room temperature the samples
were rinsed two times in dissecting media. DAPI was added to determine viability, the
samples were filtered and then sorted using a BD Influx cell sorter, or analyzed on a BD
LSR 1l flow cytometer. Data were analyzed using FlowJo (Tree Star, Ashland, OR).

Erythro-myeloid progenitor assay

Sorted CD31* VEC™ Kithi9" cells were counted using a hemocytometer then plated in
triplicate in MethoCult™ GF M3434 methylcellulose (STEMCELL Technologies,
Vancouver, BC, Canada). Colonies were scored 7 days later.

Lymphoid progenitor assay

Lymphoid assays were performed as previously described (Schmitt and Zuniga-Pflucker,
2006). In brief, OP9 and OP9-DL1 stromal cells were plated in 96 well plates at a density of
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4000 cells per well in aMEM containing 10% FBS and antibiotics. The next day the media
was removed from the 96 well plates and B cell media containing aMEM, 10% FBS,
antibiotics, 10ng/ml recombinant IL-7 and 5ng/ml recombinant FIt3L was added to the OP9
plates, and T cell media containing aMEM, 10% FBS, antibiotics, 1ng/ml recombinant IL7
and 5ng/ml recombinant FIt3L was added to the OP9-DL1 plates (recombinant proteins
from PeproTech, Rocky Hill, NJ). Next, sorted CD31* VEC* Kit* cells were counted using
a hemocytometer then plated on the OP9s or OP9-DLIs in limiting dilutions. T cell cultures
were analyzed 9 days after plating and B cell cultures were analyzed 12 days after plating
via flow cytometry. T cells were identified as CD45* CD25* CD90™* cells and B cells as
CD45* CD19* B220™ cells. The progenitor frequencies were calculated using ELDA
software (Hu and Smyth, 2009).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key findings

Lymphoid progenitors in the yolk sac are enriched in the hematopoietic
cluster population that expresses a Ly6a-GFP* transgene.

Hematopoietic clusters form in the arterial and venous vascular plexuses of
the yolk sac but Ly6a-GFP* progenitors are predominantly associated with
the arterial plexus.

Hematopoietic cluster cells contain a heterogeneous mix of round, ring and
bean-shaped nuclei but Ly6a—GFP* cells have only round or bean-shaped
nuclei.

Hematopoietic clusters are identified only rarely in the head vasculature and
the carotid artery, and the cephalic plexus are devoid of hemogenic
endothelium.

The dorsal longitudinal anastomotic vessels and the intersomitic vessels are
novel sites of hematopoietic clusters.
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Figure 1. Runx1 and Kit expression in the yolk sac at late head fold stage
(A-C) A late head fold stage (E8.0) mouse embryo immunostained for CD31 (i), Runx1

(i,ii) and Kit (i,iii). (A) Confocal Z-projection. Proximal (P) and distal (D) axes are indicated
in i. Bracket in ii indicates band of Runx1+ cells in the proximal yolk sac. Arrowheads in ii
point to Runx1+ cells located distal of the proximal band of Runx1+ cells. Scale bar =
500um (see Movie 1 for animation of Z-stack). (B) Magnified image of Runx1+ cells in the
distal yolk sac. Scale bar = 10um. (C) Single optical projection showing hematopoietic cells
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(yellow arrowheads) and hemogenic endothelial cells (white arrowheads) in the proximal
band of Runx1+ cells in the yolk sac. Scale bar = 10um.
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Figure 2. Distinguishing features of arteries and veins in the yolk sac
(A) Scheme demonstrating removal of the yolk sac prior to imaging to preserve orientation

of the vitelline artery and vein. (B) Z-projection of an E10.5 Tg(Ly6a-GFP) yolk sac
immunostained for CD31 (i) and GFP (i,ii) . Scale bar = 500um, VV = vitelline vein and VA
= vitelline artery. (C) Z-projection of arterial vascular plexus surrounding the vitelline artery
(left) and venous plexus surrounding the vitelline vein (right) at E10.5 in samples
immunostained for CD31. Scale bar = 100um. The diameters of capillary vessels
surrounding the vitelline artery and vein were measured using Image J software. Five E10.5
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yolk sacs and 60 capillary vessels per yolk sac were measured. The diameter of arterial
capillary vessels is 15.3um + 0.7um and the diameter of venous capillary vessels is 22.0um
+ 0.5um (mean £ SEM). Unpaired 2-tailed Student’s t-test was applied to determine
significance. *** indicates that < 0.001.
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Figure 3. Hematopoietic clusters in the vitelline artery and vein of the yolk sac from E9.5 to
E10.5

(A) Confocal Z-projection of a 22sp yolk sac immunostained for CD31, Runx1 and Kit.
Dotted line roughly demarcates the venous and arterial sides of the yolk sac. VA = vitelline
artery, VV = vitelline vein. Scale bar = Imm. (B-E) Confocal images of the vascular plexus
near the vitelline artery and vein immunostained for CD31 (i), Runx1 (i,ii) and Kit (i,iii).
Scale bars = 50um. (B) Z-projection of the arterial plexus. (C) Single optical projection of a
hematopoietic cluster in the vascular plexus in close proximity to the vitelline artery. (D) Z-
projection of the venous plexus. (E) Z-projection of a hematopoietic cluster in the vascular
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plexus in close proximity to the vitelline vein. (F) Z-projection of an E10.5 yolk sac. Dotted
blue lines demarcate the vitelline artery, dotted yellow lines demarcate the vitelline vein, and
arrowheads point to CD31" Runx1* Kit* clusters containing 5 or more cells. Scale bar =
Imm. (G-H) Immunostained for CD31 (i), Runx1 (i,ii) and Kit (i,iii). (G) Z-projection of an
E10.5 yolk sac near the vitelline artery. Scale bar = 250 um. (H) Z-projection of a
hematopoietic cluster near the vitelline artery. Scale bar = 50um. (I) Z-projection of the
venous vasculature of an E10.5 yolk sac. Scale bar = 250um. (J) Magnified image of
hematopoietic cluster from (I). Scale bar = 50um.

Dev Dyn. Author manuscript; available in PMC 2018 February 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yzaguirre and Speck

A

Progenitor frequency

E9.5

E10.5

0.154

0.10-

0.054

0.0015+

0.0000-

Page 24

62.1

SSC
SSC

[15.4

E9.5
= E10.5
*%x
113 1115 *
” i i 1/42 O CFU-GEMM
= Mk
1/1225 =
1/16,650 1
, N
EMP T B E9.5 E10.5

Figure 4. Hematopoietic progenitor potential of Kit high cluster cells in the yolk sac at E9.5 and
E10.5

(A) Representative scatter plots of CD31* VEC* Kit 9" hematopoietic cluster cells
collected from E9.5 and E10.5 wild type yolk sacs for progenitor assays. (B) The frequency
of erythro-myeloid progenitors (EMP), T cell progenitors, and B cell progenitors in the VEC
* CD31* Kithi9h cluster population in the yolk sac at E9.5 and E10.5 (mean + SD).
Progenitor frequency is indicated above columns. Data are from three experiments using
pooled cells from superovulated litters of E10.5 and E9.5 wild type embryos. Biological
replicates are as follows: E9.5 EMP, n=8; E9.5 T progenitors, n=5; E9.5 B progenitors, n=4;
E10.5 EMP, n=7; E10.5 T progenitors, n=7; E10.5 B progenitors, n=4. Unpaired two-tailed
Student’s t-test applied to determine significance. * indicates that £< 0.05 and ** indicates
that £< 0.01. (C) Percent of EMP colony type derived from sorted VEC* CD31* Kithigh
cells. Mk: megakaryocyte; CFU-GEMM: granulocyte-erythroid-monocyte-megakaryocyte;
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BFU-E: burst forming unit-erythroid; G/M: granulocyte-macrophage colonies. Unpaired
two-tailed Student’s t-test applied to determine significance.
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Figure 5. Yolk sac lymphoid progenitors are enriched in the Lyéa GFP* population of

hematopoietic cluster cells that reside primarily in the arteries

(A-B, F-G) Immunostaining for CD31 (i), Runx1 (i, ii) and Ly6a-GFP (i, iii) (A) Confocal
Z-projection of the vitelline artery (VA) and surrounding vascular plexus of a 28sp (E9.5)
Tg(Ly6a-GFP) yolk sac. Scale bar = 100um. (B) Z-projection of the vitelline vein (VV) and
surrounding vascular plexus of a 28sp (E9.5) Tg(Ly6a-GFP) yolk sac. Scale bar = 100um.
(C) Z-projection of an E10.5 Tg(Ly6a-GFP) yolk sac immunostained for CD31 (i), GFP
(i,ii) and Kit (i). White arrowheads point to hematopoietic clusters that contain 5 or more
CD31* Kit* cells and no Ly6a-GFP* cells, and green arrowheads point to hematopoietic
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clusters that contain 5 or more CD31" Kit* cells and at least 1 GFP* cell. Scale bar = 1mm.
(D) Magpnified image of a hematopoietic cluster found within the vascular plexus of an
E10.5 Tg(Ly6a-GFP) yolk sac immunostained for CD31 (i), GFP (i,ii) and Kit (i,iii). Scale
bar = 50um. (E) Quantification of CD31* Kit* hematopoietic clusters containing Ly6a—GFP
* cells closest to arteries (5.0 + 2.1) and closest to veins (1.0 + 1.2) (P< 0.0065) and CD31*
Kit* Ly6a-GFP~ hematopoietic clusters closest to arteries (10.2 + 5.0) and closest to veins
(6.8 + 2.6), Mean £ SD, n = 5. Unpaired two-tailed Student’s t-test applied to determine
significance. (F) Z-projection of a hematopoietic cluster within the vascular plexus of an
E10.5 Tg(Ly6a-GFP) yolk sac. Scale bar = 100um. (G) Z-projection of a hematopoietic
cluster in the vitelline artery of an E10.5 Tg(Ly6a-GFP) yolk sac. Scale bar = 100um. (H)
Representative scatter plots of CD31* VEC* Kithi9" /y6a-GFP* and CD31* VEC* Kithigh
Ly6a-GFP~ hematopoietic cluster cells collected from Tg(Ly6a-GFP) E10.5 yolk sacs for
progenitor assays. (I) Frequency of HSPCs with T and B cell potential in the VEC* CD31*
Kithigh £ y6a-GFP* and VEC* CD31* Kithi9" £ y6a-GFP~ cluster populations from E10.5
yolk sacs (progenitor frequency * lower and upper 95% confidence intervals). Progenitor
frequency is indicated above columns. Data represent 5 biological replicates using pooled
cells from superovulated litters of E10.5 Tg(Ly6aGFP) embryos collected in 3 independent
experiments. ELDA software (Hu and Smyth, 2009) was applied to determine progenitor
frequencies and Pvalues.
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Figure 6. Expression of Runx1 in the major arteries at E8.0 and E8.5
(A) Confocal Z-projection of the vessel of confluence (VOC) and surrounding primordial

germ cells (PGCs) in a late head fold stage embryo (E8.0) immunostained for CD31 (i),
Runx1 (i,ii) and Kit (i,iii). White arrowheads point to CD31* Runx1* endothelial cells in the
VOC. Scale bar = 100um. (B-D) Immunostaining for CD31 (i), Runx1 (i,ii) and Ly6aGFP
(i,iii). (B) Confocal Z-projection of a 6 sp (E8.5) Tg(Ly6a-GFP) embryo. The top and
bottom Z-sections containing the yolk sac were removed to make the vasculature in the
embryo proper visible. A = allantois, VA = vitelline artery, pDA = paired dorsal aortae, VOC
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= vessel of confluence. Scale bar = 500um. See Movie 2 for animation of Z-stack. (C) Z-
projection of one of the two vessels that make up the paired dorsal aortae in an E8.5
Tg(Ly6a-GFP) embryo. Scale bar = 100um. (D) Z-projection of the vitelline artery; white
arrowhead points to a CD31* Runx1* Ly6a—GFP* endothelial cell and yellow arrowhead
points to a CD31* Runx1* Ly6a—GFP~ endothelial cell. Scale bar = 100um.
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Figure 7. Expression of Runx1 and Kit in the major arteries at E9.5

(A-D) Immunostaining for CD31 (i), Runx1 (i,ii) and Kit (i,iii). (A) Confocal Z-projection
of a 25sp mouse embryo partially enveloped in its yolk sac. Scale bar = 500um. See Movie 3
for animation of Z-stack (B) Z-projection of the paired dorsal aortae (pDA) and vitelline
artery (VA). Scale bar = 100um. Magnified view of boxed region on the right shows
primordial germ cells (PGCs) in between the pDA and VA. (C) Single optical projection
through the pDA shown in (B). (D) Single optical projection through the VA shown in (B);
clusters are visible on both the ventral and dorsal sides of the VA.
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Figure 8. Confocal analysis of hematopoietic cluster cell nuclear shape at E10.5

(A-D) Immunostaining for CD31 (i), Runx1 (i,ii) and Kit (i,iii). (A-D) yellow asterisks
indicate round nuclei and yellow arrow indicates ring-shaped nuclei. (A-B) Confocal Z-
projections of hematopoietic clusters containing ring, bean, and round-shaped nuclei in the
umbilical artery of an E10.5 embryo. (C-D) Z-projections of hematopoietic clusters in the
yolk sac of an E10.5 embryo. (E-H) Immunostaining for CD31 (i), Runx1 (i,ii) and Ly6a-
GFP (i,iii) (E-F) Z-projections of hematopoietic clusters in the umbilical arteries of E10.5
Tg(Ly6aGFP) embryos. Yellow arrowheads point to nuclei in Ly6a—GFP* cluster cells. (G-
H) Z-projections of hematopoietic clusters in the yolk sacs of E10.5 Tg(Ly6a-GFP)
embryos. Yellow arrowheads point to nuclei in Ly6a—GFP* cluster cells(see movies 4-11 for
3D reconstruction of cluster cell nuclei).
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Figure 9. Hematopoietic cluster formation in the heart
(A—C) Immunostaining for CD31 (i) and Runx1 (i,ii). (A) Confocal Z-projections of the

hearts of E8.5 (9sp), E9 (16sp) and E9.5 (22sp) embryos. VA = vitelline artery. (B) Z-
projection of the ventricle of an E10.5 embryo. Arrowhead points to a Runx1* endocardial
cell. Scale bar = 50um. (C) Z-projection of the atrioventricular canal of an E10.5 embryo.
Arrowhead points to Runx1* endocardial cell. Scale bar = 50pm. (D) Ventricle of an E10.5
mouse embryo immunostained for CD31 and Kit. Arrowheads point to hematopoietic
clusters in the ventricular cavity in both the Z-projection and the single optical projection.
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All scale bars = 100um. (E) Confocal Z-projection of the heart of an E10.5 embryo
immunostained for CD31 and Runx1. Arrowheads point to hematopoietic clusters in the
ventricular cavity and atrioventricular canal. Inset represents a single optical projection
showing the hematopoietic cluster in the ventricular cavity. A = atrium, V = ventricle, FL =
fetal liver. (F) Z-projection of the heart of an E11.5 embryo immunostained for CD31 and
Runx1. Arrowheads point to cardiac blood islands. A = atrium, V = ventricle; scale bars =
250um. Lower panels are magnified images of cardiac blood islands. Scale bars in lower
panels = 50um.
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Figure 10. Hematopoietic cluster formation in the head

(A-H) Immunostaining for CD31 (i), Runx1 (i,ii) and Kit (i,iii). (A) Confocal Z-projection
of the head of an E9.5 embryo. Scale bar = 500um. Arrowheads point to Runx1 Kit*
neurons. (B) Magnified view of the boxed region in (A) demonstrating the presence of
Runx1* Kit* and Runx1* Kit cells with hematopoietic morphology within the cephalic
vascular plexus. Scale bar = 50um. (C) Confocal Z-projection of the head of an E10.0
embryo. Arrowheads point to Runx1~ Kit* neurons. Scale bar = 500um. (D) Magnified view
of the boxed region in (C). Scale bar = 50um. (E) Confocal Z-projection of the head of an
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E10.5 embryo. Arrowheads point to Runx1~ Kit* neurons. Scale bar = 500pm. (F) Single
optical projection of a hematopoietic cluster found in the peripheral cephalic plexus of the
E10.5 head in (E). Scale bar = 50um. (G) Confocal Z-projection of the head of an E10.5
embryo. CA=carotid artery; scale bar = 100um. (H) Magnified view of boxed region in (G).
Scale bar = 100um.
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Figure 11. Hematopoietic cluster formation in the somitic region at E10.5
(A) Confocal Z-projection of the dorsal aorta (DA) and somitic region of an E10.5 mouse

immunostained for CD31 (i), Runx1 (i,ii) and Kit (i,iii). Arrowheads point to hematopoietic
clusters in the dorsal longitudinal anastomotic vessels (DLAV) and intersomitic vessels
(ISV). Scale bar = 500um (B) Magnified view of the hematopoietic cluster within the DLAV
shown in (A).
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