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Abstract

During embryonic development, blood cells emerge from a subset of specialized
endothelial cells, named hemogenic endothelium (HE), via a process known as
endothelial-to-hematopoietic transition (EHT). HE represents a heterogeneous
population found in various anatomical sites, including the yolk sac (YS) and the
aorta-gonad-mesonephros (AGM). It comprises cells that differ in developmental
potential, thus defining distinct hematopoietic programs. Despite the endothelial
descendancy of blood cells is well established, the identity of HE is still debated. A
more thorough characterization of HE is therefore essential to guide the efforts to
derive this population from human pluripotent stem cells (hPSCs), a critical step to
generate therapeutic blood products in vitro. However, current known markers used
to isolate HE are insufficient as they also enrich associated arterial cells. To identify
specific human HE markers, we performed transcriptomic analysis of 4-5-week-old
human embryos, a developmental stage characterized by active EHT. We identified
FCGR2B encoding for the Fc receptor CD32, previously associated with other
specialized endothelia, as enriched gene in the ACE*CD34* population that contains
HE. Functional ex vivo analyses confirmed that multilineage hematopoietic potential
is highly enriched in CD32* endothelial cells isolated from the AGM and YS of human
embryos. In addition, CD32 emerged as selective marker for hPSC-derived HE across
different hematopoietic programs. Remarkably, our analyses showed that CD32
specificity for cells with hemogenic potential is superior to other known HE markers
in hPSC-derived hematopoietic cultures. These findings provide a simple method for
isolating HE from human embryos and hPSCs, allowing its molecular characterization

as well as the efficient generation of hematopoietic cells in vitro.
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1. Introduction

The term hematopoiesis refers to the production of blood cells and in
particular the process through which hematopoietic stem cells (HSCs) originate a
wide repertoire of specialized blood cells that support the needs of the body through
life. For instance, platelets regulate homeostasis, erythrocytes oxygenate the tissues,
innate and adaptive immune cells protect the body from attacks by exogenous
pathogens. In adult mammals, hematopoiesis occurs in the bone marrow (BM) where
HSCs reside and undergo the processes of self-renewal and differentiation supplying

blood cells throughout life.

For long time, the generation of blood cells from HSCs has been reported to
follow a rigid hierarchical model (Kondo et al/, 1997; Akashi et al, 2000). At the top,
limited numbers of HSCs self-renew or differentiate in response to environmental
cues. Their differentiation gives rise to committed hematopoietic progenitors with
progressively reduced potential that will ultimately generate uni-lineage progenitors
following a series of dual decisions (Figure 1 a). However, evidence obtained by more
advanced technologies, as lineage tracing and single-cell transcriptomics, point to a
continuum of differentiation, a more plastic model able to adapt to the changing
needs of blood demand (Laurenti & Géttgens, 2018; Baron & Oudenaarden, 2019)
(Figure 1 b).

__________

y
1

HSC pool
1

© |
RN
SN SN

Erythrocytes Eosinophils Lymphocytes

Megacaryocytes Monocytes
Megakaryocytes :I'ior;OCY;?IS Erythrocytes B cells Eosinophils Dendritic
eutrophils T cells Neutrophils  cells
Dendritic cells NK cells
Erythrocytes ILCs

Figure 1 - Different models of hematopoietic hierarchy
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a) Classical tree-like organization of hematopoiesis. HSCs at the top give rise to the different
hematopoietic progenitors with progressively reduced potential (from the top: multipotent
progenitors (MPP); common myeloid progenitors (CMP) and lymphoid-myeloid primed
progenitors (LMPP), megakaryocyte-erythrocyte progenitors (MEP), granulocyte-macrophage
progenitors (GMP), common lymphoid progenitors (CLP)) b) Recent single cell-transcriptomic
analysis and lineage tracing pointed out a continuum of differentiation from the HSC pool. Each
green dot represents a single cell and its position along the differentiation trajectory. The figure
was re-drawn from (Laurenti & Géttgens, 2018).

Because of their features, especially the extraordinary regenerative capacity,
HSCs represent a successfully established therapy for patients with different
hematopoietic disorders including BM failures. However, the limited availability of
immunologically matched donors and the frequent immune rejection of transplanted
cells impair the success of allogenic HSC transplants. On the other hand, the

possibility to perform autologous transplantation of HSCs may overcome this issue.

In this context, the advent of induced pluripotent stem cells (iPSCs)
technology made the employment of autologous HSCs ex vivo as a more concrete
possibility for the treatment congenital BM disorders, albeit still unsuccessful.
Indeed, the generation of engrafting HSCs from human pluripotent stem cells
h(PSCs) remains elusive. Only the enforced overexpression of a specific set of
transcription factors led to HSC generation in vitro (Sugimura et al, 2017). However,
many of the transcription factors overexpressed are proto-oncogenes that might lead
to malignant transformations making them unsafe for clinical use. A safer approach
would be recapitulating the stepwise specification of HSC from hPSCs in vitro as it
occurs during embryonic development, mirroring what evolution has shaped as an

efficient process.

To this extent, in vivo studies, mainly performed on zebrafish and mouse
models, have provided extensive knowledge about the mechanisms of HSC
emergence (Mikkola & Orkin, 2006; Paik & Zon, 2010; Costa et al/, 2012; Ditadi et
al, 2016; Ivanovs et al, 2017; Bruijn & Dzierzak, 2017), which by large have turned
out to be conserved across species. Moreover, these models pointed out the
complexity of blood cells development in the embryo, that is not limited to HCSs but
includes several HSC-independent hematopoietic progenitors that emerge during
embryonic development and persist in the adult contributing to the homeostasis and
protection of our body. The structural complexity and the functional heterogeneity of
the hematopoietic system during embryonic development will be the main topic of

the next paragraphs with particular attention on the cellular origin of hematopoietic
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cells. Mouse and zebrafish models will be taken as reference to dissect the

hematopoietic development since similar processes appear conserved in humans.

1.1 Functional assays to evaluate the potential of hematopoietic stem and

progenitor cells

Before introducing how the hematopoietic development is structured, I will briefly
describe the functional assays that have been, and to some extents still are, used to

identify HSCs or other hematopoietic progenitors.

In 1950s-1960s, two major assays to study the potential of hematopoietic
stem and progenitor cells were developed: the in vitro culture of BM hematopoietic
cells based on semi-solid media supplemented with cytokines to monitor the
hematopoietic potential (Bradley & Metcalf, 1966), and the in vivo transplantation
into irradiated recipients (FORD et al, 1956; MCCULLOCH & TILL, 1960; Szilvassy et
al, 1990). Till and McCullogh firstly described spleen colony forming cells (CFU-s) as
a functional assay to quantify the proliferative and the lineage potential of multipotent
hematopoietic stem and progenitor cells (HSPCs). In fact, murine HSPCs form
multilineage hematopoietic colonies in the spleen of transplanted irradiated animals
and a single CFU-s can produce more CFU-s (MCCULLOCH & TILL, 1960; Siminovitch
et al, 1963). Despite these assays have been subsequently modified and refined,

they set the gold standard for define the HSCs biology.

By definition, HSCs are characterized by unlimited self-renewal and
multilineage differentiation ability (Osawa et al, 1996). These intrinsic characteristics
distinguish HSCs from all the other hematopoietic progenitors generated through
embryonic development. Therefore, functional HSCs are defined as cells that can
contribute to long term (greater than 16 weeks) multilineage hematopoiesis when
transplanted into immune-compromised (usually conditioned via irradiation) mice
(primary recipients). A more stringent definition of HSCs requires that the BM isolated
from primary recipients allows long term multilineage reconstitution of irradiated
secondary recipients. At present, the combination of primary and secondary
transplants into adult recipient constitutes the gold-standard assay to test HSC
functionality. However, it is worth to note that adult and embryonic HSCs show a
different repopulation potential. In fact, adult BM-derived HSCs repopulate adult

recipients at higher frequency than neonatal recipients, while early embryonic HSCs
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better reconstitute neonatal recipients (Yoder & Hiatt, 1997; Arora et al, 2014). This
is likely due to differences between the adult and neonatal BM niche, with the latter
providing a more suitable environment to complete the full maturation of embryonic
HSCs. In addition, the lack of engrafting potential of embryonic HSCs in adult
recipients might be mediated by host-derived NK response that targets the
embryonic cells that mildly express major histocompatibility complex (MHC) class I
on their surface (Ozato et al, 1985; Jlaffe et al, 1991; Cumano et al, 2001).
Alternatively, early embryonic HSCs can be further coaxed to progress into their
maturation via ex vivo cocultures prior to in vivo transplantation, thus bypassing the

requirement of neonatal recipients (Cumano et al/, 2001).

In addition to in vivo assays, in vitro systems are used to qualitatively identify
the lineage potential of HSPCs. Although they do not allow the detection of functional
HSCs (that strictly relies on in vivo transplantation experiments), I will introduce the
colony-forming cell (CFC) assay to provide a complete picture of the assays
commonly used measure the frequency and the lineage potential of hematopoietic
progenitors in vitro. The CFC assay consists of culturing a given tissue or cell
population in a semi-solid methylcellulose-based media that supports the growth of
single hematopoietic clones. CFCs mostly consist of uni-lineage colonies as burst-
forming units-erythroid (BFU-E), immature precursor of colony-forming units-
erythroid (CFU-E), CFU-granulocytes (CFU-G), CFU-macrophages (CFU-M), CFU-
megakaryocytes (CFU-Mk) and CFU-granulocytes/macrophages (CFU-GM). While bi-
lineage CFCs can be also observed, real multipotent CFCs composed by CFU-

granulocytes, erythroid, macrophages and megakaryocytes (CFU-GEMM) are rare.

Despite CFC assay can also be used to assess the lymphoid potential in vitro
(Lacaud et al, 1998), specialized co-culture systems are preferred since allow a more
reliable, simple and efficient evaluation of lymphoid-specific lineages. The in vitro
lymphoid culture methods will be extensively treated in the section 1.4.1: “A note on

HSC-independent lymphopoiesis”.

Having in mind the assays to evaluate the potential of hematopoietic
progenitors and HSCs, we can move forward to dissect the embryonic hematopoietic

development.
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1.2 The mesodermal origin of the hematopoietic system

In mammalian and non-mammalian vertebrates, the first steps of hematopoietic
commitment can be traced back to gastrulation, the process through which an
embryo at blastula stage exits the pluripotency and establishes the basis for the
future body plan (Sadler & Langman, 2004). During this process, the epiblast, a thin
sheet of primitive ectodermal cells, gives rise to three embryonic layers (mesoderm,
endoderm and ectoderm) from which all the tissues of the embryo proper originate.
In the mouse, by embryonic day (E) 6 the epiblast cells converge into the posterior
pole of the embryo to form the primitive streak (PS) (Figure 2 a). Epiblast cells
ingress the PS and undergo an epithelial-mesenchymal transition (EMT) to form
mesodermal and endodermal lineages. The site and the time of ingression of epiblast
cells into the PS determines their fate. For instance, the first mesodermal progenitors
enter in the most posterior part of the PS and then form the yolk sac (YS) extra-
embryonic mesoderm (Kinder et al/, 1999) (Figure 2 b). Here, part of these cells will
differentiate into YS blood islands where the first hematopoietic cells originate
(Lawson et al, 1991). On the other hand, epiblast cells that migrate into the middle
region form the splanchnic or lateral plate mesoderm, which will generate intra-
embryonic regions such as the aorta-gonad mesonephros (AGM) in which other
hematopoietic progenitors, including HSCs, will emerge (Medvinsky et al, 1993;
Medvinsky & Dzierzak, 1996; Bruijn et al, 2000).

Therefore, during embryonic development multiple hematopoietic waves
originate blood cells both outside (Palis et al/, 1999; Lux et al, 2008; Bertrand &
Traver, 2009; Frame et al, 2016) and inside the embryo (Bruijn et al, 2000; Bertrand
et al, 2008, 2005, 2010a; Boisset et al, 2010; Kissa & Herbomel, 2010). Temporally,
the onset of the extra-embryonic hematopoietic program in the YS precedes that of
intra-embryonic hematopoiesis. This spatial and temporal distinction translates into
the exposure of mesodermal cells to different signaling hubs. Consequently, distinct
hematopoietic waves yield hematopoietic progenitors with different function and
potential. We will now cover more specifically the different hematopoietic output of
the different ingression of epiblast cells through the PS and the successive migration

to different locations.
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Figure 2 - Patterning of mesoderm during gastrulation

From (Baron, 2005), Experimental Hematology, 2005. a) In early post-implantation embryo,
the reciprocal signaling between embryonic and extraembryonic lineages allows morphogenic
changes and the establishment of the anterior-posterior axis (A-P, red arrow). Mesoderm is
generated from the primitive streak (PS, black bar) in the posterior epiblast. b) Fate maps
showing the location of mesodermal progenitors during development: epiblast (purple), PS
(black bar), mesodermal layers (different fate corresponds to a different color). Mesodermal
cells migrate posteriorly to contribute to extra-embryonic hematopoiesis. More anterior regions
of the PS generate the embryonic mesoderm, migrating laterally and distally.

1.3 Extra-embryonic hematopoiesis

1.3.1 Primitive wave

The first wave of hematopoiesis occurs right after mesodermal cells migrate through
the posterior PS (at E6.5-E7.0 in mouse, day 20-21 in human) to form the extra-
embryonic region of the YS (Figure 3). The hematopoietic cells are closely associated
with vascular endothelial cells in the YS, forming cell aggregates known as YS blood
islands. YS blood islands generate megakaryocytes, macrophages and erythrocytes
while are devoid of lymphoid and HSC potential (Palis et al, 1999; Tober et al, 2006,
2008; Squarzoni et al, 2014; Palis, 2017) (Figure 3). The defining lineage of this
program is represented by erythroid cells. These cells are nucleated and mostly
express embryonic globin and some fetal globin. These globin types show an
increased oxygen affinity compared to adult globin-types, necessary to offer the
oxygen supply to the growing embryo before the onset of the circulation (around
E8.25) (Palis et al, 1995; Fraser et al, 2006; McGrath & Palis, 2008). This first wave
of YS erythroid cells was defined as “primitive”, based on their size and nucleation
typical of erythrocytes of birds, fish, and reptiles (Palis, 2014). However, in

mammals, primitive erythroblasts undergo a tardive enucleation between E12.5 and
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E16.5, generating mature primitive red blood cells that persist in the circulation as
late as five days after birth (Kingsley et al/, 2004).

While primitive erythrocytes endure only shortly after birth, macrophages
from the primitive hematopoietic wave contribute to the life-long adult hematopoietic
compartment as tissue resident macrophages. In fact, in vivo fate mapping analysis
revealed that microglial cells, a population of tissue resident macrophages of the
adult central nervous system (CNS), derive from primitive macrophage progenitors
that arise early in murine development and persist in the adult brain (Ginhoux et al,
2010). These primitive macrophages emerge before E8 in the YS blood islands
(Takahashi et al, 1989). After the onset of the circulation at E8.5, primitive
macrophages colonize different tissues including the brain in which they differentiate
into microglia (Naito et a/, 1990). Another distinguishing characteristic of these cells
is their distinct signaling requirement. In fact, their development is not affected by
KIT ligand (KITL) deficiency, which is required for the proliferation and survival of
hematopoietic progenitors generated during later hematopoietic waves (Azzoni et al,
2018). Remarkably, the embryonic origin of microglia is conserved across different

species including zebrafish (Herbomel et al, 2001) and avians (Cuadros et al, 1993).

1.3.2 The erythro-myeloid progenitor wave

Right after the first wave of primitive hematopoiesis, a second hematopoietic
program originates in the YS around E8.5 and comprises erythro-myeloid progenitors
(EMP) (Figure 3). Despite an erythro-myeloid-restricted potential was initially
ascribed to EMPs, Dege and colleagues have recently shown that these progenitors
also display lymphoid potential, giving rise to natural killer (NK) cells (Dege et al,
2020). This characteristic distinguishes them from primitive progenitors that are
devoid of lymphoid potential. In addition, unlike primitive progenitors, EMPs
differentiate into a broader type of myeloid cells, giving rise to macrophages,
granulocytes as well as monocytes (Palis et al, 1999). Moreover, EMPs generate
erythrocytes that express fetal and adult-type of globin and persist through late fetal
and peri-natal life (McGrath et a/, 2011). For this reason, EMPs have been historically
described as belonging to definitive hematopoiesis (Palis, 2014) to distinguish them
from primitive erythrocytes that mainly express embryonic globins (Palis et al, 1995).
However, this definition is misleading, since definitive progenitors would also include

HSCs, that, however, do not emerge from the EMP hematopoietic wave. In fact, EMPs
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lack long-term engrafting capacity associated to HSCs (McGrath et al, 2015). To avoid
any confusion, I will refer to this second extra-embryonic hematopoietic program as
"EMP wave” while the definitive term will be used only to indicate the HSC-dependent

hematopoietic wave.

EMPs can be isolated thanks to the expression of a peculiar cell surface marker
signature that distinguishes them from HSC-derived and primitive progenitors. In
fact, McGrath and colleagues defined E9.5 EMPs by KIT*CD41*CD16/32*SCA1"9 cell-
surface expression. While CD41 and KIT are ubiquitous hematopoietic markers,
CD16/32 is not expressed neither on primitive progenitors nor on HSCs (McGrath et
al, 2015). The latter are instead characterized by SCA1 (LY6a) expression (Chen et
al, 2011a), among other markers. Despite the differences in molecular cell surface
markers, EMPs and HSCs also differ in the molecular signaling required in the
specification of either cell type (i.e., Notch signaling) (Bertrand et a/, 2010b), subject

that will be next discuss in this thesis.

As EMPs arise in the YS concomitantly to the establishment of the circulation,
the possibility to specifically isolate YS-derived EMPs allowed to characterize them in
detail (McGrath et al, 2015). At E10.5 EMPs are detected throughout the peripheral
blood and mostly in the fetal liver (FL), the principal site of hematopoietic colonization
during embryonic development. Circulating EMPs are detected until E14.5, albeit at
low level, suggesting they support the hematopoietic homeostasis before and after

the emergence of HSCs that will be discussed in the next paragraphs.

1.4 Intra-embryonic hematopoiesis

While the first two programs of hematopoietic development occur extra-
embryonically and give rise to hematopoietic progenitors, the third hematopoietic
wave occurs within intra-embryonic hematopoietic sites where the first multilineage,

self-renewing HSCs and hematopoietic progenitors emerges.
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Figure 3 — Dynamics of hematopoietic development in the murine embryo

From Yoder et al, Nature Biotechnology, 2014. Stages of hematopoietic development.
Hematopoiesis starts in the YS with the generation of primitive hematopoietic progenitors (E7).
A second wave of extra-embryonic hematopoiesis initially generates erythro-myeloid
progenitors (EMPs). Secondly, lymphoid progenitors emerge both in the yolk sac (YS) and in
the aorta-gonad-mesonephros (AGM), around E9. Simultaneously to the second wave, the
third wave of hematopoiesis generates HSCs at E10.5 in the AGM, umbilical and vitelline
arteries and placenta. Finally, HSCs seed the FL that results in a reservoir of hematopoiesis
until late gestation when HSCs are mobilized and migrate to the BM. Together with HSC-
derived hematopoietic progenitors, also the previous waves contribute to the adult
hematopoietic compartment.

The first HSC arises in the aorta-gonad-mesonephros (AGM) region at E10.5
in mouse embryos (Dieterlen-Lievre, 1975; Medvinsky et al, 1993; Mdller et al, 1994;
Medvinsky & Dzierzak, 1996; Bruijn et a/, 2002) (Figure 3). The Dzierzak group firstly
identified the intra-embryonic origin of HSCs by evaluating CFU-s potential of the
embryo body from E9.5-E11 murine embryos. The CFU-s potential peaks at 11 days
post coitum (dpc) in the axial area of the embryo that includes the AGM while YS and
FL show very low CFU-s numbers at similar stage (Medvinsky et al, 1993). More
precisely, the sub-dissection of the AGM showed that HSCs are initially confined to
the dorsal aorta (DA), not emerging from other regions as urogenital ridges (Bruijn
et al, 2000) (Figure 4 a, b). However, at similar stages other embryonic sites harbor
HSC activity: the vitelline artery (VA) that is fused with the DA and connected to the

FL, the umbilical arteries (UA) that connect the embryo proper to the placenta (Bruijn
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et al, 2000) (Figure 4 c) and the placenta (Gekas et al, 2005; Ottersbach & Dzierzak,
2005). Among them, the AGM is the mostly characterized site of HSC emergence
while the placental origin of HSCs is still debated. In particular, whether the placenta
represents a site for the de novo HSC generation or for the homing of HSC generated
in other anatomical regions (Gordon-Keylock et al, 2013). The picture is complicated
by the fact that circulation spreads HSCs generated in different intra-embryonic sites
towards other hematopoietic tissues and mostly to the FL which represents the HSC
reservoir during mid-gestation stages. For this reason, circulation-deficient (Ncx17/-)
murine embryos are useful to study the specific origin of hematopoietic cells
(Wakimoto et al, 2000; Koushik et al, 2001). These embryos bear a null mutation in
the Ncx gene that encodes for the cardiac Na*/Ca?* exchanger. The mutation causes
embryonic lethality by E10.5 due to lack of functional heartbeat, circulation and HSC
development (Wakimoto et al/, 2000; Koushik et al, 2001). Indeed, blood flow has
been shown to be essential for HSC generation (Rhodes et a/, 2008; Lux et al, 2008;
North et al, 2009; Adamo et al, 2009). Therefore, other assays are required to shed
the light on the placental origin of HSC.

Eventually, at E17, HSCs start to migrate towards the BM (Christensen et al,
2004), the ultimate colonization site of HSCs. Here, HSCs acquire a quiescent state
that is maintained in homeostatic conditions (Wilson et al/, 2008) and will support

life-long blood cell production.
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b Table I. HSC activity in directly transplanted and cultured E11 and E12 aorta and UGR

No. of mice repopulated/total transplanted®

Embryo
Tissue equivalent Ell E12
Aorta® 1 mni 17/29
0.3 4115 /6
UGR 4.3 0/3
1 0/10 5/26
0.3 0/9 0/4
AGM 1 I8 719
0.3 1/6 172

*Only mice with =10% donor repopulation in the peripheral blood at 4-9 months after transfer were
independent experiments. o

cAorta region: includes surrounding mesenchyme.

dAn average of 4.3 e.e. were transplanted in two experiments (range 4-5).

c No. of mice repopulated/total transplanted®

Embryo

Tissue equivalent E10.5 El15

Vitelline/umbilical 2.5-5 4/35b
3 317
1 3/8
0.3 1/3
0.1

AGM 2.5-3 1712
1 4/6
0.3 3/6
0.1 1/3

Liver* 3 03 22
1 26
0.3 1/2

“With one exception (see below), only mice with =10% donor repopulation at 4-7 months after transfer were included as positive. Data are from a
total of 12 independent experiments.

"One mouse transplanted with 5 e.e. of umbilical arteries was engrafted at high levels (100%) at 3 months post-transplantation, but died before the
>4 month bleed could be performed.

cLiver was used in these experiments as a positive control and thus is not mentioned in the text of the Results.

Figure 4- The aortic region of the AGM, vitelline and umbilical arteries have HSC activity at
E10.5

Adapted from de Bruijn et al, The EMBO Journal, 2000. a) Schematic plot of E11 and E12 AGM
dissection along the dotted lines. Aorta (A) and mesenchyme (Me) are separated from the
urogenital ridges (G) that include the developing gonads and pro/mesonephroi (M). b) Table
showing the results of the direct transplantation of 1 or 0.3 embryo equivalents (e.e.) of E11
aorta and mesenchyme or UGR in irradiated recipients. Engrafting samples were detected by
peripheral blood analysis after 4-9 months. c) Table showing the results of the direct
transplantation of 2.5-5 e.e. of E10.5 or E11.5 vitelline/umbilical arteries, AGM and liver
(positive control) in irradiated recipients. Engrafting samples were detected by peripheral blood
analysis after 4-7 months.

1.4.1 A note on HSC-independent lymphopoiesis

The establishment of lymphoid potential has been historically associated to the
emergence of HSC. For this reason, in the attempt to find the site of HSC
development, lymphoid potential has been extensively characterized within extra- or

intra-embryonic hematopoietic sites (Cumano et al, 1996, 2001; Kennedy et al,
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2012). Functional studies to assess lymphoid potential of specific embryonic tissues

have been mostly performed in vitro by coculturing on stromal cell lines as OP9.

OP9 stromal cells derive from the bone marrow (BM) of OP/OP mice thar lack
the macrophage-colony stimulating factor (M-CSF) (Yoshida et al, 1990). As such,
OP9 cells do not support myeloid cell development and expansion, but rather sustain
the early stages of lymphopoiesis (Yoshida et al, 1990). In addition, the
overexpression of Notch ligand DLL1 or DLL4 promotes T cell at the expense of B cell
differentiation (Schmitt et al, 2004; Holmes & Zufiga-Pfliicker, 2009). Before OP9
became the “elected” cell line to test lymphoid potential, other stromal cells lines
have been used, such as S17 stromal cells which extensively support B-lymphopoiesis

and myelopoiesis (Collins & Dorshkind, 1987).

To investigate the lymphoid potential of specific embryonic regions, Cumano
and coworkers isolated YS and paraaortic splachnopleura (P-Sp, from which AGM will
derive at later stages of development) tissues that were then cocultured as ex vivo
explants on S17 stromal cells in a cytokine-supplemented medium. They observed
that before the establishment of the circulation, E7.5-E8.5 YS explants lack lymphoid
potential whereas P-Sp at the same stages generates both multipotent myeloid and
lymphoid progenitors ex vivo. However, these embryonic hematopoietic cells could
not reconstitute adult wild-type recipients (Cumano et al, 1996). To favor the
emergence and engraftment of lymphoid progenitors, the same group performed
similar experiment transplanting YS or P-Sp derived cells into irradiated Rag2neo/neg
and Rag2,c"¥"9 immunocompromised recipients. Both models lack a mature
lymphoid compartment, and the latter fails to develop NK cells that may target MHC
class I-low embryonic donor cells. In detail, isolated E7.5-E8.5 YS and P-Sp were
cultured for 4 days ex vivo without the support of stromal cells or exogenous growth
factors and then transplanted into irradiated recipients. YS explants display short
term myeloid reconstitution but lack lymphoid potential and long term multilineage
reconstitution in vivo. On the other hand, the P-Sp explants provide long term
multilineage engrafting (including B and T lymphoid cells), suggesting the P-Sp as
site of HSC emergence and not the YS (Cumano et al, 2001). These and other
experiments (Nishikawa et al, 1998b) suggest the possibility that lymphoid potential
exist before and independently from HSC emergence. Nevertheless, the temporal and
anatomical identification of Ilymphoid potential remained controversial and

particularly confounded by the onset of circulation.
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To shed the light on this, the study of hematopoietic development in Ncx1-
deficient embryos was critical. Despite the lack of HCSs, these embryos preserve
early waves of hematopoietic development, confirming the existence of a HSC-
independent hematopoiesis (Fraser et al, 2002; McGrath et a/, 2015; Lux et al, 2008).
Taking advantage of this model, Yoder group demonstrated that E9.5 YS and P-Sp
give rise HSC-independent B and T lymphocytes that can also be transplanted and
used for adoptive transfer (Yoshimoto et a/, 2011, 2012). Interestingly, lineage
tracing experiments have shown that embryonic-derived lymphocytes persist in the
adult hematopoietic system where they represent the first-line defense against non-
self-pathogens in peripheral tissues (Haas et al, 2012; Gentek et al, 2018; Sandrock
et al, 2018). Recent studies in zebrafish further support the existence of a HSC-
independent lymphoid potential (Tian et al, 2017). Despite the emergence of early
embryonic lymphoid potential is generally accepted, the ontogeny of early embryonic
lymphocytes is still under discussion. Indeed, major studies of the field support the
existence of an immuno-restricted progenitor with lymphoid potential (Boiers et al,
2013) or of a transient fetal-restricted HSC (Beaudin et al/, 2016; Kristiansen et al,
2016; Elsaid et al, 2020). Nevertheless, these data support the onset of specialized
lymphoid progenitors within extra- and intra-embryonic tissues before the

emergence of HSC.

In conclusion different overlapping hematopoietic waves generate
hematopoietic progenitors and stem cells that, thanks to the blood flow, migrate into
different anatomical locations and to the FL, where they proliferate and expand before
colonizing other hematopoietic tissues where they remain throughout life. A summary
of the different anatomical sites and timing of hematopoietic development in the
mostly characterized model organisms is depicted in Figure 5. The rarity of these
populations in early development and their frequent overlapping potential hampers
the complete characterization and dissection of HSC-independent and -dependent
programs. In the attempt to resolve the heterogeneity of hematopoietic
development, the cellular origin of HSPCs and the mechanisms involved in cellular

fate acquisition will discussed in the next paragraphs.
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Figure 5 — The hematopoietic development in mouse, human and zebrafish embryos

The graph shows a schematic representation of the time and location of hematopoietic
development in mouse, human and zebrafish embryos. In mouse and human embryos, the
time of development is depicted in days. Hours (6-18) and days (1-6) post fertilization are
reported for zebrafish development. YS, yolk sac; AGM, aorta-gonad-mesonephros; FL, fetal
liver; BM, bone marrow; ICM, intermediate cell mass; DA, dorsal aorta. Light red and yellow
backgrounds indicate the switch from HSC-independent and -dependent hematopoiesis.

1.5 The cellular origin of hematopoiesis: the hemangioblast

As mentioned, the onset of the hematopoietic system begins during gastrulation
when the mesodermal layer derives several cellular lineages including hematopoietic
endothelial cells. For long time, the common mesodermal source of hematopoietic
and endothelial cells prompted the idea of a common progenitor for both lineages
defined as “hemangioblast”. In 1932, Murray coined the world “hemangioblast”
starting from a similar concept introduced more than a decade before (Sabin, 1920),
to define the cell of origin of the endothelial and hematopoietic cells observed in the
YS blood islands (Murray, 1932). Murray hypothesized the existence of cells with bi-
lineage potential able to give rise to both blood and endothelial cells. Later, Choi and

colleagues observed that differentiating mouse embryonic stem cells (MmESCs)
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contain a unique population that, when placed in methylcellulose in presence of
vascular endothelial growth factor (VEGF), gave rise to blast colony forming cells (BL-
CFCs) (Choi et al, 1998). These BL-CFCs could be individually coaxed to generate
both hematopoietic and endothelial cells at the clonal level in vitro (Figure 6).
Therefore, BL-CFCs were thought to represent the in vitro confirmation of the

existence of the hemangioblast.

Some years later, the same group showed the presence of the hemangioblast
as a bipotent progenitor in gastrulating mouse embryos (Huber et a/, 2004). In detail,
they isolated cells from E7.0-E7.5 embryos, containing both the presumptive YS and
embryo proper, and they cultured them ex vivo in presence of hematopoietic and
vascular cytokines. After few days in culture, single embryo-derived colonies
generated both adherent cells, expressing endothelial and smooth muscle markers,
and non-adherent cells, expressing hematopoietic genes. The embryo-derived
colonies resemble the BL-CFCs derived from mESCs in vitro (Figure 6), thus
confirming their existence in vivo. They both originate myeloid and erythroid cells,
the latter expressing embryonic and/or adult type globin. Moreover, they showed
that embryo-derived hemangioblasts differentiate from cells expressing the
mesodermal markers Brachyury (Bry) (Willison, 1990) and the vascular endothelial
growth factor receptor 2 (VEGFR2 or KDR) (Motoike et al/, 2003) and mainly emerge
from the posterior PS in a narrow developmental window. Therefore, they proposed
the hemangioblasts as a transient population in vivo, that peaks at the late
streak/early neural plate stage, and rapidly differentiate into lineage restricted

progenitors migrating towards other regions as the YS.

However, the hemangioblasts origin of hematopoiesis is still controversial.
Indeed, in vivo clonal lineage tracing studies showed that most YS blood island clones
contained either hematopoietic or vascular cells and only few bilineage clones
(Padron-Barthe et al, 2014; Kinder et al, 1999; Vogeli et al, 2006). It must be pointed
out that these studies are not formally disputing the existence of the hemangioblast,
as they are only proving that the blood islands are not clonal. Nevertheless, they
suggest that the hemangioblast represents a subset of mesodermal cells, possibly

with a restricted potential.

Alternatively, it cannot be excluded that transient and highly dynamic

hemangioblasts are the precursors of the entire YS hematopoiesis and
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vasculogenesis. A set of more thorough temporal-specific lineage tracing experiments

are needed to clarify this point.

In parallel, an interesting speculation saw the hemangioblasts as capable to
migrate towards the P-Sp/AGM region and behave as precursor of intra-embryonic
hematopoiesis. However, the current data lean towards a model in which
hematopoietic cells emerge from a specialized endothelial population, the hemogenic
endothelium (HE), rather than developing directly from the hemangioblast. The

endothelial origin of blood cells will be developed in detail in the next paragraph.
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Figure 6 — The hemangioblast development in vitro and in vivo

From Gordon Keller, Genes & Development, 2005. Murine embryonic stem cells (mESC) and
posterior primitive streak cells generate Brachiury/Flkl-expressing cells with blast colony
forming cell (BL-CFC) potential. The derived blast colonies contain both vascular and
hematopoietic cells.

1.6 The cellular origin of hematopoiesis: the hemogenic endothelium

The first evidence that challenged the hemangioblast origin of hematopoiesis, at least
intra-embryonically, derives from experiments performed in avian embryos. Indeed,
cells arising from the DA, in the AGM region, and from the VA/UA, appear as clusters
budding from the endothelial cells lining the lumen of the vessel (Dantschakoff, 1908;
Turpen et al, 1981; Garcia-Porrero et al, 1995; Tavian et al, 1996; Walmsley et al,
2002; Jaffredo et al, 2003). Jaffredo and colleagues took advantage of the specific
binding of acetylated low-density lipoproteins (LDL) on endothelial cells to label these

cells in the embryo and evaluate the endothelial origin of blood. They injected
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fluorescent LDL (Ac-DilI-LDL) into the heart of embryos at specific developmental
stages, so that the endothelial layer of the aorta lacked the expression of the pan-
hematopoietic marker CD45 at the time of injection. After 24 hours, they dissected
the embryo and observed that the newly formed intra-aortic hematopoietic clusters
(IAHCs) were labelled with Ac-DiI-LDL. Thus, IAHCs emerge from a population that
could uptake LDL, likely the endothelial layer of the DA. Newly formed hematopoietic
cells within IAHCs express the pan-hematopoietic marker CD45 and retain the Dil
labeling, confirming that hematopoietic cells are budding from the endothelial layer
(Jaffredo et al, 1998).

A similar experiment performed in E10 murine embryos showed that
endothelial CD31- and CD34-expressing cells retain Ac-Dil-LDL over time. The
hematopoietic cells emerging from Dil* endothelium share the same labeling with
endothelial cells. However, they will progressively loose the Dil-labeling while
maintaining hematopoietic-specific markers (Sugiyama et al, 2003). The evidence
that emerging hematopoietic cells co-express endothelial (i.e. CD34, CD31, VE-Cad)
and hematopoietic markers on their surface was observed in different organisms as
well as the loss of the endothelial-like signature as they fully mature (Tavian et al,
1996, 1999; Wood et al, 1997; Labastie et al, 1998; Nishikawa et al, 1998a, 1998b;
Fraser et al, 2002, 2003; Kim et al, 2005; Taoudi et al, 2005).

The endothelial ontogeny of hematopoietic cells was next proposed by the
experiments of Nishikawa and coworkers (Nishikawa et al, 1998b). The authors
isolated the endothelial population from the caudal part of E9.5 embryos (that
includes the AGM region), by the expression the endothelial-specific marker VE-
Cadherin (VE-Cad, CD144) (Breier et al, 1996). The ex vivo co-culture of isolated
cells on OP9 stroma allowed the emergence of hematopoietic cells. Notably, the
authors got rid of any emerging hematopoietic cells by the exclusion CD45* cells and

CD45"9Ter119* mature erythroid cells whereas they isolated endothelial cells.

Nevertheless, for years, the origin of hematopoietic cells remained
controversial with opposite hypothesis regarding an endothelial (North et a/, 1999;
Bruijn et al, 2002) and/or a mesenchymal origin of hematopoiesis (Bertrand et al,
2005). In particular, the latter was proposed by the observation of sub-aortic

mesenchymal cells that express hematopoietic markers. These cells would include
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HSC precursors that will migrate through the endothelium and bud into the lumen of
the aorta to form IAHCs.

Eventually, the progress of cell-fate studies ultimately acknowledged the
endothelial origin of hematopoietic cells. In 2008, Zovein and colleagues used Cre-
mediated recombination driven by VE-Cad expression to mark endothelial cells at
specific developmental stages (Zovein et al, 2008). They induced VE-cad mediated
B-galactosidase labeling at E9.5 using a tamoxifen-inducible VE-cad-CreERTZ2
(Monvoisin et al, 2006) transgenic mouse crossed to a ROSAR (R26R) line (Soriano,
1999). At the time of hematopoietic activity in the AGM (E9.5-E12.5), VE-cad derived
cells are present in both the endothelium of the DA and the associated hematopoietic
cells. VE-cad-derived cells were capable to give rise to adult hematopoiesis,
generating hematopoietic cells in BM, spleen, thymus one year after the induction
(Zovein et al, 2008). Therefore, VE-cad-derived derived populations likely include
HSCs.

1.6.1 The endothelial to hematopoietic transition

After the identification of the endothelial ontogeny of hematopoietic cells, the process
through which endothelial cells become hematopoietic (endothelial-to-hematopoietic
transion, EHT) was characterized in detail. In 2010. three groups showed for the first
time live imaging movies of the EHT occurring in vivo in either mouse (Boisset et al,
2010) or zebrafish embryos (Bertrand et al, 2010a; Kissa & Herbomel, 2010). Due
to their intrinsic transparency, the Ilatter are particularly useful to study
morphogenesis by live microscopy. In zebrafish embryos, cmyb and CD41 expression
was used to track the emergence of blood cells that occurs in the DA around 28-48
hours post fertilization (h.p.f) (that corresponds to E9.5-E11.5 in mouse, as shown
in Figure 5) (Bertrand et al, 2008). On the contrary, Lmo2 and kdrl (Kdr in mouse)
are highly expressed on endothelial cells (Yamaguchi et al, 1993; Millauer et al/, 1993;

Yamada et al, 2000) and therefore were exploited as endothelial markers.

Bertrand and colleagues applied confocal-based microscopy on double
transgenic zebrafish models (cmyb:eGFP;kdrl:memCherry) and showed that
hematopoietic cmyb:eGFP* cells emerge directly from kdrl:memCherry* endothelial
cells in the ventral wall of the DA at 30-38 h.p.f. (Figure 7 a-d) (Bertrand et al,
2010a). As the transition occurs, HE undergoes morphological changes to allow the

detachment of the developing hematopoietic cell from the neighbor endothelium. In
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the meantime, HE acquires hematopoietic specific markers while maintaining the
endothelial ones (i.e. cmyb:eGFP*kdrl:memCherry*). Once the transition is

completed, the hematopoietic cell lose the expression of endothelial markers

retaining only the hematopoietic ones (i.e. cmyb:eGFP*kdrl:memCherry™9) (Figure
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Figure 7 - Hematopoietic cells originate from the HE during zebrafish embryonic development

From Bertrand et al, Nature, 2010. a-d) Four sequences of a time lapse-imaging of zebrafish
embryo at 30-38 h.p.f.. Double transgenic zebrafish embryos (cmyb:eGFP, kdrl:memCherry)
document the emergence of hematopoietic cells (cmyb* in green) from the hemogenic
endothelium (kdrl*, in red).

Similar evidence in zebrafish embryos has been reported by Kissa and
Herbomel (Kissa & Herbomel, 2010). In this study, they took advantage of a different
double transgenic model, Lmo2:Dsred;CD41:GFP to follow the development of the
DA from 23 to 100 h.p.f. and the emergence of hematopoietic cells. Between 30 to
37 h.p.f., the diameter of the DA increases accompanied by an extensive
rearrangement of the aortic endothelium. In particular, endothelial Lmo2:Dsred* cells
migrate from the lateral or dorsal wall to the floor of the DA. After this complex
reorganization, hematopoietic cells start to emerge, specifically from the floor of the
DA (Lmo2:Dsred*;CD41:GFP*). After 52 h.p.f., EHT events become rarer until 60
h.p.f., when they are not anymore detected in the AGM.

As in zebrafish, the EHT was examined in murine embryos by live imaging.
Since murine embryos are not as transparent as zebrafish ones, Boisset and
colleagues imaged thick transverse sections of non-fixed mouse embryos to maintain
the integrity of the aortic architecture (Boisset et al/, 2010). The authors used two
different murine transgenic models to track the generation of hematopoietic cells
from the DA at E10.5. In particular, they used Ly-6a-GFP transgene to mark
functional HSCs as shown by de Bruijn and coworkers in 2002 (Bruijn et al, 2002).
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On the other hand, they used CD41-YFP to follow the emergence of hematopoietic
cells, including HSCs (Corbel & Salatin, 2002; Mikkola et al, 2003; Eilken et al, 2009).
They observed that Ly-6a-GFP* cells emerge from the endothelial layer of the ventral
wall of the DA (CD31*Ly-6a-GFP"™9) (Figure 8 a-c) and co-express other known
hematopoietic markers, (i.e. C-KIT (Sanchez et al, 1996), CD41) as well as
endothelial ones (i.e. CD31 and CD34) (Figure 8 d, e). Similarly, CD41-YFP*
hematopoietic cells bud from the CD31+*CD41"9 endothelium, expressing both
endothelial (CD31) and hematopoietic markers on their surface (CD41, C-KIT)
(Boisset et al, 2010).

0:00 1:18 4:42 5:45
c B — — —

Figure 8 - Hematopoietic cells originate from the HE during murine embryonic development

From and Boisset et al, Nature, 2010. a-c) Three-dimensional reconstitution of time-lapse
confocal imaging of the DA of E10 Ly6a-GFP mouse embryonic slices. Orientation scheme is
indicated in a), bottom right: V, ventral; D, dorsal; BS, back side; FS frontal side. The squared
white box in a) is zoomed in b), FS and c) BS. The endothelial layers were immuno-stained
with CD31 (red). Hematopoietic GFP* cells emerge from the CD31* endothelial layer as shown
by white and yellow arrows in f,g).

In summary, imaging experiments in zebrafish and murine embryos support
the model in which intra-embryonic hematopoietic cells directly emerge from the HE
of the DA (Figure 9 a). Similarly, extra-embryonic hematopoietic progenitors, as YS-

derived EMPs, emerge via a HE intermediate (McGrath et al, 2015; Frame et al,
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2016). In fact, lineage tracing studies proved that E7.5-E9 40HT induction in VE-
Cad-CreERT*/"¢9;Rosa™ mice selectively labels YS HE and its hematopoietic progeny
(Zovein et al, 2008; Gentek et al, 2018), definitely proving the HE origin of the second

hematopoietic program.

Despite the hematopoietic activity during EMP and intra-embryonic programs
has been associated to HE, the origin of primitive hematopoiesis is still discussed.
Padron-Barthe and coworkers suggest that the first wave of primitive hematopoiesis
develops directly from a mesodermal precursor, already specified before the PS
stage, independently from the HE and EHT (Padrén-Barthe et al/, 2014). On the
contrary, RNA sequencing analysis at single-cell level of E6.5-E8.5 murine embryos
showed that primitive erythroid cells pass through subclusters of hemato-endothelial
progenitors at a different molecular state from ones typical of the EMP wave (Pijuan-
Sala et al, 2019). Thus, the specification of the primitive program might differ from
the following. This view could be linked to the hemangioblast model, suggesting that
a specific mesodermal population gives rise to progenitors with endothelial and

primitive hematopoietic potential.

Despite the hemangioblast and HE models for the origin of blood cells appears
distinct, they could fit in the same scenario. Lancrin and colleagues proposed that
the hemangioblast originates extra-embryonic hematopoietic cells through a HE
intermediate (Lancrin et al/, 2009) (Figure 9 b). In fact, the hemangioblast shares
with the HE the expression of endothelial markers (Choi et al, 1998; Kennedy et al,
2006; Huber et al, 2004) as well as the ability to uptake AcLDL (Choi et al, 1998).
However, the hemangioblast is strictly biased towards the endothelial and
hematopoietic fate in vivo (Padron-Barthe et a/, 2014; Ueno & Weissman, 2006) and
has a multipotent nature in vitro (Choi et al, 1998; Huber et al, 2004) while the HE
is clonally committed to hematopoiesis (Swiers et al, 2013; Ditadi et al/, 2015).
Therefore, we might encounter a semantic paradox according to how the HE is
specifically defined. In fact, also the hemangioblast might be considered as HE as it
shares endothelial-like features and generates hematopoietic cells together with
other cellular types. Strictly relying on the definition of HE as a population of cells
that clonally generate hematopoietic progeny, primitive hematopoiesis might not
derive from a “strictly-defined” HE, but a different one. As single-cell transcriptomic
analysis suggests (Pijuan-Sala et al, 2019), the molecular characteristic of the

population of origin of hematopoietic cells might change as development progresses,
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accompanied by differences in hematopoietic potential. Furthermore, the plasticity
and dynamicity of development might hamper the through dissection of
hematopoiesis, especially during early stages of development characterized by

massive reorganizations and structural changes.

In this context, we believe that the selective molecular identification of the HE
population across the different programs is necessary to dissect and characterize its

contribution to hematopoietic development.
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Figure 9 — The HE and hemangioblast models

a) HE model: hemogenic endothelium (in green) localized in the ventral wall of the DA
undergoes endothelial to hematopoietic transition (EHT) and generates hematopoietic cells (in
light and dark red) budding into the lumen of the DA in mouse. Endothelial cells are depicted
in blue. b) Hemangioblast model: KDR*BRY* hemangioblast precursor differentiate into
hemogenic endothelial cells that generate intra- and extra-embryonic hematopoietic
progenitors.

1.6.2 The heterogeneity of the HE during embryonic development

Despite the controversial origin of the primitive cells, the HE origin of hematopoietic
progenitors from the EMP and intra-embryonic hematopoietic waves has been
extensively demonstrated. However, while the generation of blood cells share a
common EHT process, the emerging hematopoietic cells are heterogeneous in terms

of potential. The differences in hematopoietic output can be tracked already at the
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level of the HE. HE isolated at different time and/or from different locations displays
distinct potential. As an example, while the E8.5 YS HE lacks lymphoid potential, the
HE population isolated from the same region 24h later (E9.5) generates a robust
lymphoid output (Nishikawa et al, 1998b; Yoshimoto et al, 2011; Dege et al, 2020).
In addition, lymphoid potential was identified in HE from E9.5 P-Sp, apparently
suggesting that E9.5 YS and P-Sp share a HE with similar potential at this stage
(Cumano et al, 1996; Nishikawa et al, 1998b; Cumano et al, 2001; Yoshimoto et al,
2011). However, these two HE are rather different, as they give rise to specific

subsets of cells within the same lineage.

An example of this is represented by lymphoid tissue inducer cells (LTi), the
first members of innate lymphoid cells (ILC). By using VE-Cad inducible transgenic
murine models (Zovein et al, 2008), Simic and colleagues observed the VE-Cad
labeling induced at E8.5-E9.5 marks peripheral and FL lymphoid tissue inducer cells
(LTi) (Simic et al, 2020). However, later induction failed to trace the same lineage.
To address spatio-temporal heterogeneity of HE, they set to determine the intra- or
extra-embryonic origin of LTi. For this, they used a Cxcr4-CreERT*/-;Rosa"” model to
specifically label intra-embryonic HE, excluding the YS endothelium that does not
express Cxcr4 (McGrath et al, 1999). Coherently, the E8.5-E9.5 induction in this
model does not label cells in the YS but in the embryo proper, including LTi

demonstrating the intra-embryonic restricted origin of this lymphoid progenitors.

A further proof of the heterogeneity of HE is suggested by the evidence that
hematopoietic progenitors emerge (Yokomizo & Dzierzak, 2010; Yoshimoto et al,
2011; Simic et al, 2020) before the onset of the first functional HSC within the same
intra-embryonic regions (Medvinsky et al, 1993; Medvinsky & Dzierzak, 1996; Bruijn
et al, 2000, 2002). Notably, limiting dilution analysis in adult recipients revealed that
only 2-3 engrafting HSCs are present in the E10.5-E11.5 embryo (Muller et a/, 1994;
Medvinsky & Dzierzak, 1996; Kumaravelu et a/, 2002). However, as discussed, early
embryonic samples difficulty repopulate adult wild-type recipients while
immunodeficient models and neonates are more permissive. For instance, E9 P-Sp
can long-term, multi-lineage reconstitute immunocompromised neonates (Peeters et
al, 2005). However, it needs further ex vivo maturation to engraft in adult
immunodeficient mice but it is still not sufficient to allow the engrafting in wilt-type
adults (Cumano et al, 1996, 2001). Repopulating studies in wild-type or Rag2,cres/neg

neonates estimated an average of 2 HSCs precursors at early E10. The number

33



increases to 12 at E10.5 (Boisset et al, 2015). On the contrary, more than 500 IAHCs
(i.e. CKIT*CD31%) are present at the same stage, spanning between the DA, UA and
VA (Yokomizo & Dzierzak, 2010) (Figure 10 a). Concomitantly to the migration of
hematopoietic cells into the FL at E11.5, the number of aortic hematopoietic clusters
decreases (Yokomizo & Dzierzak, 2010; Rybtsov et a/, 2016) (Figure 10 b) while the
number of functional HSCs increases to 66 at the same stage (Kumaravelu et al,
2002). Since early-stage HSC are slowly cycling (Batsivari et al, 2017), the
discrepancy on embryonic HSC number between E10.5 to E11.5 is hardly explained
even considering that HSC-competent HE is already present at earlier stages but
need further maturation to develop functional HSCs (Taoudi et al, 2008; Rybtsov et
al, 2011, 2014; Boisset et al, 2015). In addition, the presence of immature HSC-
competent HE would not justify the discrepancy between IAHCs and HSC numbers

within intra-embryonic hematopoietic regions at similar stages (Boisset et al, 2015).

The evidence that both transient, HSC-independent hematopoietic progenitors
and HSCs are concomitantly generated from the intra-embryonic HE (Zovein et al,
2008; Chen et al, 2009; Yokomizo & Dzierzak, 2010; Boisset et al, 2015; Rybtsov et
al, 2016), raises arguments about the heterogeneity of the HE. In fact, intrinsic
properties of the HE may drive the differences in lineage potential of the
hematopoietic cells generated throughout embryonic development. Moreover, the
supportive environment of the niche might affect the hematopoietic emergence from
the HE.

In agreement with the latter hypothesis, only the HE located in the ventral
part of the DA originates engrafting HSCs. On the other hand, the dorsal wall of the
DA cannot multilineage reconstitute irradiated recipients (Taoudi & Medvinsky,
2007). In the attempt to understand the differences between the two domains of the
DA, Medvinsky and other groups analyzed the factors specifically polarized in the
ventral domain. Among them, BMPER (negative regulator of the bone morphogenic
protein, BMP) and secreted endothelinl emerged as important regulator of HSC
development in vivo (Crosse et al, 2020; McGarvey et al, 2017). Therefore, non-cell-
autonomous factors secreted by other cells than HE, influence the EHT. Moreover,
spatial transcriptomic analysis of dorsal revealed that TGFB and nitric oxide (NO)-
stimulated genes are enriched in the ventral domain of the DA suggesting that the

activation of specific signaling pathways might be implicated in HSC emergence and
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might drive the heterogeneity of HE (Crosse et al, 2020; Monteiro et al, 2016; Adamo
et al, 2009; North et al, 2009).

E10.5

Figure 10 - Three-dimensional mapping of hematopoietic clusters in the mouse embryo

From Yokomizo and Dzierzak, Development, 2010. Distribution of c-Kit* cells (pink dots) in
the aorta of E10.5 a) and E11.5 b) mouse embryos. Numbers indicate the cellular size of the
clusters. Dorsal aorta (DA), umbilical artery (UA), vitelline artery (VA).

In conclusion, the hemogenic activity of endothelium is tightly regulated in
space and time. The HE gives rise to hematopoietic cells with distinct potential
according to the developmental stage and the location. To dissect the heterogeneity
of the HE, understanding whether the HE shows a different molecular identity across
the hematopoietic programs is primarily important. Thus, molecular regulators and
signaling pathways have been extensively interrogated to dissect their involvement
in the transition from HE to hematopoiesis and will be discussed in the next

paragraphs.

1.7 Molecular regulators involved in the EHT

Several studies have been performed to dissect the mechanisms of hematopoietic
cell emergence. Indeed, shedding the light on the molecular characteristics that
define the HE from other endothelial cells, is fundamental to accurately recapitulate
the hematopoietic development. In particular, the transcription factor RUNX1, a
member of the family of RUNX proteins (RUNX1, 2, 3 in mammals) distinguishes the

HE from non-hemogenic endothelial cells.
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RUNX proteins were initially discovered in the fly while identifying mutations
that affect development (Nisslein-Volhard & Wieschaus, 1980). The mutation in runt
gene, encoding for a transcriptional regulator involved in several developmental
processes in Drosophila, causes defects in pre-segmentation patterning, resulting in
the formation of runted embryos. Instead, the human RUNX1 was initially identified
as AML1 due to its association to acute myeloid leukemia (Miyoshi et al, 1991).
However, the high homology with runt (DAGA et al, 1992) changed the family name
to runt-related proteins or RUNX. Differently from the fly, the role of RUNX1 remained
unknown for few years. Molecular cloning and protein purification unraveled the role
of RUNX1 as heterodimeric transcriptional factor (Kamachi et a/, 1990; Ogawa et al,
1993; Wang et al, 1993) in complex with a non-DNA-binding partner, the core binding
factor B (CBFP).

The deletion of Runxl1 or CBFpB affects the different hematopoietic programs
(Wang et al, 1996a, 1996b; Okuda et al, 1996; Sasaki et al, 1996; Niki et al, 1997;
Cai et al, 2000). For years, Runxl was believed to be dispensable for primitive
hematopoiesis (Okuda et al, 1996; North et al, 1999). However, while primitive
progenitors still emerge in Runx1-deficient models, primitive erythrocytes display an
immature phenotype (Yokomizo et al, 2008) and the frequency of primitive
macrophages (Lacaud et al, 2002; Frame et al, 2016) and megakaryocytes (Potts et
al, 2014) is reduced. On the contrary, the absence of Runx1 causes major defects
later in development. Runx1 knock-out or silencing completely blocks the EHT and
the generation blood cells from all the hematopoietic waves but the primitive (North
et al, 1999; Yokomizo et al, 2001; North et al, 2002; Chen et al, 2009; Boisset et al,
2010; Bertrand et al, 2010a; Kissa & Herbomel, 2010; Tober et al, 2013; Padrdn-
Barthe et al, 2014, Eliades et al, 2016; Frame et al, 2016). The requirement of Runx1
in the emergence of the hematopoietic cells from the HE and not of primitive
progenitors further suggests that the latter do not derive from a proper HE but from

a different population of cells with endothelial characteristics.

The crucial role of Runx1 in the EHT is confirmed by its conditional deletion in
VE-Cad- or Tie2-expressing cells that impairs the emergence of functional HSCs,
intra- and extra- hematopoietic progenitor cells inducing embryonic lethality at mid-
gestation with severe FL anemia (Li et a/, 2006; Chen et al/, 2009). These experiments
confirmed that endothelial Runx1 expression is required for the EHT possibly cell-

autonomously and regulates the development of HSC and hematopoietic progenitors.
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However, VE-Cad and Tie2 expression is not restricted to endothelial and HE
populations as these markers are observed in emerging hematopoietic clusters as
well. Therefore, Chen and colleagues investigated the requirement of Runx1 using
Runx1fex/flox :\/av 1-Cre transgenic model. Vav1 is selectively expressed on committed
hematopoietic cells but not during the EHT (Ogilvy et al, 1999; Stadtfeld & Graf,
2004). Vavi-mediated Runxl1-deletion allows the emergence of HSC and
hematopoietic progenitors that are detected as circulating cells in the FL of E11.5
murine embryos. Similarly, the knock-out of Runx1 in adult mice mildly affects the
hematopoietic compartment and the animals survive without major defects (Ichikawa
et al, 2004; Growney et al, 2005). Therefore, Runxl is a master regulator of
hematopoietic development, but it is largely dispensable at later stages, once
hematopoietic progenitors and stem cells are formed (Ichikawa et al, 2004; Growney
et al, 2005; Chen et al, 2009).

Coherently with the master role in hematopoietic development, Runxl
expression is detected within the major hematopoietic sites, following the trend of
the different programs. Indeed, in mouse Runxl1 is expressed from E7.5 to E10.5.
From E8.5 onwards, the expression declines in the YS and starts to emerge inside
the embryo in the VA and in the ventral floor of the paired DA. At E10.5, Runx1
expression extends to the FL, VA, UA. At this stage, Runx1 expression is not limited
to endothelial cells but spreads to the emerging hematopoietic clusters, the aortic
mesenchyme and few mesonephros cells (North et al, 1999; Daane & Downs, 2011;
North et al, 2002; Bee et al, 2009a, 2009b). Concomitantly to the end of intra-
embryonic HE activity and hematopoietic cell emergence (by E14.5), endothelial
Runx1 expression within intra-embryonic hematopoietic sites disappears (North et
al, 1999; Yokomizo & Dzierzak, 2010). In summary, Runx1 expression in endothelial
cells anticipates the emergence of blood and is restricted to time and locations of the
EHT (North et al, 1999).

The crucial developmental role of Runxl is confirmed by its highly
conservation among vertebrates (North et al, 1999; Ciau-Uitz et al, 2000; Burns et
al, 2002; Kalev-Zylinska et al, 2002; Bollerot et al, 2005; Gering & Patient, 2005).
Two alternative promoters dictate the transcriptional expression of Runx1: the distal
promoter P1 and the proximal P2. The alternative transcription generates a distal and
a proximal Runx1 transcript that differ in the 5- untranslated regions (UTR) and N-

terminal coding sequence. The two transcripts are translated in two proteins: the
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distal isoform RUNX1c and the proximal RUNX1b (Pozner et al, 2000; Fujita et al,
2001). In addition, alternative splicing of the two transcripts originates further Runx1
isoforms (Bae et al, 1994; Tsuji & Noda, 2000; Telfer & Rothenberg, 2001; Bee et al,
2009b). However, the transcriptional differences do not confer any reported distinct
properties in RUNX1b and RUNX1c proteins (Fujita et a/, 2001; Challen & Goodell,
2010). Nevertheless, the transcription from either one or the other promoter appears
to regulate the expression level and the time of Runxl expression. P2 promoter
activity is dominant during the first stages of hematopoietic development while the
P1 is predominantly expressed during FL and BM hematopoiesis in mouse (Bee et al,
2009b, 2010; Fujita et al, 2001; Sroczynska et al, 2009). Despite the two promoters
regulate Runxl expression in time and dosage during mammalian embryonic
development, they do not regulate its tissue-specific expression (Bee et al, 2009a)
that, in turn, is regulated by upstream enhancers (Nottingham et al/, 2007; Ng et al,
2010) further controlled by the finely orchestrated activity of other pivotal

transcription factors (Figure 11).

The core transcription factors involved in the regulation of Runx1 are GATA2,
FLI1 and TAL1 (T cell acute leukemia gene 1, also known as SCL) (Robb et al/, 1995;
Nottingham et al/, 2007; Pimanda et al, 2007; Ng et al, 2010) that will be described
below. In addition, the regulatory network is fueled by a positive feedback
mechanism that ensures their expression in embryonic tissues controlling

hematopoietic cells emergence (Pimanda et al, 2007).

The transcription factor GATA2 plays an essential role in embryonic
development. Gata2-deficient embryos prematurely die at E10-E11 displaying severe
anemia, brain hemorrhages and defects in hematopoietic development including the
lack of HSCs (Tsai et al, 1994; Minegishi et al, 1999; Pater et al, 2013), similarly to
Runx1-null embryos (Wang et al, 1996a). The analysis of mouse chimaeras obtained
by the injection of Gata2 knock-out mESCs into wild-type blastocysts showed a
dramatic impairment in hematopoietic stem and progenitor cells pool at early
embryonic stages (Tsai et al, 1994). A similar phenotype is observed in Gata2
heterozygous mutant embryos (Tsai et a/, 1994) that shows reduced frequency of
HSPCs, HE cells and IAHCs (Ling et al, 2004; Khandekar et al, 2007; Pater et al,
2013). In addition, Gata2 levels and dynamicity influence different stages of EHT
(Eich et al, 2018) and its expression modulates EHT, HSC emergence and activity
(Ling et al, 2004; Pater et al, 2013)). Given the crucial role of GATA2 in embryonic
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hematopoietic development, its expression is tightly regulated for instance by Notch
signaling that is highly involved in hematopoietic development, as it will be further
discussed (paragraph 1.8) (Robert-Moreno et al, 2005; Robert-Moreno et al, 2008).
The role of GATA2 in hematopoietic development is mediated by the regulation Runx1
expression as suggested by Runx1- and Gata2-deficient phenotype and experiments

performed in zebrafish and murine embryos (Gao et al, 2013; Butko et a/, 2015).

Gata2 expression is upstream regulated by one of the earliest recognized
markers involved in hematopoietic development, FLI1. FLI1 is expressed in dorsal
lateral plate mesoderm (Walmsley et al, 2002), endothelial cells and hematopoietic
clusters (Brown et a/, 2000; Hart et al, 2000). The knock-out of Fli1 induces a similar
phenotype to Runx1-deficiency albeit at lower level (Wang et al/, 1996b; Hart et al,
2000; Spyropoulos et al, 2000; Gao et al, 2013).

Finally, the role of SCL in the regulation of Runx1 expression in endothelium
is less defined. SCL is one of the first pro-hematopoietic transcription factor
expressed during embryonic development. In fact, at mesodermal level, SCL controls
the transcriptional network to favor hematopoietic versus cardiac fate (Van Handel
et al, 2012; Org et al, 2015). Its master role in hematopoietic development is
confirmed by the effect of its genetic disruption that causes early embryonic lethality
at E9.5 with complete abrogation of hematopoietic development including the
primitive compartment, mildly affected in RunxI-null embryos (Robb et al, 1995;
Porcher et al, 1996; D’Souza et al, 2005; Lancrin et al, 2009). In addition, Tall-
deficient mESCs fail to generate the HE population in vitro, stage in which Runx1 is
required (Lancrin et a/, 2009; D'Souza et al, 2005). Therefore, Tall-deficiency blocks
the hematopoietic development before the requirement of Runxl1. However, Tall
deletion in Tie2-expressing endothelial cells shows a modest effect on hematopoiesis.
This suggests a compensatory effect mediated by TAL1-related proteins, as LYL1
(Schlaeger et al, 2005), that mitigate Tall-deficiency regulating Runx1 expression in
endothelial cells (Giroux et al, 2007).
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Figure 11 - The gene regulatory network in the HE

Adapted from Tober, Maijenburg, Speck, Current topics in developmental biology, 2016. The
legend for the gene regulatory symbols used are highlighted in the bottom left box. The shaded
green panel in the center highlights the interconnected gene regulatory network of GataZ2, Fli1,
Tall (Pimanda et al, 2007). The dotted lines indicate presumed interaction, not yet
demonstrated.

In addition to RUNX1 and its upstream regulatory network, also downstream
targets are implicated in HE specification and EHT process. Two of them are Gfil1 and
Gfilb that code for zinc finger transcriptional repressors. GFI1 and GFI1lb
downregulate endothelial-specific genes in the HE such as VE-Cad, Pecaml and
Endoglin. However, other endothelial genes as Cd34, Kdr and Tie2 remain unaffected
(Lancrin et al, 2012). In absence of Runx1, the overexpression of Gfi favors the
upregulation of genes involved in hematopoiesis such as Myb and LmoZ2 as well as
endothelial to hematopoietic-like morphological changes. However, the enforced
expression does not rescue the emergence of any functional HSC and hematopoietic
progenitor cells in Runx1-deficient embryos. On the other hand, Gfil and Gfilb
deficiency permits the emergence of hematopoietic cells, yet they fail to circulate and
maintain the expression of endothelial-specific genes as Sox7, Tie2, VE-cad and Flk1
(Lancrin et al, 2012).

Together with the aforementioned transcription factors, a complex and vast
network of upstream and downstream RUNX1-related proteins modulates the
hematopoietic development and influences the fate of hemogenic endothelial cells, in

particular around the EHT stage.
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For instance, another family of transcription factors involved in the EHT is
SRY-related HMG-box (SOX) and, among its member, SOX17 is the most studied.
The analysis of Sox17-GFP reporter mice showed that it is expressed between E9.5-
E11.5 in VE-Cad* endothelial cells and emerging hematopoietic clusters lining the
lumen of the DA in the AGM region (Clarke et a/, 2013; Kim et al, 2007). The deletion
of Sox17 in endothelial cells using VE-Cad-Cre or Tie2-Cre;Sox17"%/fox transgenic
mice, affects arterial development, vascular remodeling and intra-embryonic
hematopoiesis (Clarke et al, 2013). These embryos lack functional HSCs and die
prematurely by E12.5 (Clarke et a/, 2013; Kim et al, 2007). However, its requirement
seems to be temporally restricted. In fact, the conditional knock-out of Sox17 in E9.5
VE-Cad expressing cells in vivo does not affect the emergence of IAHCs, that maintain
the physiological expression of RUNX1 and GATA2 in AGM endothelial cells (Lizama
et al, 2015). On the contrary, the expression of Notch-related genes decreases, in
agreement with the role of SOX17 in the positive regulation of Notch pathway (Corada
et al, 2013), mainly involved in arterial specification (Lawson et a/, 2001; Zhong et
al, 2001; Lawson et al, 2002; Gering & Patient, 2005). AGM explant culture
experiments suggested a possible role of SOX17 as negative regulator of EHT (Lizama
et al, 2015). Indeed, the deletion of Sox17 in VE-Cad -expressing cells of AGM
explants isolated at E9.5 and E11, increased the frequency of hematopoietic cells and
upregulated the expression of genes involved in the EHT while Notch-related genes
decreased. This suggests that endothelial SOX17 is needed (whether -cell-
autonomously or not is not clear) before E9.5 for HSC development, but it
dispensable thereafter. In addition, different groups report a contrasting effect of
Sox17 over-expression in vitro. In one case, it has been implicated in the expansion
of a population able to generate hematopoietic cells while downregulating endothelial
markers (Clarke et al, 2013; Nakajima-Takagi et al, 2013). In another, Sox17 gain
of function has a detrimental effect on hematopoietic cell survival (Serrano et al,
2010). Therefore, the implication of SOX17 in intra-embryonic hematopoiesis and
hemogenic endothelial specification is not clear. However, in vitro chromatin immuno-
precipitation experiments (ChIP) and functional validations, report a reciprocal
regulation of Sox17, Runx1 and Notch that may be critical in the fine-tuned regulation
of hemogenic and non-hemogenic fate of endothelial cells (Clarke et a/, 2013; Lizama
et al, 2015). In addition, SOX17 is linked to homeobox genes A (HOXA) expression
(Jung et al, 2021) that, in turn, is determinant to HSC identity and function (Dou et
al, 2016; Ng et al, 2016).
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Interestingly, HOXA3 promotes endothelial rather than hematopoietic fate
during embryonic development. In fact, HoxA3 and Runx1 expression are mutually
exclusive in the embryo. At E8.5, Runx1 marks HE of the YS while HoxA3 is highly
expressed in the endothelium of the DA where the hematopoiesis has not started yet.
From E9.5, ventral cells of the DA begin to express Runx1 and lose HoxA3 expression.
Their reciprocal regulation is mediated by HOXA3 binding at Runx1 proximal promoter
P2, inhibiting its transcription (Iacovino et al, 2011). Therefore, not only specific
regulators are involved in determining the hemogenic potential of the endothelium,
but also the mutual inhibition of pro-endothelial and pro-hematopoietic factors

regulate the hematopoietic fate.

In conclusion, the expression of the master regulator of the hematopoietic
development, Runx1, is regulated at multiple levels by transcription factors broadly
expressed in endothelial cells. The gene regulatory network upstream of Runx1
involves other molecular regulators and integrates with the signaling pathways

activated during different stages development (Figure 11).

1.8 Signaling pathways involved in EHT: Notch

In the previous paragraph, we have briefly mentioned the role of Notch pathway in
controlling the EHT, regulating a transcriptional network upstream to Runx1
expression (Figure 11). Throughout this section, I will present in more details the

Notch-mediated orchestration of embryonic hematopoietic development.

The Notch pathway was first identified in genetic experiments in Drosophila.
The X-linked mutation caused notched wings to heterozygous female and the peculiar

phenotype gave the name to the pathway (Morgan, 1917).

The Notch family consists of four Notch receptors (NOTCH1-4) and five
different ligands (specifically, three Delta-like ligands, DLL1, 3, 4 and two Jagged
ligands, JAG1, 2). The activation of Notch signaling is mediated by the binding of a
single transmembrane Notch receptor to one of its ligands, located on adjacent cells.
The binding triggers two sequential proteolytic cleavages of the receptor that result
in the release of the intracellular part of the Notch receptor (or Notch intracellular
domain, NICD) mediated by a multiprotein complex with (-Secretase activity
(Edbauer et al, 2003; Okochi et al, 2002). NICD eventually translocates into the
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nucleus (Struhl & Adachi, 1998; Schroeter et al, 1998) where it binds the nuclear
transcription factor RBPJk (also known as CSL) whose activity is otherwise repressed
by the association of a co-repressor complex (Kao et a/, 1998). NICD binding to RBPJk
displaces the co-repressor complex and triggers the recruitment of the co-activator
Mastermind (Mam) on the promoter of target genes (Wu et al/, 2000; Fryer et al,
2002; Yatim et al, 2012). RBPJk activates the transcription of Notch-responsive genes
and orchestrates the feedback loop mechanisms that regulates Notch signaling
(Heitzler et al, 1996; Timmerman et al, 2004) (Figure 12 a). Most of the Notch effects
is mediated by the activation of Hes or Hes-related, Hrt, family of genes. HES and
HRT proteins are basic helix-loop-helix (bHLH) factors that generally act as

transcriptional repressors (Iso et al/, 2003).

The Notch pathway is well-conserved among species and regulates several
developmental processes mediating cell-to-cell interactions between neighboring
cells (Lai, 2004). Two different models have been proposed to explain the role of
Notch in controlling cell-fate decision: the lateral inhibition and the lateral induction
model (Figure 12 b). In the former, the initial population of cells express similar levels
of Notch ligands and receptors. However, the upregulation of DLL-like ligand
expression in one cell and the consequent NICD cleavage, activates Notch targets as
Hes/Hrt that inhibit the Notch ligand expression by a negative feedback loop
mechanism. This process favors the differentiation of the neighboring cells and the
acquisition of a “salt and pepper” phenotype. In fact, receiver cells will expose low
level of DLL-like ligands compared to DLL-expressing sender cells (Figure 12 b, upper
panel). On the opposite, in the lateral induction model the ligand expressing cells
(JAG-like) induce the Notch activity in adjacent cells. The NICD release allows the
transcription of target genes that include Jag ligands. In this model, the positive
feedback loop mechanism favors a homogeneous differentiation pattern between
sender and receiver cells (Figure 12 b, lower panel). Despite these two models are
useful to explain some of the Notch roles during development, it is not always obvious
to define how Notch regulates a given developmental process and to ascribe its effect

to one of these models.
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Figure 12 — The Notch pathway

From Bray, Nature Reviews, 2006 (upper panel, a) and Bigas et al, International Journal of
Developmental Biology, 2010 (lower panel, b). a) Binding of the Notch ligand (i.e., Delta ligand
in green) on one cell to the Notch receptor (purple) on another, results in two proteolytic
cleavages of the receptor. ADAM10 or TACE (TNF-a-converting enzyme; also known as
ADAM17) metalloprotease (yellow) mediate the first cleavage, the y-secretase complex the
second (brown). The proteolytic cleavages release the Notch intracellular domain (Nicd), which
enters the nucleus and interacts with the DNA-binding CSL also known as RBPJ (orange). The
binding recruits the co-activator Mastermind (Mam, green) to activate the transcription of
target genes. On the other hand, the co-repressors (Co-R; blue and grey) are released. b)
Upper panel, lateral inhibition model. The negative feedback loop (1, 2) mediated by Notch
activation in receiver cells favors a salt and pepper phenotype (3, 4). Receiver cells express
low ligands on their surface while sender cells express them and the two cell types differentiate
(5). Lower panels, lateral induction model: the positive feedback loop activated (1, 2) by Notch
in receiver cells favors the acquisition of a homogeneous pattern between sender and receiver
cells (3).

The Notch pathway is primarily involved in vascular development, particularly
in artery specification (Krebs et al, 2000; Lawson et al, 2001; Zhong et al, 2001;
Lawson et al, 2002; Gering & Patient, 2005). In addition, Notch directly regulates
also hematopoietic development. The first in vivo evidence that Notch pathway is

involved in hematopoietic development came from the study of Notchi1-null murine
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embryos (Kumano et al, 2003). E9.5 P-Sp of Notch17¢9/"¢9 embryos lack HSCs, while,
at the same stage, YS hematopoiesis remains unaffected (Kumano et al/, 2003). In
addition, mutant and wild-type embryos show a similar frequency of CD34*CKIT™*
progenitors in the endothelium. Therefore, the lack of Notch signaling results in an
impaired commitment specifically in HSC generation and not HSC-independent
progenitors, and, as such, Notch-dependency has been used since as a defining
feature of HSC-competent HE. Chromatin immunoprecipitation (ChIP) assays showed
that NOTCH1 intracellular domain specifically binds to Gata2 promoter through two
functional RBPJk binding sites. In fact, this interaction is lost in Rbpjk mutant
embryos that show a phenotype similar to Notchi-deficiency with premature
embryonic death, severe intra-embryonic hematopoietic defects but intact extra-
embryonic hematopoiesis (Robert-Moreno et al, 2005). Therefore, Notch-mediated
control of Gata2 justifies the defective hematopoietic development observed in
Notch1-null embryos (paragraph.1.7). The role of Notchl in intra-embryonic
hematopoietic development is supported by the expression of Notchl in the aorta
between E9.5 and E10.5. On the other hand, Notch2 and 3 are not expressed in E9.5-
E10.5 DA whereas Notch4 is expressed within arterial cells of the DA but not at the
level of hematopoietic clusters (Robert-Moreno et al, 2005; Robert-Moreno et al,
2008). Notch2, Notch3 or Notch4 mutant embryos do not show hematopoietic but
vascular defects (Joutel et al, 1996; Krebs et al, 2000; McCright et a/, 2001; Kumano
et al, 2003).

The analysis of Notch ligands revealed that JAG2, DLL1 and DLL3 are not
involved in the Notch-dependent effect on intra-embryonic hematopoietic
development. Indeed, the lack of Jag2 that is heterogeneously expressed in the DA,
does not impair the intra-embryonic hematopoiesis at E10.5 (Robert-Moreno et al,
2008). DIl1 and DII3 ligands are not detected in the emerging IAHCs and aortic
endothelial cells of mid-gestation murine embryos (Robert-Moreno et al, 2005;
Robert-Moreno et a/, 2008). On the contrary, similarly to Notchl and Rbpjk -deficient
embryos, the analysis of JAG1 and DLL4 ligands confirmed the involvement of Notch

signaling in intra-embryonic hematopoietic development.

JAG1 expression is mostly restricted to endothelial cells underlining the
emerging hematopoietic clusters in the E10.5 AGM (Robert-Moreno et al, 2005;
Robert-Moreno et al, 2008). Jagl-mutant embryos show several angiogenic defects

and prematurely day around E10.5 (Xue et al, 1999a). As in Notch1 mutant (Kumano
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et al, 2003), intra-embryonic hematopoietic development is defective while YS
progenitors remain unaffected (Robert-Moreno et al, 2005; Robert-Moreno et al,
2008).

Dll47¢9/7¢9 embryos die at E9.5 with major vasculogenic defects and a complete
loss or arterial identity (Krebs et al, 2004). In the DA, DLL4 is mostly expressed on
aortic endothelial cells but shows a heterogeneous expression within IAHCs at mid-
gestation (Robert-Moreno et al, 2005; Robert-Moreno et al, 2008). DLL4 is preferably
expressed within small clusters while only few cells of larger IAHCs express DLL4.
This suggests a role of DLL4 in regulating phases of IAHC growth. Indeed, blockage
of DLL4 with monoclonal antibodies increases the number of cells incorporated into
the IAHCs without affecting the total number of clusters at E10.5, as observed by
whole mount immunostaining (Porcheri et al, 2020). Porcheri and colleagues
proposed a model in which DLL4-mediated Notch signaling does not affect neither
the generation nor the cell fate of IAHCs while it regulates the recruitment of new
cells into hematopoietic clusters (Figure 13). In fact, the inhibition of DLL4-mediated
signaling does not affect the multilineage engrafting potential neither the
transcriptomic identity of E10.5 IAHCs. However, the frequency of hematopoietic

KIT*CD45*CD31" cells increased compared to untreated samples.
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Figure 13 - Formation of IAHCs involves Notch signaling

From Porcheri et al, EMBO journal, 2020. Scheme highlighting the formation of hematopoietic
cell clusters in the aorta of E10.5 mouse embryos. Nascent clusters are proliferative,
monoclonal, and express high level of Notch ligand DLL4. The reduced DLL4-mediated Notch
signaling increases the size of the clusters that become polyclonal via recruitment of
neighboring endothelial cells.
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In summary, the two Notch ligands JAG1 and DLL4 appear primarily involved
in intra-embryonic hematopoietic development. The two ligands show specific spatial
expression pattern. In addition, they are known to be involved with opposite function
in other biological processes as angiogenesis. Benedito and colleagues showed that
JAG1 counteracts DLL4-Notch interactions in non-cell-autonomous way and regulates
the sprouting of endothelial cells in response to proangiogenic factors as VEGF. In
this model, high level of JAG1 efficiently antagonize the more potent DLL4 ligand
present on neighbor cells thanks to post-translational modifications on Notch receptor
mediated by Fringe glycosyltransferases (Brlickner et a/, 2000; Benedito et al, 2009).
Translating this observation to intra-embryonic hematopoietic development, the
balance between DLL4 ligand expressed in IAHCs and JAG1 on underlining aortic
endothelial cells might act as determinant regulator of the EHT. In addition, the
functional Notch activation on IAHCs might downregulate the expression of pro-
angiogenic VEGF receptors (VEGFR) as VEGFR2 and VEGFR3 (Suchting et a/, 2007;
Hellstrom et al, 2007; Tammela et al, 2008) in favor of a hematopoietic-like
signature, mediated by Notch-dependent transcriptional activation of Gata2, Sc/ and
Runx1 (Robert-Moreno et al, 2005; Burns et al, 2005; Robert-Moreno et al/, 2008).
Other studies report that co-expression of Delta-like and Jagged ligands on the same
cell triggers a mechanism known as cis-inhibition that prevents signaling activation
through E3 ubiquitin ligases-mediated endocytosis in a cell-autonomous way
(Glittenberg et al, 2006). Therefore, alternative mechanisms might regulate the
complex role of Notch signaling in hematopoietic development, also possibly including

the effect of non-canonical activation of Notch signaling (Lakhan & Rathinam, 2021).

The coupling of impaired arterial identity and intra-embryonic hematopoietic
development in mouse embryos with defective Notch signaling (Xue et al, 1999b;
Krebs et al, 2004; Robert-Moreno et al, 2005; Robert-Moreno et al, 2008), raises the
question of whether proper arterial specification is required cell-autonomously for
intra-embryonic hematopoietic development. In fact, intra-embryonic definitive
hematopoiesis is closely associated to arteries (Bruijn et a/, 2000) and most, if not
all, arterial-defective mutants show severe EHT impairment. However, the lineage
relationships between arterial and hemogenic endothelium have not been completely
elucidated yet. For instance, in zebrafish embryos hematopoietic cells can emerge in
the AGM region from cells that do not express the arterial marker EphrinB2 (EfnB2)
after transient Notch activation by induction of NICD transgenic expression (Burns et
al, 2005). Similar results have been reported also in murine embryos with

arteriovenous malformations (Urness et al, 2000; Lawson et al, 2001, 2002).
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Therefore, it seems possible that hematopoietic cells can emerge in absence of
arterial markers expression. However, the hematopoietic output has not been tested
for HSC potential in these cases. In addition, it is not clear whether cells lacking EfnB2
expression maintain the arterial specification. New single-cell resolution fate studies
are needed to dissect the ontogeny of HE, or better, of the different heterogeneous
HE populations present intra-embryonically. This will also allow to determine the
exact role of the Notch pathway in both arterial specification and hematopoietic
development. Indeed, different Notch signals might be required during aorta
development in mid-gestation embryos. A possible model might include that HSC-
independent intra-embryonic hematopoiesis requires Notch signaling to develop but
not immuno-phenotypical arterial cells to emerge (Ditadi et al, 2015). On the other
hand, HSC-fate of intra-embryonic HE would require both the activation of Notch
signaling and correct Notch-dependent arterial specification. Therefore, the Notch
signals deriving from different combinations of Notch receptor-ligand coupling on
neighboring cells might be the crucial regulator of HSC-competent and non-

competent HE.

In conclusion, the regulation of Notch signaling activation in HE and/or
surrounding arterial endothelial cells at specific stage of the EHT controls the
hematopoietic development. Notch ligand expression might serve to spatio-
temporally compartmentalize Notch signaling activity and integrate Notch signaling

into a molecular network that orchestrates the transition of HE to hematopoiesis.

1.9 Signaling pathways involved in EHT: Retinoic Acid

Another signaling pathways widely involved in embryonic development is retinoic acid
(RA) signaling. Retinoic acid or all-trans-retinoic acid (ATRA) is the biologically active
metabolite of vitamin Al or all-trans-retinol (ROH). ATRA is required for the activation
of RA signaling by the binding to retinoic acid receptor (RAR a, B or y) that forms
heterodimers with the rexinoid receptor (RXR a, B or y) and binds the DNA on RA
responsive element (RARE) to trigger the transcriptional activation of target genes.
Among target genes, RA activates the expression of Cyp26al-c1 that encodes for
cytochrome P450 family 26 (CYP26) enzymes. CYP26 enzymes mediate the
metabolism of RA in the cytoplasm. Therefore, the RA activation coordinates a

negative feedback loop mechanism mediated by CYP26 enzymes that regulate RA
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signaling activation, fine-tuning autocrine and paracrine RA-mediated effects
(reviewed in (Niederreither & Dollé, 2008) (Figure 14).

RA is produced from retinoids, most commonly from retinol (ROH), through a
series of oxidative reactions. During embryonic development of placental species, the
main source of retinoids is diet or maternal transfer (Niederreither & Dollé, 2008).
Circulating ROH is bound to the retinol-binding-protein 4 (RBP4) and uptaken by
target cells (Kawaguchi et al, 2007). ROH is then oxidized to retinaldehyde by
cytosolic alcohol dehydrogenases (ADH) or retinol dehydrogenases (RDH). During
embryonic development, RDH10 is mainly responsible of ROH oxidation to
retinaldheyde, and, in its absence, murine embryos survive until E13 (Sandell et al,
2007). Retinaldehyde is further oxidated to RA by retinaldehydrogenases (RALDH1,
2, 3), each of which is functional at specific spatio-temporal stages throughout
embryogenesis. RALDH2 is the first retinaldehyde dehydrogenases expressed in
murine embryonic tissues as PS, mesoderm and visceral endoderm (Niederreither et
al, 1997) and it is the most active RALDH up to mid-gestation stage (Niederreither
et al, 1997; White et al, 2007; Wingert et a/, 2007). In fact, murine embryos lacking
Raldh2 display abnormal vascular development and die around E10 (Niederreither et
al, 1999; Lai et al, 2003; Bohnsack et al, 2004) even before Rdh10-deficient models,
highlighting the redundancy of ADH enzymes and the specificity of RALDH2 activity
in hematopoietic and vascular development. In fact, Raldh1- or Raldh3- null embryos
do not show major hemato-vascular defects (Niederreither et al, 1999; Goldie et al,
2008). On the other hand, Raldh2-null embryos die before the emergence of HSC
and show impaired extra-embryonic EMP-wave but not in primitive hematopoiesis
(Goldie et al, 2008; Jong et al, 2010; Chanda et al, 2013).

Given the prominent hematopoietic defect caused by Raldh2-deficiency,
Chanda and colleagues evaluated whether RA signaling might be involved in the
establishment of intra-embryonic hematopoiesis. In particular, they took advantage
of a non-immunological fluorescent system (Aldefluor, StemCell Technologies) to
evaluate the presence of RA-active signaling within intra-embryonic hematopoietic
sites. In detail, Aldefluor assay allows the detection of active aldehyde
dehydrogenases (ALDHs, thus including RALDHs) within the cells. A fluorescent,
diffusible substrate is converted to a negatively charged product by active ALDHs
present within the cells. The intra-cellular accumulation of the negatively charged

product allows the increase of fluorescence, detectable by flow cytometry. Therefore,
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the assay allows the detection of active aldehyde dehydrogenases into a specific
cellular population. The authors observed that AA4.1t*CD144*CD45* emerging HSPCs
within the E11.5 AGM display ALDH activity and mainly express Raldh2 (Figure 15
a). By engrafting experiments, the authors confirmed that functional HSCs are
restricted to AA4.1*CD144*CD45*ALDH* population in E11.5 AGM whereas
AA4.1t1CD144+*CD45*ALDH"9 counterpart is devoid of long term multilineage
reconstitution in immunocompromised recipients (Figure 15 b). However, both
fractions generate hematopoietic progenitors  in vitro, albeit  the
AA4.1t1CD144+*CD45*ALDH* show a reduced frequency (Figure 15 c). This evidence
supports the hypothesis that ALDH activity and RA signaling distinguish the HSC-

dependent from the HSC-independent intra-embryonic hematopoiesis.
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Figure 14 - RA signaling pathway

Adapted from Niederreither and Dollé, Nature Reviews Genetics, 2008. The scheme represents
the process of retinoic acid (RA) synthesis in placental species. Retinol uptake occurs by retinol
binding protein 4 (RBP4). The receptor protein stimulated by retinoic acid (STRA6) transfers
retinol intracellularly where is bound by cellular retinol binding proteins (CRBPs). Once in the
cytosol, retinaldehydes, mainly retinal dehydrogenase 10 (RDH10. that belong to the family of
alcohol dehydrogenases, ADHs), oxidates retinol to retinaldehyde. Next, retinaldehyde
dehydrogenases (RALDH1-3) generate retinoic acid (RA) that is bound by cellular retinoic acid
bind proteins (CRABPs) that facilitate its nuclear translocation. In the nucleus, RA binds to RA
receptors (RARs) and retinoid X receptors (RXRs) and activates the transcription of target
genes that own RA-response element (RARE). All-trans-RA is the principal in vivo RAR ligand.
The 9-cis-RA stereoisomer is the in vitro ligand of RXR while its presence in vivo is discussed.
Cytochrome P450 26 (CYP26) metabolizes RA to 4-hydroxy-RA and 4-oxo-RA that will be
further degraded and eliminated. RA acts as autocrine and paracrine factor (dashed arrow).
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To address the requirement of RA signaling activation during HSC
development, the authors used the Raldh2fox/flox.\VE-Cad-Cre murine model in which
Raldh2 Cre-mediated deletion is driven by VE-Cadherin promoter. Transplantation of
E11.5 AGM derived from mutant embryos dramatically reduces the long-term
engrafting potential in immunocompromised recipients (Figure 15 d). To confirm the
positive role of RA signaling in HE maturation and HSC emergence, the authors
isolated AA4.1*CD144* endothelial cells from E10.5 or E11.5 AGM and cultured them
ex vivo with ATRA, a pan-RAR agonist or a specific agonist for each of the RAR. After
8 hours of treatment, the authors transplanted the cells at limiting dilution into
immunocompromised recipients and assessed the engraftment after 16 weeks. Their
results highlight the prominent role of RARa-mediated signaling in increasing the
frequency of HSCs. In fact, the treatment of E10.5 Raldh2"";VE-Cad-Cre -derived
cells with the RARa agonist AM580 rescues the emergence of functional HSCs in the
embryo. In conclusion, RA signaling is a key regulatory pathway in the formation of
the HE and its transition to HSC fate. Hence, RA-dependency is another defining
characteristic of HSC-competent HE. However, the role of RA for the specification of

the HE lineage has not been tested yet.
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Figure 15 - Raldh2-mediated RA synthesis is essential for HSC emergence from the AGM

From Chanda et al, Cell, 2013. a) Scheme of the experimental layout: E11.5 AGM was isolated
and dissected. Three population were isolated by facs analysis: AA4.1+/VEC-CD45+ (E-H+)
and AA4.1+/VEC+CD45- (E+H-) and AA4.1+/VEC+CD45+ population (E+H+, highlighted by
the black dashed rectangle). The latter was analyzed to detect ALDH activity by Aldefluor
assay. The Aldefluor positive (E+H+Aldh+) and negative (E+H+Aldh-) fraction were isolated
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and transplanted at 1 embryo equivalent (e. e.) intra-femur (IF) in adult irradiated recipients.
E+H- and E-H+ were similarly transplanted. Cells treated with the aldehyde dehydrogenase
inhibitor DEAB (DEAB+Aldefluor) were used as negative control. b) Engraftment potential of
the transplanted populations: E+H- solid triangle, E+H+Aldh+ solid square, E+H+Aldh- solid
circle, E-H+ solid diamond. c) Methylcellulose-based CFC assay to measure the progenitor
frequency of E+H+Aldh- (black bar) and E+H+Aldh+ (grey bar). Asterisks indicate the
significant difference (*p<0.05, t test). d) Transplantation of E11.5 AGM cells isolated from
Raldh2flox/flox :\/E-Cad-Cre or control embryos. The graph shows the frequency of mice engrafted
with more than 5% of donor-derived cells.

1.10 Immuno-phenotypical identification of the HE

As we discussed in the previous paragraphs, understanding the mechanisms at the
basis of EHT is fundamental to dissect the heterogeneity of hematopoietic
development and characterize the generation of different blood cell types, including
HSCs. Indeed, a faithful understanding of embryonic development would allow the
recapitulation of hematopoiesis in vitro, leading to the generation of HSCs from hPSCs
that, thus far, have been elusive. To accomplish this, we believe that a crucial step
would be to dissect the heterogeneity of HE during embryogenesis. Indeed, the
selective identification of the population of origin of the different blood cells within
the various hematopoietic waves might reveal program-specific mechanisms that

characterize the fate of HE.

Despite the numerous studies and transcriptomic analyses (Swiers et al,
2013; Kartalaei et al, 2015; Zhou et al, 2016; Baron et a/, 2018; Oatley et al, 2020),
a specific and selective molecular identification of the HE remains elusive. In fact,
before starting the hematopoietic transition, HE shows a phenotypic profile identical
to endothelial cells (i.e. expression of FLK1/KDR, VE-Cad, CD34) and do not e express
hematopoietic markers (i.e. CD45, CKIT, CD41, Terl119, GFI1b) (Fraser et al/, 2002;
Oberlin et al, 2002; Hirai et al, 2003; Swiers et al, 2013; Zhou et al, 2016; Baron et
al, 2018; Nishikawa et al, 1998b). The common immuno-phenotypical identity of
hemogenic and non-hemogenic endothelium and the rarity of the former population
precludes the effective isolation and study of HE. For instance, at E10.5, only 1 out
of 43/49 putative HE cell gives rise to blood cells in the AGM and 1 out of 108
generates endothelial progeny using the same molecular characterization (Swiers et
al, 2013; Gao et al, 2018). Therefore, while enriching the HE, current markers also
include a population of cells that will differentiate towards non-hematopoietic lineages
and cannot be defined as selective HE markers. The available and most reliable
markers to enrich the HE population will be described in the following sub-

paragraphs.
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1.10.1 Runx1+ 23

A valid candidate to distinguish hemogenic from non-hemogenic endothelium murine
hematopoietic development, is the Runx1 +23 enhancer located in the intronic region
23.5 kb downstream to the transcriptional start codon (ATG) of Runx1 (Nottingham
et al, 2007; Bee et al, 2009a; Ng et al, 2010; Swiers et al, 2013). The Runx1 +23
enhancer-reporter mice recapitulate the endogenous Runx1 expression within sites
of hematopoietic development (Nottingham et al, 2007; Swiers et al, 2013). The
advantage of Runx1 +23 transgenic model is that enhancer expression precedes that
of Runx1, labeling the endothelial cells with a hemogenic fate early during embryonic
development (Swiers et al, 2013) and avoiding non-hemogenic endothelial cells or
mesenchymal cells in the DA that, on the contrary, are labeled by other Runx1I
reporters (North et al, 1999). In fact, Runx1l +23 reporter marks the hemogenic
population already at E9.5 in the P-Sp when 1 out of 540 Runx1 +23-expressing cells
has hematopoietic progeny and 8 out of 540 originate endothelial cells. The frequency
of hematopoietic progeny increases to 11 out of 539 marked cells at E10.5 in the
AGM whereas the endothelial decreases to 5 out of 539. However, no hemogenic
endothelial cells is present in the Runx1 +23 reporter negative fraction. Hence, while
all HE cells can be labeled with the Runx1 +23 reporter, tracking Runx1 +23 enhancer
does not selectively enrich the HE population as it comprises a broad population
devoid of hematopoietic fate. Therefore, Runxl +23 enhancer-reporter population
cannot be defined as a pure HE. Nevertheless, this model has been useful to dissect
the developmental window of HE specification that occurs between E8.5 and E10.5
(Swiers et al, 2013). In addition, the system allows to study the dynamics of the HE
and to evaluate the regulators upstream to Runxl transcriptional activation,
dissecting the transcriptional factors involved in the EHT (Nottingham et a/, 2007).
In conclusion, the study of the regulation of Runx1 transcription through Runx1 +23
enhancer is critical to dissect HE specification, but Runx1 +23 enhancer activity alone

cannot be used as a reliable HE marker.

1.10.2 Ly6A

Ly6a encodes the cell-surface protein SCA1l that selectively distinguishes HSCs
located in the murine FL or BM (Spangrude et a/, 1988; Ikuta & Weissman, 1992; Li
& Johnson, 1995; Kim et al, 2006). Moreover, SCA1 expression characterizes

functional HSCs emerging from the DA in the developing murine embryo
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(CD31*CKIT*SCA1*) and distinguishes them from emerging hematopoietic
progenitor cells devoid of engrafting potential, negative for its expression (Bruijn et
al, 2002; McGrath et al, 2015; Kartalaei et al, 2015).

To characterize Ly6a expression during murine embryonic developement,
Dzierzak group established a Ly6A-GFP murine model (Bruijn et al, 2000). As the
endogenous protein, the authors observed the reporter expression on hematopoietic
cells within IAHCs at E10.5. In addition, transgenic Ly6a-GFP expression defines a
subpopulation of endothelial cells (CD31+*GFP*) within the endothelial layer lining the
E10.5-E11 AGM. Notably, CD31*GFP* cells show an upregulation of genes involved
in the EHT (i.e. Runx1, Sox18, Sox17, Sox7, Gfil, Notchl, Notch4) compared to
CD31*GFP"™9 endothelial cells. Clear proof of the hemogenic fate of GFP* endothelial
cells came from live imaging analysis of E10.5 AGM in which Ly6A-GFP expression
distinguishes the CD31* endothelium that will transition to hematopoiesis (Boisset et
al, 2010).

Ly6A-GFP is not detected intra-embryonically before E9.5 and it is never
detected in the YS. The lack of Ly6A-GFP within extra-embryonic HE can be
considered as additional evidence of the heterogeneity of the HE. In fact, while both
EMP and intra-embryonic EHT depends on RUNX1 expression at HE level (Paragraph
1.7), the emergence of EMP progenitors or HSC can be uncoupled by Ly6a expression.
By means of CBFf-deficient murine embryos that show dramatic impairment in
hematopoietic development (Wang et al, 1996b), Chen and colleagues showed that
the ectopic over-expression of GFP/CBFS transgene driven by the promoter of the
endothelial gene Tie2 (Miller et al, 2002) rescues the formation of EMPs but it is not
sufficient to HSC emergence (Chen et al/, 2011a). On the contrary Ly6a-mediated
GFP/CBFpB expression restores HSCs formation while not supporting EMP emergence.
In conclusion, the formation of hematopoietic progenitors with different potential
from the HE might rely on similar mechanisms but can be distinguished by specific
marker expression. In this context, Ly6a distinguishes HSC-competent HE and does

not equally characterize the extra-embryonic HE that gives rise to EMPs.

Despite Ly6a-GFP reliably tracks HSC-competent HE, the SCA1 endogenous
cell-surface protein is not equally reliable or even detectable, not allowing a similar
flow cytometric-based isolation of the HE (or either HSCs). Differently from the two

endogenous copies of Ly6a gene, the transgenic mice have six Ly6a extra copies,
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thus creating a more intense and detectable signal by flow cytometry. Moreover, the
complex post-translational modifications required for the cell-surface localization of
SCA1, are skipped in the transgenic LY6A-GFP form, that is quickly detectable in the
cytoplasm right after being translated. Therefore, a specific immuno-phenotypic
identity of the HE based on SCA1 expression in only available by using transgenic
models. However, Ly6a expression has been evaluated during murine development
and not studied in other vertebrate models. In addition, unfortunately, the human

ortholog of murine SCA1 has not been identified yet.

1.10.3 CD44

Recently, Oatley and coworkers identified CD44 as a marker that distinguishes a sub-
population of VE-CAD*Kit" cells primed to the hematopoietic transition in E9.5, E10
and E11 AGM (Oatley et al/, 2020). They observed that CD44 expression distinguishes
four sub-populations within VE-CAD™* cells: CD44m9, CD44"°%Kit"e9, CD44"°o"Kitros,
CD44Mish, While the latter two populations identified cells already committed to
hematopoiesis, CD44"%9, CD44"°¥Kit"9 cells characterize the endothelial cells lining
the lumen of the DA. To test the hemogenic capacity, they isolated CD44ned
CD44'°vKit"e cells and co-cultured them ex vivo on OP9 co-culture system. They
observed that hematopoietic potential segregated uniquely to the CD44'"o¥Kit"e9
fraction. In addition, the application of a CD44 blocking antibody that prevents the
interaction with its ligand, the hyaluronan, impairs the budding of hematopoietic
cells. Likewise, blocking CD44 interaction with hyaluronan during mESC-derived
hematopoietic differentiation in vitro, impairs the frequency of CD144"CD41*
committed hematopoietic progenitors while increasing those of endothelial cells.
Similar effect has been showed using hyaluronidase, that catalyzes the degradation
of hyaluronan, and methylumbelliferone that blocks hyaluronan synthesis. In
conclusion, Lancrin group showed that CD44 is useful marker to enrich HE population
in VE-CAD™ cells derived from the AGM of E10-E11 murine embryos. Moreover, CD44
acts as regulator of the EHT since preventing its binding with hyaluronan affects blood
cell formation. However, CD44 also labels emerging hematopoietic cells and non-

hemogenic arterial cells in murine AGM.

CD44 has been also characterized as HE marker during human intra-
embryonic hematopoiesis. In fact, CD44 is expressed in IAHCs and the underlying

endothelium of human embryonic DA at 32 days, Carnegie Stage (CS) 13, that
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corresponds to E10.5 of murine development (Watt et a/, 2000). Moreover, Zeng
and colleagues analyzed the single-cell transcriptomic differences of
CD34*CD235am9CD45"9CD44+/"¢¢ endothelial population at similar developmental
stage. They observed that the CD44" fraction includes all the Runx1 expressing cells
(Zeng et al, 2019). Although no functional assay has been performed, transcriptomic
data parallel the studies performed on mouse embryos, placing CD44 as promising
marker of the HE during intra-embryonic hematopoietic development. Nevertheless,
CD44 is widely expressed on vascular endothelial cells and it is broadly implicated
with endothelial cell functions in human and mouse (Griffioen et al/, 1997; Nandi et
al, 2000; Cao et al, 2006; Flynn et al, 2013). In particular, most of aortic endothelial
cells in human and murine AGM express CD44 at the time of EHT (Watt et a/, 2000;
Oatley et al, 2020). Therefore, CD44 alone might enrich but not selectively

distinguish a rare population as the HE.

1.10.4 Lyvel

In 2016, Lee and colleagues identified Lymphatic vessel hyaluronan receptor-1
(Lyvel) as marker of YS and vitelline vessels’ endothelial cells (Lee et al, 2016).
Already at E7.5 a sub-population of Tie2*CD31* endothelium express LYVEL. Using
Lyvel-Cre;Rosa™”mG fluorescent reporter mice, the authors lineage-traced Lyve
expressing cells by GFP expression after Cre-mediated recombination. They observed
that the majority of E8.5-E9.5 YS and vitelline vessels endothelium is marked by
Lyvel-Cre whereas DA and placenta endothelium is not. Despite YS endothelium is
largely traced by Lyvel, not all the YS-derived hematopoietic progenitors originate
from Lyvel-expressing endothelial cells. In fact, erythrocytes from the first, primitive
hematopoietic wave do not derive from Lyvel-expressing endothelial cells.
Nevertheless, the majority of E9.5 YS EMPs and CD41*cKitt* hematopoietic
progenitors from the second extra-embryonic hematopoietic wave do. As previously
reported (McGrath et al, 2015), erythroid progenitors from the second extra-
embryonic hematopoietic wave colonize the FL to complete their differentiation and
support the embryonic needs before the establishment of the HSC-dependent
erythropoiesis. Indeed, Lyvel-Cre labeled YS-derived erythroid progenitors
contribute to FL erythropoiesis before being replaced by HSCs after E13.5. Moreover,
the authors reported the presence of a subset of bona fide HSCs in E11.5-E16.5 FL,
possibly arising from Lyvel-expressing cells in the VA. However, the authors do not

show any functional and precise immuno-phenotypic characterization of the HSC
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pool. In conclusion, Lyvel expression marks a population of YS endothelial cells that
includes the HE with EMP fate. However, the authors miss to thoroughly characterize
the ontogeny of other YS hematopoietic progenitors as lymphoid progenitors, know
to derive from E9.0 YS endothelium (Yoshimoto et al, 2011). Therefore, Lyvel-
expressing endothelial cells in the YS might not track the totality of HE population.
In addition, Lyvel expression has not been characterized during hematopoietic

development of other vertebrate models.

1.10.5 ACE

Angiotensin converting enzyme (ACE) has been reported to track aortic endothelial
cells and IAHCs of 4-week human embryos (Jokubaitis et al, 2008). In detail, the
authors observed that the cell surface monoclonal antibody BB9 that tracks ACE
expression, labels CD34- and CD144-expressing cells within the ventral domain of
the DA. Isolated BB9* cells from the AGM of 28 day-old human embryos generates
hematopoietic cells ex vivo, whereas BB9"9 cells not (Jokubaitis et al, 2008).
Moreover, a subset of CD34*CD45* emerging hematopoietic cells from the DA
express BB9 at similar stages, suggesting they originated from BB9* HE (Jokubaitis
et al, 2008). Similarly, endothelial cells lining the lumen of the DA and the emerging
IAHCs of E9.5-E10.5 mouse embryos express ACE. In particular, the ACE* endothelial
fraction (CD144*ACE*CD41"9CD45"9TER119"¢9) within the E10.5 AGM shows robust
erythro-myeloid colonies ex vivo while the corresponding ACE"™? counterpart is

depleted of hematopoietic potential (Fadlullah et al, 2021).

Notably, ACE expression is not restricted to intra-embryonic hematopoietic
sites. Indeed, YS endothelial cells express ACE in E9 mouse embryos, suggesting it
may also track extra-embryonic hemogenic precursors (Julien et al, 2021). Given the
expression of ACE within hematopoietic sites, Julien and colleague interrogated its

function during hematopoietic development.

The physiological role of ACE is the regulation of blood pressure and
homeostasis of fluid by acting in the renin-angiotensin system (RAS). In RAS,
Angiotensinogen (AGT) is cleaved by renin (REN) into angiotensin I. ACE catalyzes
angiotensin I cleavage into its active form, the angiotensin II. Thus, angiotensin II
can bind to the receptors AT1 or AT2 and exerts its function (Bernstein & Berk, 1993).

By ex vivo culture of E9 murine P-Sp, the stimulation of RAS increases hematopoietic

57



cells emergence while antagonizing the pathway has an opposite effect (Julien et al,
2021). Therefore, ACE might be considered not only as conserved marker of
endothelial cells with hemogenic potential, but recent data suggest it has a function

in hematopoietic cells emergence.

1.11 Modeling human hematopoiesis in a dish

Embryonic hematopoietic development is mainly conserved in mammals.
Despite extensive studies shed light on this process in different model organisms,
our knowledge of human hematopoiesis is still limited. In fact, human embryos are
rare, and their manipulation is limited by ethical constraints. In this scenario,
pluripotent stem cells (PSCs) represent a powerful tool to wide our understanding of
human hematopoiesis. In fact, mMESCs- and human PSCs (hPSCs)- derived in vitro
differentiation can effectively recapitulate hematopoietic development in vivo,
paralleling similar mechanisms and signaling observed in model organisms (Keller,
2005; Ackermann et al, 2015).

Currently, the most used hPSC-based hematopoietic differentiation systems
rely on serum-free 2-dimension (2D) or 3D cultures (embryoid body, EB). hPSC co-
culture on stromal cells in medium containing serum is a less diffused model of
hematopoietic differentiation. However, the in vitro hPSC-based hematopoietic
differentiation recapitulates the whole spectrum of hematopoietic progenitors in vivo
excluding HSCs. The induction of different hematopoietic programs is achieved by an
orchestrated activation/inactivation of multiple signaling pathways at specifical
stages that allows to reproduce in a dish the events that take place during embryonic
development. Despite many published protocols report a successful recapitulation of
human hematopoietic development in vitro, an extensive evaluation of all of them is
beyond the scope of this thesis. Therefore, I will only introduce the hPSC-based
differentiation methods adopted during the work of this thesis. In particular, the
differentiation method is based serum- stroma-free EB culture that allows the specific
and reproducible modulation of signaling pathways fundamental for extra- or intra-

embryonic hematopoiesis (Figure 16 a, b).

The first step towards the recapitulation of embryonic hematopoiesis is
mimicking the gastrulation process, in particular the formation of the PS,

fundamental for the mesoderm induction. Different mesodermal lineages (i.e.
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posterior or lateral plate mesoderm) selectively contribute to the different
hematopoietic waves. Analyses of the signaling pathways required for the
specification of either mesodermal types, led to the identification of bone
morphogenic protein (BMP), fibroblast growth factor (FGF), Activin/Nodal and WNT-
B catenin as fundamental signals contributing to mesoderm induction and patterning,
coherently with previous studies performed in murine embryos (Chadwick et al,
2003; Kennedy et al, 2006; Schier & Shen, 2000; Pick et al, 2007; Nostro et al,
2008; Wang & Nakayama, 2009; Yu et al, 2011). The relevance of mesodermal
patterning is in line with the existing signaling polarization of the developing embryos.
In the posterior part of the PS, where the hematopoietic mesoderm is formed, the
Activin-Nodal signaling is particularly active. Emerging mesodermal cells that migrate
anteriorly are exposed at Wnt inhibitors secreted by endodermal cells (Sadler &
Langman, 2004; Ditadi et al, 2016). These cells will then colonize the extra-
embryonic YS and generate YS blood islands that give rise to the first hematopoietic
cells (Palis et al, 1999). On the other hand, mesoderm that will give rise to intra-
embryonic hematopoietic progenitors will migrate through a ventral-posterior axis
with limited Wnt and Activin-Nodal signaling activation (Sadler & Langman, 2004;
Ditadi et al, 2016).

To recapitulate WNT-dependent, extra-embryonic-like hematopoietic
progenitors from hPSCs, the initial mesodermal induction by BMP4 is followed by the
activation of Activin-Nodal signaling (Kennedy et al, 2012) and the inhibition Wnt-$3
catenin signaling (i.e. by using the WNT antagonist IWP2) (Sturgeon et al, 2014).
This results in the specification of extra-embryonic-like mesoderm characterized by
the expression of the mesodermal marker KDR and the cell surface protein
glycophorin a (CD235a) (Sturgeon et al, 2014). After the mesodermal specification
and patterning, 3-4 days after the initiation of the differentiation from hPSCs, the
specification of endothelial and hematopoietic lineages occurs by addition of VEGF
and bFGF. At day 6 of differentiation, the culture is supplemented with pro-
hematopoietic cytokines (SCF, IL11, IL6, IGF1, EPO). At this stage, the cells already
express endothelial markers as CD34 and VE-CAD. In addition, WNT-independent
primitive hematopoietic progenitors start to emerge, distinguished by the acquisition
of the early hematopoietic marker CD43. At day 8 of differentiation, CD34*CD43"¢¢
progenitors with endothelial-like features include the HE population. Notably,
CD34*CD43"*9 progenitors emerging within this wave do not express HOXA genes
whose expression is restricted to the endothelial and hematopoietic cells arising from

intra-embryonic hematopoietic waves (Ng et al, 2016; Dou et al, 2016).
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CD34*CD43"d cells will undergo EHT to generate myeloid progenitors, €- and y-globin
-expressing erythroid progenitors and NK progenitors whereas they are devoid of T
lymphoid potential (Sturgeon et al, 2014; Dege et al, 2020). Such phenotype is
coherent with EMPs emerging from the YS during murine development (McGrath et
al, 2015).

On the other hand, the induction of WNT-dependent intra-embryonic-like
hematopoiesis relies on time-dependent activation of Wnt signaling after BMP4-
mediated mesodermal induction. Wnt signaling activation through the addition of
WNT agonist CHIR990201 to the culture, in the absence of Activin-Nodal signaling,
shifts the differentiation towards WNT-dependent- intra-embryonic like-
hematopoietic progenitors (Ditadi & Sturgeon, 2016; Ditadi et al, 2015; Sturgeon et
al, 2014).
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Figure 16 — Scheme of in vitro hematopoietic differentiation from hPSCs

a) Adapted from Ditadi et al, Nature reviews, 2016. Representative scheme of hematopoietic
differentiation from hPSCs. After the induction of the primitive streak the modulation of
Nodal/Activin and WNT signaling allows the formation of WNT-independent-extra-embryonic-
like mesoderm (KDR*CD235*%) or of WNT-dependent-intra-embryonic-like mesoderm
(KDR*CD235"9), From the respective mesoderm, primitive, EMP or definitive-like
hematopoietic progenitors arise. b) Schematic representation of time-specific cytokines
manipulation to recapitulate extra- or intra-embryonic like hematopoietic programs from
hPSCs. For the first two days of differentiation, BMP4 signaling favors the differentiation of
hPSCs to a PS-like state. At day 2, the mesoderm is patterned towards WNT-independent
extra-embryonic-like hematopoietic culture, using the WNT antagonist IWP2 or towards WNT-
dependent intra-embryonic-like hematopoietic culture, using the WNT agonist CHIR 99021. At
day 4, the mesoderm is specified, and further culture support the endothelial (VEGF and bFGF)
and hematopoietic (SCF, EPO, IL11, IL6, IGF1) specification. At day 8, the HE population is
specified and originates hematopoietic progenitors typical of the different hematopoietic
waves.

Importantly, the mesodermal population that will give rise to intra-embryonic-like
hematopoietic progenitors can be distinguished by KDR*CD235a"? immuno-
phenotype. Thus, both extra- and intra-embryonic hematopoietic programs are
defined early in development, distinguished by opposite Wnt-dependency during
mesodermal formation. The following steps of differentiation are in common for both
hematopoietic programs. At day 8 of differentiation CD34*CD43"9 cells include the
HE population and is marked by HOXA genes expression, hallmark of intra-embryonic
HSPCs (Ng et al, 2016; Dou et al, 2016). To generate multilineage erythroid, myeloid,
T and NK lymphoid progenitors, CD34+*CD43"¢9 progenitors rely on Notch signaling
(Ditadi et al, 2015), characteristic feature of the intra-embryonic hematopoiesis
(Kumano et al, 2003; Robert-Moreno et al, 2005; Robert-Moreno et al, 2008; Porcheri
et al, 2020). In fact, Notch signaling manipulation in vivo and ex vivo affects HSCs

emergence (Bigas & Espinosa, 2012).

Despite  hPSC-derived WNT-dependent differentiation recapitulates
fundamental aspects of intra-embryonic hematopoiesis, the physiological generation
of transplantable HSCs from WNT-dependent HE has been unsuccessful.
Nevertheless, the enforced overexpression of seven hematopoietic transcription
factors (ERG, HOXA5, HOXA9, HOXA10. LCOR, RUNX1 and SPI1) allows the HSC
emergence from hPSC-derived, WNT-dependent HE (Sugimura et al/, 2017) obtained
with the protocol we described (Ditadi et al, 2015). Although this approach is not
translatable to the clinics since involves the over-expression of proto-oncogenic
factors, it proves that the hPSC-based in vitro platform we employ might be prone to
generate HSCs upon additional manipulations. Nevertheless, the lack of a selective

immuno-phenotypical identification of the HE during human embryonic development,
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hampers the identification of the molecular mechanisms specifically required to the
emergence HSC-fated HE. Indeed, at day 8, CD34*tCD43" cells include three
different sub-populations of endothelial cells that can be identified by CD184 and
CD73 expression (Ditadi et al, 2015; Sturgeon et al, 2014). The
CD34*CD43m9CD184*CD73™d population shows arterial-like features, and it is devoid
of any hematopoietic potential. Similarly, CD34*CD43"9CD184"9CD73M"" has no
hematopoietic potential but shows venous-like features. On the contrary, the
isolation of the CD34*CD43"*9CD184"ICD73"9 fraction shows an enrichment in HE
with multipotent hematopoietic potential (from WNT-dependent mesoderm) or EMP
potential (from WNT-independent mesoderm) (Figure 17). This fraction shows
endothelial-like feature as the ability to attach on Matrigel-coated cell-culture dish
(Arnaoutova & Kleinman, 2010). In addition, these cells undergo EHT and give rise
to RUNX1*CD45* hematopoietic cells (Ditadi et al, 2015; Ditadi & Sturgeon, 2016).
Single cell analysis performed in WNT-dependent hematopoietic cultures showed that
1 out of 38 CD34*CD43"9CD184"*ICD73"9 cell generates hematopoietic progeny and
1 out of 5 generates endothelial cells in WNT-dependent intra-embryonic-like
hematopoietic cultures. In addition, the CD34*CD43"9CD184"9CD73"IDLL4"e9
fraction further enriches the HE population. In fact, in this case 1 out of 4
CD34*CD43"9CD184"9CD73"9DLL4"®9 generate hematopoietic cells while 1 out of 9
endothelial lineages. Notably, endothelial and hematopoietic potential never derive

from the same cell as previously described in vivo (Swiers et al, 2013).

Differently from what we observed, another group showed that hPSC-derived
RUNX1* hemogenic progenitors are instead associated with the DLL4* fraction of
CD144*CD43"9CD73"9 endothelial cells (Uenishi et al, 2018). It is important to note
that Uenishi and colleagues do not discriminate among the different hematopoietic
programs so it is difficult to assess the origin of such HE population. Nevertheless,
further experiments are needed to evaluate whether
CD34+CD43"9CD184"*9CD73"9DLL4"9 cells obtained through our WNT -dependent
or -independent hematopoietic cultures, transit to a DLL4* state while undergoing
the EHT. This might imply the requirement of a Notch-mediated arterialization during

the EHT in one and/or the other hematopoietic program.
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Figure 17 - CD34+CD43"9CD73"¢9CD184"¢9 cells show HE potential from hPSCs

Representative plot of the endothelial populations obtained at day 8 of WNT-dependent
differentiation from hPSCs. CD73me9CD184* fraction (red) expresses arterial markers and has
no hemogenic potential. CD73"CD184"9 fraction (blue) expresses venous markers and has no
hemogenic potential. CD73"CD184"e9 fraction (green) does not express neither arterial nor
venous marker but has hemogenic potential.

In conclusion, our established hPSC-based in vitro system faithfully
recapitulates HSC-independent-, extra-embryonic- and intra-embryonic-like
hematopoietic development by modulating signaling pathways involved in the
specification of either one or the other program (Ditadi & Sturgeon, 2016; Ditadi et
al, 2015; Sturgeon et al, 2014). However, current markers available both in vivo and
in vitro do not allow the selective identification of human HE population, precluding
its study and the definition of the mechanisms involved in the determination of

specific hematopoietic fates.

We believe that dissecting the heterogeneity of HE would shed the light on
the mechanisms of blood development, setting the basis for the in vitro generation
of HSCs. In addition, further manipulation of signaling pathways known to be involved
in hematopoietic development in vivo, such as the RA signaling (Chanda et a/, 2013),
might be essential to allow the emergence of HSC-competent HE. The generation of
HSCs in vitro as well as an efficient production of specific blood cell types from
patient-derived iPSCs would represent an important milestone for the treatment of
several hematological disorders and for the deep understanding of specific

pathological mechanisms through PSC-based disease modeling.
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2. Aim of the work

During embryonic development, hematopoietic cells originate from a specialized
endothelial layer, the hemogenic endothelium (HE), throughout a tightly regulated
process, the endothelial to hematopoietic transition (EHT). Despite the endothelial
descendancy of blood cells is well established, the HE is a very transient and
heterogeneous population, whose identity is still unknown. The lack of selective
markers identifying HE makes its precise isolation and characterization difficult,

especially in the human, where hematopoietic sites are not easily accessible.

Throughout this work, we propose to identify a selective immuno-phenotype
of the HE. The specific isolation and tracing of HE cells will allow us to study their
contribution to hematopoietic embryonic development. To accomplish this, we will
perform transcriptomic analysis on human embryos at typical stage of hematopoietic
development. The candidate HE population will be functionally validated by ex vivo
analysis of human embryonic samples. In addition, we will parallel the findings
obtained on human embryos using an in vitro human pluripotent stem cell (hPSC)-
based hematopoietic differentiation. The concordance of our ex vivo and in vitro
results will further support the hPSC-based in vitro differentiation as a powerful tool

to recapitulate and dissect human embryonic development.

In conclusion, the project will offer the opportunity to dissect the
heterogeneity of HE during human embryonic development. In addition, we believe
that our results will help to understand the mechanisms involved in the emergence
of hematopoietic progenitor cells and/or HSCs both in vivo and in vitro, offering broad

future applications in clinical therapeutics and disease modeling studies.
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3. Results

3.1 CD32 is differentially expressed in human embryonic endothelial cells

with hemogenic potential

The HE is a specialized endothelial population that shares cell surface markers with
non-hemogenic endothelial cells (i.e., CD34, CD144 (Kabrun et al, 1997; Oberlin et
al, 2002; Nishikawa et al, 1998a). During the transition to hematopoiesis, the HE
progressively loses the endothelial markers to acquire a committed hematopoietic
identity (i.e. CD45, CD43) (Eilken et al, 2009). The specification of the hematopoietic
fate in HE is accompanied by the expression of specific transcription factors (i.e.
RUNX1, SCL, GATA2) that distinguish these cells from the other endothelial cells.
However, the expression of these transcription factors is maintained by emerging and
committed hematopoietic cells and identify other cellular types within hematopoietic
sites (i.e. also sub-aortic mesenchymal cells express Runxl (North et al, 1999;
Nottingham et al/, 2007)). Therefore, they cannot be used to uniquely identify the
HE. Since the HE is a transient and rare population characterized by impressive
heterogeneity, the lack of a selective identification prevents the characterization of
the mechanisms driving the transition to blood as well as the identification of the

functional heterogeneity observed across the different hematopoietic waves.

In order identify a specific immuno-phenotype of the HE, we established a
collaboration with Manuela Tavian’s lab at Inserm, Strasbourg, France. The work of
Manuela Tavian has been pivotal to study human embryonic hematopoietic
development and to identify ACE (BBA clone, see Introduction, paragraph 1.10.5) as
marker of human embryonic CD34* cells with hemogenic potential
(CD34*ACE*CDA45"9) (Jokubaitis et al, 2008). In detail, ACE expression in the P-sP
starts between 23 and 26 days of gestation (CS10-12) but, at this stage, ACE™" cells
have a limited hematopoietic potential ex vivo (Sinka et al, 2012). At CS13 the
hemogenic population is enriched within CD34*ACE*CD45"%9 cells in the AGM
(Jokubaitis et al, 2008). Coherently, the Tavian’s lab observed that ACE expression
overlapped with the one of RUNX1 in the DA of CS13 human embryos (Figure 18 a).
Similarly to RUNX1 (North et a/, 1999; Nottingham et al, 2007), ACE expression is
not limited to the endothelial layer but spreads to the sub-aortic mesenchyme. At 34
days of gestation (CS15), ACE is expressed in the endothelial layer of the DA but also

within the emerging hematopoietic clusters (Sinka et al/, 2012).
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To evaluate ACE as a marker of hPSC-derived HE, we tested its expression in
hPSC-derived WNT-dependent hematopoietic cultures (Sturgeon et al, 2014). We
observed that ACE (BB9) tracks the majority of the CD34* population (Figure 18 b).

Therefore, ACE cannot be considered as selective marker of hPSC-derived HE.
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Figure 18 — ACE tracks RUNX1* cells in the AGM of CS13 human embryos but does not enrich
hPSC-derived HE

a) Transverse section of a CS13 human embryos, that includes the AGM region, immuno-
stained with ACE (left panel), RUNX1 (middle panel) and merged picture (right panel); n=3
independent. NT, neural tube; Mn, mesonephros; Ao, aorta; Hg, hindgut;, b) Representative
plot of CD34 and ACE expression at day 8 of hPSC-derived WNT-dependent hematopoietic
culture. Gated on SSC/FSC/Live, n=2, independent.

In the attempt to identify a selective HE marker, we performed transcriptomic
analysis of CD34*ACE*CD45"9 cells that include the hemogenic population (referred
to as ACE*) and CD34*ACE*CD45"9 non-hemogenic endothelial cells (referred to as
ACE"®9) isolated from the AGM of four CS12-13 human embryos (28-32 days of
gestation). The four human embryos will be referred to as E1, E2, E3, E4. Differential
gene expression analysis identified 785 differentially expressed genes (DEGSs)
between ACE™9 (E1_ACE™9, E2_ACE"™9, E3_ACE"9, E4_ACE"9) samples when
compared to ACE* (E1_ACE*, E2_ACE*, E3_ACE*, E4_ACE™") ones. In detail, 345

genes resulted as upregulated in ACE™? samples and 440 downregulated (Figure 19
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a). Using unsupervised hierarchical clustering by k-means and principal component
analysis (PCA) on the DEGs, ACE™9 samples clustered together when compared to

ACE* samples (Figure 19 b) confirming the unique nature of both populations.

At the population level, both ACE* and ACE"9Y samples express high levels of
endothelial genes (CD34, CDH5, PECAM1, TEK). However, ACE* show an enrichment
for genes classically associated with arterial cells (GJA5, DLL4, CXCR4, HEY2) and
HECs (MYB, GFI1, CD44) (Figure 19 c). Therefore, the transcriptional analysis
highlighted that ACE* endothelium enriches a population that expresses genes
involved in HE activity compared to ACE"™ cells. In addition, ACE* samples include
cells with an arterial-like phenotype. Despite ACE transcript is expressed at low level,
it is enriched in ACE* samples, confirming the quality of the sorting and the reliability

of the transcriptomic data.
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Figure 19 - ACE-expressing cells enrich the expression of arterial and hematopoietic genes.
a) Heatmap of the DEGs obtained from the comparison of ACE"9 (E1_ACE"™9, E2_ACE™9,

E3 ACE"™9, E4 ACE"®9) against ACE* (E1_ACE*, E2_ACE*, E3_ACE*, E4_ACE*) samples
obtained from the four CS13 human embryos (E1, E2, E3, E4). The rlog gene expression values
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are shown in rows. Tiles are colored according to up (red) or down (blue) regulation. b)
Heatmap showing the expression of selected endothelial (CD34, CDH5, PECAM, TEK), arterial
(GJA5, DLL4, CXCR4, HEY2) and hemogenic (ACE, MYB, GFI1, CD44) genes within ACE*
(E1_ACE*, E2 ACE*, E3 ACE*, E4 ACE*) or ACE"™9 (E1_ACE"9, E2 ACE™9, E3 ACE"Y,
E4 ACE"®9) samples obtained from four CS13 human embryos (E1, E2, E3, E4). The rlog gene
expression values are shown in rows. Tiles are colored according to up (red) or down (blue)
regulation. c) Barplot showing significant enriched functional Gene Ontology (GO) terms
(adjusted p-value < 0.05) of the differentially expressed genes from the comparison between
ACE* versus ACE"®9 samples. The barplot shows enriched terms grouped by custom categories:
cell cycle in downregulated genes and migration and adhesion in upregulated genes.

Starting from the DEGs list, we performed a Gene Set Enrichment Analysis
(GSEA) using the Gene Ontology (GO) and Molecular Signatures Database (MSigDB)
gene sets to identify the presence of enriched functional categories. In particular, we
observed ACE" cells are associated with migration, cell-cell and extra-cellular matrix
related GO terms in line with the remodeling occurring during the EHT process (Figure
19 d) (Lie-A-Ling et al, 2014). On the contrary, ACE* cells are negatively associated
with cell-cycle-related GO-terms, suggesting that at a population level they are
undergoing an active arterialization process which requires cell growth suppression
(Luo et al, 2021). In summary, ACE-expressing cells within the AGM of CS1fr3-14
human embryos show an enriched expression of arterial genes and pivotal genes

involved in hematopoietic development.

To identify specific HE markers, we focused our attention on differentially
expressed genes coding for cell surface proteins enriched in ACE* cells compare to
ACE"? population. Among them, FCGR2B, ranked as the third cell-surface gene
enriched in ACE* cells, caught our attention (Figure 20 a, b). FCGR2B (isoform B of
the Fcy receptor 2 or CD32B) is an immunoglobulin G (IgG) low affinity receptor, part
of the immunoglobulin superfamily, that primarily binds the Fc portion of IgG
(Nimmerjahn & Ravetch, 2008). The human FCGR super-family is divided in three
classes (FCGR1, FCGR2 and FCGR3) according to their molecular weight, cell-surface
expression, and IgG affinity. The FCGR2 family includes two activator receptors,
CD32A and CD32C and an inhibitory receptor, CD32B. They share a high amino-acidic
identity (roughly 85%) and the same extracellular binding domain while differing
mainly in the cytoplasmic domain in which the formers contain the immunoreceptor
tyrosine-based activation motif (ITAM) and the latter the immunoreceptor tyrosine-
based inhibitory motif (ITIM) (Ravetch & Lanier, 2000; Nimmerjahn & Ravetch,
2006). CD32B is widely distributed on hematopoietic cells and its activation by IgG-
antigen complex binding regulates the release of inflammatory cytokines, the

antibody production, and the cell-mediated antibody-dependent cytotoxicity
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(Nimmerjahn & Ravetch, 2008). CD32B is not only expressed on immune cells but
also on other highly specialized endothelial cells, such as human endothelial cells
such as liver sinusoidal endothelial cells (LSEC) (Strauss et al, 2017) and human
placental endothelial cells (Mishima et al, 2007; Takizawa et al, 2005). On LSEC,
CD32B activation is involved in regulating molecules exchange from blood (Ganesan
et al, 2012), endocytosis (Ishikawa et al, 2019) and clearance of immune complexes
(Liu et al, 2008). More relevant to hematopoietic development, Fc receptors are
expressed on murine EMPs that originate from the HE during the second extra-
embryonic hematopoietic wave (McGrath et al, 2015). Considering these
observations, we hypothesized that FCGR2B may distinguish HE from non-hemogenic

endothelial cells.

— i Sample . Samol , [siCieA3s
SLC2A12 I ample .

05 [JACEneg ° °
NTNGT FACE+ = J
MPZL2 % Dbonor T=:s 10 . . TACRL
FCGR2B I-0—5 ; 2 : : aetL.
o [=% TSPAN? *
-1 2 .
SLC19A3 | Ei ] ’ N'I.'NGlleLSZZA]'S Expression
1 . T a - ifi
TAGR1 @ . e SORTL FCGRZB) | + Oueravpresaed
SLC22A15 T . .o o I\?I;Z-LZ" . * Underexpressed
g 5 . . " (MP *
SORT1 “—é '.". *t ey 4"0. .c.b: .
o, %, go

%CLECMA g T RS . ';; o2

TSPAN7 [ ) .M :.',~'
O < L=
O
¥
v ’ 0
‘O'\/ ((’q,/ éb/ (</b‘/

5 10

10 50
log2 Fold Change

Figure 20 - Top 10 differentially expressed genes on HEC versus EC

a) Heatmap and b) Volcano plot representing the top 10 differentially expressed surface genes
comparing ACE* and ACE™9 cells isolated from the AGM of four CS13-CS14 human embryos
(E1, E2, E3, E4). a) In the heatmap, the row-scaled rlog gene expression values are shown.
b) In the volcano plot, the log2 fold change is shown on the x-axis and the adjusted p-value
(-logio) on the y-axis.

First, Manuela Tavian and collaborators evaluated the expression of CD32
(FUN2 clone that recognizes isoforms CD32A and CD32B) on CD34* endothelial cells
within extra-embryonic (YS) and intra-embryonic (AGM, VA) hematopoietic sites of
CS13 human embryos. We observed that CD32 and CD34 are co-expressed on YS
blood islands (Figure 21a), site of de novo generation of hematopoietic cells (Haar &
Ackerman, 1971; Sasaki & Matsumura, 1986; Bielinska et al, 1996; Tavian et al,
2001). We then looked into the embryo proper and observed that a subset of

endothelial cells residing in the ventral wall of the DA as well as the emerging IAHCs
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co-express CD32, CD34, and ACE by immunohistochemistry (Figure 21 b, c).
Interestingly, CD32 expression is not restricted to the aortic endothelium but also
spans over the connected VA (Figure 21 b), other known hematopoietic site at this

embryonic stage (Tavian et al, 2001).

In conclusion, CD32 is expressed by CD34* endothelial cells at the time of
hematopoietic cell emergence in both extra- and intra-embryonic sites. Remarkably,
CD34* endothelial cells positive for CD32 also express other factors known to
distinguish the HE population, as ACE and RUNX1. Given this peculiar pattern of CD32
expression in regions with active hematopoiesis, we functionally tested whether CD32

could serve as a specific HE marker.
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Figure 21 - CD32 is expressed in extra- and intra-embryonic hematopoietic sites of CS13
human embryos

a) Immunohistochemistry of CD34 (left panel) and CD32 (right panel) within YS endothelial
and hematopoietic structures of CS13 human embryos. Representative plots, n=3,
independent. b) Cross-sections through AGM of CS13 human embryo. Immunohistochemistry
of CD32. On the right, high magnification of the IAHCs emerging from the ventral side of the
DA. Representative plots of n=3, independent. c) Transverse sections of the DA of CS13 human
embryos. Immunofluorescence staining: upper panel, RUNX1 (green) and ACE (red),; lower
panel, CD34 (green) and CD32 (red). Single channels are shown on the left, merged picture
on the right. Representative plots, n=3, independent.

3.2 CD32 distinguishes a population with hemogenic fate in CS13 human

embryos

To evaluate CD32 as human HE marker, we performed functional analysis on AGM
and YS samples dissected from CS13 human embryos. We obtained dissected AGM
and corresponding YS of two human embryos via the UK Human Developmental
Biology Resource (HDBR) Consortium from Newcastle University, International
Centre for Life. First, we assessed CD32 expression within CD34*CD43"9CD45"e9
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endothelial cells derived from YS and AGM by flow cytometry using the same anti-
human CD32 clone (FUN2) as in Figure 21. In line with the RNA sequencing data, the
histological and immunofluorescence analysis, a sub-population of
CD34+CD43"9CD45"9 cells in the AGM expresses CD32. In addition, the majority of
CD34*CD43"9CD45"9YS cells express CD32 (Figure 22 a, b).
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Figure 22 - Flow cytometry analysis of CD32 expression in CS13 human embryo

a) Representative plots showing the gating strategy and CD34, CD43, CD45, CD32 expression
in the YS (upper panel) and AGM (bottom panel) of CS13 human embryos. From the left,
expression of CD34 and CD43. CD43* cells are isolated as positive control. CD32"¢9 and CD32*
are isolated from CD34*CD43"°9CD45"9 cells (right panel). All populations are gated on
SSC/FSC/Live cells. b) Bar plot showing the frequencies of CD34+*CD43m9CD45"9CD32Me%/+
cells isolated from the YS (white bars) and AGM (orange bars) of n=2, independent, CS13
human embryonic samples.

71



We next sough to understand whether CD34*CD32*CD43"9CD45"*9
(abbreviated as CD32%) cells enriched HE cells compared to
CD34*CD32"9CD43"9ICD45"*9 (abbreviated as CD32"9) cells. Therefore, both CD32
fractions were isolated by FAC-sorting, and cultured to evaluate their hematopoietic
multilineage potential. In addition, from both sites we isolated CD43" cells as positive

control of already-committed hematopoietic progenitors.

To evaluate the lymphoid potential, we cultured the cells for 14-21 days on
OP9DLL1 stroma in a cytokine-rich medium that support the specification of either T-
or NK-cells as previously reported (Kennedy et al, 2012; Sturgeon et al, 2014; Dege
et al, 2020). Of note, the co-culture on OP9 stromal cells overexpressing Notch
ligands such as DLL1 or DLL4 represents the existing gold standard for assessing T
cells development in vitro. However, co-culture on murine stromal cells allows human
progenitor to progress along the T-lymphoid lineage up to double positive CD4*CD8*
stage albeit preventing any further specification to CD8 or CD4 single positive,
cytotoxic or helper T-cell due to the inability of the system to recapitulate the thymic
positive selection, which is mediated by MHC class I/1I and is therefore specie-specific
(Sturgeon et al, 2014; Kennedy et al, 2012). When 150 cells of either CD32* or
CD32"9 were seeded, both fractions could give rise to CD45*CD56"9CD4*CD8* T
cell- and CD45*CD56"? NK cell- progenitors, without any major difference. As
expected, CD43* cells also differentiate into T cell or NK progenitors under same

culture conditions (Figure 23 a, b).

To evaluate which of the CD32 fractions could generate erythro-myeloid progenitors,
we co-cultured CD32*, CD32"9 and CD43* cells on irradiated OP9DLL1 stroma for 5
days to promote the hematopoietic differentiation. Then, we assayed the derivative
output in methylcellulose supplemented with human hematopoietic cytokines
(Kennedy et al, 2012). Remarkably, the frequency of CFCs derived from CD32* cells
isolated from both YS and AGM, exceeded that from CD32"¢ population of more than
6-fold. In all the samples the majority of colonies consist of burst forming units-
erythroid (BFU-E, 87% in CD32%, 80% CD32"? and 97% in CD43* sample), whereas
colony forming units-macrophages (CFU-M, 6% in CD32%, 12% CD32"¢ and 1% in
CD43* sample) and colony forming units-granulocyte-macrophages (CFU-GM, 7% in
CD32%, 8% CD32"9 and 1% in CD43* sample) were less represented. Overall, the
CFC assay showed that the CD32* endothelium has higher erythro-myeloid

clonogenic potential than the CD32"9 counterpart (Figure 24 a).
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Figure 23 - CD32+*/"¢d endothelial populations show lymphoid potential in ex vivo cultures

a) Representative plots showing CD45*CD56"9CD4*CD8* T lymphoid progenitors derived from
CD32* (left column), CD32"9 (middle column) endothelial cells and CD34*t*CD43*
hematopoietic progenitors (right column) isolated from the YS (upper panel) or the AGM (lower
panel) of CS13 human embryos. b) Representative plots showing CD45*CD56* NK lymphoid
progenitors derived from CD32* (left column), CD32"¢9 (middle column) endothelial cells and
CD34+CD43* hematopoietic progenitors (right column) isolated from the YS (upper panel) or
the AGM (lower panel) of CS13 human embryos.

To exclude the contamination of already committed hematopoietic progenitors within

the CD32* and CD32"9 endothelial fractions, we seeded a portion of the cells on
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methylcellulose cultures directly after sorting. Unfortunately, this was not possible
for CD32* cells isolated from the AGM of one of the two CS13 human embryos due
to the low number of sorted cells. In addition, we similarly cultured isolated CD43*
hematopoietic progenitors as positive control. By direct methylcellulose plating, we
observed that both CD32*/"¢9 populations isolated from either YS or AGM contains
hematopoietic progenitors with clonogenic potential (Figure 24 b). However, the
frequency of CFC from CD32*/"9 samples was drastically reduced. For instance,
CD32* cells show a 15-fold decrease in CFC frequency compare to methylcellulose
plating after OP9DLL1 co-culture. The presence of hematopoietic progenitors might
be caused by a cross-contamination between samples. Indeed, the limited number
of cells prevented us to perform a purity control of the sort. On the other hand, the
same number of CD43" cells directly plated on methylcellulose generated too many

colonies that could not be properly counted.

Unfortunately, the rare availability of human embryos prevented us to
perform the experiment again. Should we receive new embryos in the future, we will
repeat it with a more stringent gating strategy to avoid the contamination of early
hematopoietic progenitors within the CD32*/"9 populations. In addition, we will
perform limiting dilution assay to assess whether that CD32* endothelial fraction is
enriched for cells with lymphoid potential compared to the CD32"9. In conclusion,
our data support the hypothesis of CD32 marks the HE in CS13 human embryos,

regardless of the location.
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Figure 24 — CD32%endothelial cells display clonogenic potential

a, b) Bar plots showing the CFCs frequency derived from CD32* or CD32"¢9 populations isolated
from YS (left panel) or AGM (right panel) of CS13 human embryos. CD43* were seeded as
positive control a). Cells were seeded in methylcellulose after 5 days of co-culture with
OPODLL1 stromal cells a) or directly after sort b). The bar plots show the average result of n=2
experiments, independent. A unique replicate is shown in b), CD32% cells isolated from the
AGM.

3.3 CD32 is expressed in hPSC-derived HE

Our results showed that CD32 identifies a subset of endothelial cells with robust
hematopoietic potential in CS13 human embryos. To better characterize CD32 as HE
marker, we evaluated the expression in hPSC-derived HE. In addition to their
tremendous potential applications for regenerative medicine, hPSCs represent thus
far one of the most powerful tools to study human embryonic development since
human embryos are rare and difficult to obtain. hPSCs allow to recapitulate extra-
embryonic or intra-embryonic-like hematopoiesis via the stage-specific manipulation
of the Wnt and Notch pathway (see Introduction, paragraph 1.11) (Sturgeon et al,
2014; Ditadi et al, 2015). In particular, the isolation of
CD34+CD43"9CD184"9CD73"™9 cells from hPSC-derived differentiating cultures
include a population with hemogenic potential, further enriched by isolating
CD34*CD43"9CD184"9CD73"9DLL4"9 cells (referred to as DLL4"9) (Ditadi et al,
2015).

We monitored CD32 expression within WNT-independent extra-embryonic-
like or WNT-dependent intra-embryonic-like HE population. In both conditions, we
could identify four different populations according to CD32 and DLL4 expression
(Figure 25 a). The percentages of the four
CD34+CD43"9CD183"¢9CD73"¢9CD32*/"eIDLL4+/"9 sub-fractions (herein referred to
as CD32*DLL4"e9, CD32"9DLL4"e9, CD32"9DLL4+, CD32*DLL4*) varied across the
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experiments. The most abundant population in all the experiments was the
CD32m9DLL4"9 (WNT-independent: 53.6-75.3%; WNT-dependent: 42.7-74.9%).
The CD32*DLL4"9 population ranged between 4,86%-17,9% and 4,31%-21,9% in
WNT-independent or WNT-dependent hematopoietic cultures respectively. We
detected similar frequencies for the CD32"9DLL4" fraction (WNT-independent: 7.2-
18.8%; WNT-dependent: 4.99-32.3%). The less represented subpopulation was
CD32+DLL4* that was barely detectable in WNT-independent (0.18-1.29%) and WNT-
dependent (0.45-5.85%) hematopoietic cultures (Figure 25 b). These preliminary
observations confirmed that CD32 is expressed within the hPSC-derived endothelial
fraction known to contain the HE.
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Figure 25 - CD32 is expressed within the hPSC-derived WNT-dependent or WNT-independent
CD34+CD43"¢9CD184"9CD73"IDLL4"¢9 population.

a) Representative plots showing CD32 and DLL4 expression gated on
SSC/FSC/Live/CD34*CD43"¢9CD184"9CD73"%9 cells. Four different populations are highlighted
with rectangular gates: CD32*DLL4"9 (bottom right), CD32"9DLL4"¢9 (bottom left),
CD32me9DL L 4% (upper left), CD32*DLL4* (upper right). b) Left panel: bar plot showing the
frequencies of the four sub-fractions gated on CD34+tCD43"9CD184"¢9CD73"¢9 cells derived
from WNT-independent hematopoietic cultures (n=7, independent, mean + standard deviation
(SD). Right panel: bar plot showing the frequencies of the four HE sub-fractions gated on
CD34+CD43"9CD184"9CD73"¢9 cells derived from WNT-dependent hematopoietic cultures
(n=7, independent, mean + SD).
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3.4 CD32*DLL4"9 cells generate erythroid and myeloid progenitors

To evaluate and quantify whether the four endothelial sub-populations harbor
hematopoietic potential and therefore contain HE, we FAC-sorted the CD32*DLL4"e9,
CD32nedDLL4"ed, CD32"9DLL4+, CD32*DLL4* fractions at day 8 of either WNT-
independent or WNT-dependent hematopoietic differentiation (Figure 26 a). Then,
we plated the cells for 5 days on irradiated OP9DLL1 stromal cells to promote the
hematopoietic differentiation and we tested the colony forming cell (CFC) potential

afterwards.

Consistently with previous results, the DLL4"9 fraction is enriched for cells
harboring hematopoietic potential in both WNT-independent and WNT-dependent
hematopoietic cultures. Interestingly, in both cultures, CD32*DLL4"9 population
generated more clonogenic progenitors compared to the CD32"9DLL4"9 (Figure 26
b). In detail, CD32*DLL4"9 generated 3700 CFCs (£SD: 2435) on average (including
the different lineages) compared to 572 CGCs (£SD: 517.5) of CD32"™9DLL4"9 in
WNT-independent hematopoietic culture. The CD32"DLL4+*, CD32*DLL4* did not

yield any clonogenic progenitor.

Similarly, the CFC frequency was higher in cells generated from CD32*DLL4"*¢
fraction in WNT-dependent hematopoietic culture, that generated 3213 CFCs (£SD:
2084) compared to the 863 (£SD: 1367) obtained when plating progenitors
generated from CD32"9DLL4"9 cells. While the CD32*DLL4* fraction never displayed
hematopoietic activity, the CD32"9DLL4* fraction generated few hematopoietic
progenitors able to form erythroid or myeloid colonies (97£113.7) in two out of four
experiments, possibly due to a low sorting purity and cross-contamination between
the different fractions. However, the low number of cells isolated from each fraction

prevented us to check the sorting purity.

To verify that CD32 could track HE in differentiating cultures using multiple
hPSC lines, we repeated the experiment using the H9 human embryonic stem cell
(hESC) line. When cultured in WNT-dependent condition, H9 gave rise to
CD32*DLL4"9 cells capable to generate erythroid and myeloid progenitors at higher
frequency than the other CD34*CD43"9CD73"9CD184"9 sub-fractions (Figure 26 b),
in accordance with what was previously shown. In detail, CD32*DLL4"*¢ generated
3300 CFCs (£SD: 558.5) while CD32"9DLL4"9 cells 545.4 (£SD: 376.1). The two
DLL4* endothelial sub-population did not originate any blood cell type.
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In conclusion, our results showed that under hPSC-derived WNT-independent
or -dependent hematopoietic cultures, the hematopoietic potential is restricted
almost exclusively to DLL4"™9 cells. Within this fraction the expression of CD32
identify cells increased erythro-myeloid potential. In the next experiments we
decided to exclude the CD32"9DLL4* and CD32*DLL4"* fractions as those did not

display robust hematopoietic activity.
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Figure 26 — hPSC-derived CD32* endothelial cells give rise to erythroid and myeloid progenitors

a) Scheme of the hPSC-derived WNT-dependent or WNT-independent hematopoietic
differentiation. At day 8 of differentiation, CD34*CD43"¢9CD184"9CD73"€9CD32*/"e9DL [ 4+/"eg
cells were ijsolated by FAC-Sorting. The isolated populations are referred to as CD32+tDLL4"9,
CD32"e9pl [ 47ed9, CD32"9DLL4*, CD32*DLL4*. Isolated cells were cultured for 5 days on
irradiated OP9DLL1 stroma and then plated on methylcellulose to assess their erythroid and
myeloid hematopoietic potential (CFC assay). b) CFC assay from CD32*DLL4"e9,
CD32"¢9pl [ 4me9, CD32"9DLL4*, CD32*DLL4* sub-populations from WNT-independent
(performed in H1 hESC line: top left, n=6, mean *x SD, one-tail paired student T test
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considering the total number of colonies, p=0.0111) or WNT-dependent hematopoietic
cultures. The latter was performed from H1 or H9 hESC lines. H1: top right, n=4, mean * SD,
one-tail paired student T test considering the total number of colonies p=0.0155. H9: bottom
left, n=3 one-tail paired T test considering the total number of colonies p=0.0092).

3.5 CD32*DLL4"9 cells are enriched for NK lymphoid progenitors in WNT-

independent hematopoietic culture

To further characterize the hematopoietic potential of CD32*DLL4"9 and
CD32n9DLL4"e9 cells, we evaluated their ability to generate T and NK lymphoid
progenitors. NK lymphoid cells have multiple developmental origins. Both extra-
embryonic (Dege et al, 2020; Tavian et al, 2001) and intra-embryonic HSC-
independent and -dependent (Kondo et al/, 1997; Sturgeon et al, 2014; Dege et al,
2020) hematopoietic programs are endowed with NK potential. To characterize the
NK potential of WNT-independent hematopoietic cultures, we isolated CD32*DLL4"9
and CD32"9DLL4"9 fractions and seeded the sorted cells on OP9DLL1 stroma in a
cytokine-rich culture media to stimulate NK-lymphoid differentiation (Dege et al,
2020). After 14 days, we analyzed by FACS analysis the presence of CD45*
hematopoietic cells displaying expression of CD56, a classical marker of the NK
lineage. Both CD32*DLL4"9 and CD32"9DLL4"9 cells support the differentiation into
CD56+ NK cells (Figure 27 a, b). However, CD32*DLL4"9 cells yielded significantly
more NK-cells than the CD32"9DLL4"*? fraction (Figure 27 b). The increased NK
output can be explained by either an increased initial frequency of progenitors with
NK potential and/or higher proliferation of NK cells in culture. To test the first
hypothesis, we set out to determine the frequency of progenitors with NK potential
in both CD32*DLL4™9 and CD32"9DLL4"9 populations by performing a limiting
dilution assay (LDA) (Figure 27 c, d, e). In detail, we seeded a range of different cell
numbers per well (1, 5, 10. 25, 30, 50, 100) on a 96 well coated with OP9DLL1 and
analyze the presence of CD45*CD56" cells by FACS after 21 days (Figure 27 c, d).
The frequency of NK lymphocytes was calculated by using ELDA, a software
application for limiting dilution analysis (Hu & Smyth, 2009) (Figure 27 d). ELDA
calculated that 1 out of 15 CD32*DLL4"9 cells gives rise to NK cell while only 1 out
of 244 from CD32"9DLL4"9 cells, i.e. a 16-fold enrichment in cells expressing CD32
(Figure 27 e).
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Figure 27 - hPSC-derived CD32*endothelial cells give rise to NK lymphoid progenitors in WNT-
independent hematopoietic cultures

a) Representative plots of CD45*CD56* NK lymphocytes emerged from CD32*DLL4"9 (left)
and CD32"¢9DLL 479 (right) cells from WNT-independent hematopoietic cultures. b) Bar plot
showing the frequency (mean £ SD) of CD45*CD56% NK generated from CD32*DLL4"9 and
CD32m9DLL4"e9 cells from WNT-independent hematopoietic cultures in n=3, independent
experiment. One-tail paired T test p=0.04881. c-e) Limiting dilution assays of CD32*DLL4"¢9
and CD32"9DLL4"9 cells obtained from WNT-independent hematopoietic cultures to assess
their derived NK potential. c) Table enlisting the number (1, 5, 10. 25, 30. 50 or 100) of
CD32%/nedp| | 4n¢9 cells seeded on each 96 well coated with OP9DLL1 stroma at day 8 of
differentiation. 30 and 100 cells conditions are missing for the CD32*DLL4"¢9 sample. The
emergence of NK progenitor cells was calculated by counting the wells that display
CD45+*CD56* NK immuno-phenotype (column “response” in the table) by FACS analysis. The
total number of seeded cells is enlisted in the “tested” row. d) Extreme limiting dilution analysis
(ELDA) of NK cell potential derived from CD32*DLL4"9 (blue) and CD32"9DLL4"¢9 (orange)
cells (http://bioinf.wehi.edu.au/software/elda/). Number of tested conditions and of seeded
cells are enlisted in c). n=3, independent. e) Representative plot of CD45*CD56* NK cells
generated in a well seeded with one CD32*DLL4"e9 cell at day 8. Gated on SSC/FSC/Live.
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3.6 CD32*DLL4"9 cells give rise to NK and T lymphoid progenitors in WNT-

dependent hematopoietic culture

Given our promising results, we investigated the NK Ilymphoid potential of
CD32*DLL4"9 and CD32"9DLL4"9 populations in WNT-dependent hematopoietic
cultures. NK progenitor cells could be generated from both CD32*DLL4"9 and
CD32n9IDLL4"e9 populations. However, increased frequency of NK-progenitor cells
differentiated from CD32*DLL4"9 cells (68% compared to 35.5% generated from
CD32"eIDLL4"e9) (Figure 28 a, b).

Rather than NK, T lymphoid progenitors constitute the defining lymphoid
lineage of WNT-dependent intra-embryonic hematopoiesis. Therefore, we isolated
CD32*DLL4"9 and CD32"9DLL4"9 sub-populations at day 8 of differentiation and co-
cultured the cells on OP9DLL4 stroma to favor the T-lymphoid differentiation.
Remarkably, CD45*CD8*CD4*CD56"9 T lymphocytes emerge exclusively from
CD32*DLL4"e9 cells, while the CD32"9DLL4"9 fraction is devoid of T cell potential
(Figure 28 c, d). In conclusion, our results show that CD32*DLL4"9 cells derive T and

NK lymphocytes at higher frequency than the corresponding CD32"9DLL4"e9,

Since CD32*DLL4"9 cells show enrichment in multi-lineage hematopoietic
potential, these results support the hypothesis that the expression of CD32 can be
used as selective positive marker to isolate HE populations in both extra- and intra-

embryonic hematopoietic programs.
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Figure 28 - hPSC-derived CD32*endothelial cells give rise to NK and T lymphoid progenitors
in WNT-dependent hematopoietic cultures

a) Representative plots of CD45*CD56% NK cells generated from CD32*DLL4"¢9 (left) and
CD32m9DLL4"e9  (right) cells in WNT-dependent hematopoietic cultures (gated on
SSC/FSC/Live). b) Bar plot indicating the frequency (mean = SD) of CD45*CD56* NK cells
generated from CD32+DLL4"9 (left) and CD32"¢9DLL4"¢9 from WNT-dependent hematopoietic
cultures in n=3, independent experiment. One-tail paired T test p=0.03537. c) Representative
plots of CD45*CD56"°9CD4+CD8* T-cells generated from CD32*DLL4"¢9 and CD32"¢9DLL4"¢9
cells from WNT-dependent hematopoietic cultures. Gated on SSC/FSC/Live/CD45*CD56"9 b)
Bar plots showing the percentages of CD45*CD4*CD8*CD56"9 T-cells ratioed on the
percentages of CD45+CD56"9 cells (n=3, independent, mean x SD, paired one-tailed T test,
p=0.0073).

3.7 Clonal analysis of CD32*DLL4"¢9 hemogenic potential

Our data showed that CD32*DLL4"*? cells show an enriched hemogenic potential
compared to CD32"9DLL4"9 cells in WNT-dependent hematopoietic cultures. The
data presented thus far show that CD32 is a valuable marker for the enrichment of
HE cells, but we have no clue about its specificity or its selectivity compared to other

already reported HE markers.

To evaluate the specificity of CD32 as HE marker and estimate the frequency
of HE cells within the CD32*DLL4"*9 and CD32"*9DLL4"®9 populations, we performed
single-cell clonal EHT assay, as previously described (Ditadi et a/, 2015). We isolated
single CD32*DLL4"9 and CD32"9DLL4"*9 cell on a Matrigel coated 96-well at day 8
of hPSC-derived WNT-dependent hematopoietic differentiation. We cultured the cells
for 7 days in a cytokine-rich medium to promote hematopoietic commitment. Then,
we quantified those clones that generated round hematopoietic-like or adherent non-
hematopoietic-like cells (Figure 29 a). To evaluate the cellular features of the selected
clones, we collected round hematopoietic-like or adherent non-hematopoietic-like
colonies and analyzed the expression of the pan-hematopoietic cell-surface marker

CD45 by FACS analysis (Figure 29b). Of note, all the clones that generate rounded
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hematopoietic-like cells express CD45 while the adherent non-hematopoietic-like
cells were exclusively CD45"9, In addition, CD45* and CD45"9 cells have not been
observed in the same well, highlighting that the two lineages are mutually exclusive
and a hemogenic endothelial cell can derive only one cell type as previously reported
(Swiers et al, 2013; Ditadi et a/, 2015). We quantified that within CD32*DLL4"9 cells
that showed clonogenic potential (112 out of 576 cells seeded including all the three
independent experiments), 89% +8.05 generated CD45* hematopoietic cells (total
of 98 out of 112 cells comprehensive of the three independent experiments). On the
other hand, the CD32"9DLL4"9 cells with clonogenic potential (78 of 574 total cells
seeded in the three independent experiment) generate only 33% £25.16 CD45*
clones (20 out of 574 cells seeded) while the majority (58 out of 574 cells seeded)
consists non-hematopoietic clones (Figure 29 ¢, f). This first result confirmed that
CD32*DLL4"*9 enriches the frequency of HE in respect to CD32"9DLL4"e9 generating
89% =£8.05 or 33% *£25.16 of hematopoietic clones respectively.

We compared the isolation of HE cells using either CD32 or CD44, another
known HE marker, conserved in human and mouse species (Watt et a/, 2000; Oatley
et al, 2020). First of all, we evaluated the expression of CD44 in hPSC-based WNT-
dependent hematopoietic cultures. Similarly to ACE expression (Figure 18 b), CD34*
cells co-express CD44, indicating that CD44 largely marks endothelial cells without
specifically immuno-phenotyping HE (Figure 30 a, left panel). However, within subset
of CD34+tCD43"9CD184"ICD73"9 cells that includes cells with HE features, four
different sub-populations could be identified according to CD44 and DLL4 expression
(referred to as CD44*DLL4"9, CD44"9DLL4"e9, CD44"9DLL4*, CD44*DLL4*) (Figure
30 a, right panel). Therefore, we isolated the four fractions to address their
hematopoietic potential by CFC assay. Also in this case, DLL4* populations are devoid
of hematopoietic potential, confirming what previously reported (Ditadi et al/, 2015)
and shown (Figure 26 b). Moreover, CD44*DLL4"9 cells significantly enrich derived
erythroid-myeloid progenitors (total number of CFC: 3300+£558.5) compared to the
CD44neIDLL4"ed sub-population (545+376.1) (Figure 30 b). As such, we confirm that
CD44 expression can be used to enrich endothelial populations with hematopoietic

potential.
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Figure 29 - Quantification of the frequency of HE cells within hPSC-derived CD32* endothelial
population

a) Photo-micrographs of an adherent-non-hematopoietic-like clone (left) and rounded-
hematopoietic-like clone (right) obtained from CD32+DLL4"9 differentiated in WNT-dependent
hematopoietic cultures. The clones obtained either from b) CD32*DLL4"¢9 or d) CD44+DLL4"¢9
population were analyzed for CD45 expression at FACS to confirm their hematopoietic or non-
hematopoietic identity. c) Bar plot of CD45% or CD45"¢9 clones generated from CD32*DLL4"¢9
or CD32m¢9DL L 4"¢9 cells. Showed mean = SD, n=3 independent experiments, one-tailed paired
student T test. mean £ SD, one-tailed paired student T test. ** p=0.0068905 (CD45* or
CD45m9 clones generated from CD32*DLL4"¢9); ns p=0.2153; * p=0.0148625 (CD45* or
CD45"¢9 clones generated from CD32*DLL4%/79); * p=0.0215213 (CD45"¢9 clones generated
from CD32%/"¢9p[ [ 4"¢9), e) Bar plot of CD45%or CD45"9 clones generated from CD44+DLL4"e9
or CD44"¢9DL L 479 cells. Showed mean * SD, n=3 independent experiments, ns p=0.3392985
(CD45* or CD45"¢9 clones generated from CD44+DLL4"¢9); ns p=0.0521105 (CD45* clones
generated from CD44+DLL4%/7¢9); ns p=0.0521105 (CD45"¢9 clones generated from
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CD44+/nedpl [ 4ne9); * p=0.049132 (CD45* clones generated from CD44+*/7edDL[4"€9);
**p=0,0050955 (CD45* or CD45"9 clones generated from CD44+/7¢9D[ [ 4"¢9),

As performed for CD32*/M9DLL4"9 populations, we analyzed the
hematopoietic potential of CD44*DLL4"9 or CD44"9DLL4"9 cells at clonal level. Also
in this case, the hematopoietic or non-hematopoietic progeny was distinguishable by
morphology and confirmed by FACS analysis (Figure 29 c). Among CD44*DLL4"e9
cells with clonogenic potential (64 out of 576 cells seeded as comprehensive of the
three experiments performed), 55% £15 generate hematopoietic colonies (a total of
30 out of 576 cells seeded) and 45% %15 non-hematopoietic cells (a total of 34 out
of 576 cells seeded). Therefore, CD44*DLL4"9 cells generate hematopoietic or non-
hematopoietic progeny without a statistically significant difference. However,
CD44*DLL4"™9 population displays an enriched hematopoietic potential when
compared to the CD44"9DLL4"9, Indeed, the clonogenic CD44"9DLL4"9 cells (41 out
of 448 seeded in total of three independent experiment) generate only 21% +5
CD45* clones (10 out of 448) whereas the 79%+5 (consists of non-hematopoietic
clones (31 out of 448) (Figure 29 e, f). In conclusion, CD44*DLL4"9 population
includes higher frequency of HE cells compared to the counterpart not expressing
CD44. However, CD44 cannot be considered as selective HE marker since it does not
enrich the HE towards cells without any hematopoietic fate. On the other hand, single
cell analysis indicates that CD32 is a reliable marker for hPSC-derived HE, whose

specificity is superior to the one of CD44, often used to identify human HECs.

The low clonogenic potential of either CD32+/"9DLL4"e9 or CD44+/"esDLL4"e9
suggests that the populations include other cellular types not fully supported by the
adopted culture conditions and/or that single-cell cultures enhance cellular distressed
following manipulation. In addition, the low clonogenicity may be the result of a sub-

optimal single cell sorting efficiency.
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Figure 30 — Analysis of CD44 as hPSC-derived HE marker

a) Representative plots of CD44 expression at day 8 of hPSC-derived WNT-dependent
hematopoietic differentiation. Left panel, CD44 and CD34. Gated on SSC/FSC/Live. Right
panel, CD44 and DLL4 gated on SSC/FSC/Live/CD34+CD43"¢9CD184"¢9CD73"¢9: four different
subpopulations are identified by CD44 and DLL4 expression. These populations have been
sorted to perform CFC assay b) after 5 days of OP9DLL1 co-culture; n=3, independent, mean
+ SD, one-tailed paired student T test p=0.0098.

3.8 Evaluating CD32 as HE marker in mouse

As previously described, murine EMPs emerge from the second wave of hematopoietic
development from the HE and are characterized by the expression of CD16/32 on
their surface (McGrath et al, 2015). Considering the result on human embryonic and
hPSC-derived HE, we speculated whether CD32 or other Fc receptors can enrich for
the fraction of endothelial cells with hemogenic potential also in mouse. In fact,
available single-cell RNA-sequencing (scRNA-seq) transcriptomic analysis showed
that FcyR3 (CD16) is expressed in a population with HE features in E6.5-E8.5 (Pijuan-
Sala et al, 2019) or E9.5-E10.5 (Pijuan-Sala et al/, 2019; Zhu et al, 2020) murine
embryos (Figure 31 a, b) while FcyR2 (CD32) is not detected.

a Fcy3 b Fcy3

3
° °
> >
o2, ] o
c c?
2 o
0 w
0 0
1] 1]
2 by
(=% [=%
>3 05 X g
w w

00

Figure 31 - Fc,r3 is expressed in endothelial populations of E6.5-E9.5 mouse embryos

Violin plot showing the normalized expression values of Fc,r3 gene in a) endothelial (E) and
HE progenitor cells as assigned by computational methods and enriched in E8.25-E8.5 murine
embryonic cells (Pijuan-Sala et al, 2019). b) Expression level of Fcyr3 in E9.5 and E10.5
embryos. HE and endothelial (E) cells were defined as:
Ter119m9CD41"%9CD45"¢9Kit"*9Runx1:GFP"ICD31*CD144+*ESAM* (E) and
Ter1197€9CD41"€9CD459CD457€9Kited/"owRunx1:GFP*CD31*CD144*ESAM* (HE) (Zhu et al
2020).

We dissected AGM and YS tissues of E10.5-E11 murine embryos, a

comparable developmental stage to the human embryos we previously analyzed
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(Figure 5). Using a mouse CD16/32 (FCGR3/FCGR2) antibody we observed that
CD16/32 expression demarcates two sub-populations within the
CD144*CD31*tCD45"9CD43"9 endothelial fraction (Figure 32 a, b) known to display
HE potential in mouse (Nishikawa et al, 1998b). Therefore, we isolated the
CD144+CD31*tCD16/32*CD45"9CD43"9 (referred to as CD16/32*) and the
CD144+CD31*tCD16/32"9CD45"9CD43"*9 (referred to as CD16/32"9) populations
from E10.5-E11 AGM and YS (Figure 32 a, b). Then, we seeded the isolated cells on
OP9DLL1 stroma in a cytokine-rich medium to allow their hematopoietic
differentiation. After 7 days, we evaluated the frequency of hematopoietic cells in the
culture analyzing the expression of the pan-hematopoietic marker CD45 and the
erythroid marker TER119 by FACS. In fact, all the hematopoietic cells express CD45
on their surface except for erythroid cells (TER119%) after the enucleation, final
differentiation step to the development of mature erythrocytes (Fraser et al/, 2006).
As such, the analysis of both markers is necessary to comprehensively evaluate the
hematopoietic compartment. While YS-derived CD16/32* population shows an
increased, albeit not significant, trend of hematopoietic output compared to the
CD16/32™9 counterpart, the hematopoietic yield in the AGM is comparable or even
skewed in favor of the CD16/32"9 fraction (Figure 32 c, d). Of note, Fcgr2 is not
expressed in the sorted CD16/32* population while Fcgr3 is (Figure 32 e), confirming
what we observed with the analysis of the public datasets of murine embryonic
hematopoietic progenitors (Figure 31). In conclusion, our experiments suggest that
Fc receptors should be carefully evaluated as HE markers in different species. In fact,
despite our results in mouse models do not strictly parallel the data in humans,
murine CD16 might enrich YS HSC-independent hematopoiesis. For this, we will
perform further experiments as LDA to calculate the frequency of HE progenitors with
the CD16/32*/"es endothelial fraction. On the other hand, the hematopoietic potential
does not segregate to any of the fraction of interest in the AGM. However, we might
take into consideration that ex vivo cultures prevent the complete recapitulation of
the temporal aspect of in vivo maturation. In fact, CD16/CD32" cells might mature

into CD16/32* in vivo, before giving rise to blood.
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Figure 32 - Evaluating CD16/32 as HE marker in mouse embryos

a) Representative plots showing CD16/32 expression within CD144+CD31+CD45 "e9CD43"e9
cells in AGM and YS dissected from E10.5-E11.0 murine embryos. The highlighted gates
correspond to the sorting strategy. Cells are gated on SSC/FSC/Live (left panel),
SSC/FSC/Live/CD144+*CD45m9 (middle panel), SSC/FSC/Live/ CD144*CD41"9 (right panel).
b) Bar plots highlighting the percentages of CD144+CD31*CD16/32*CD45 "¢9CD43"9 (referred
to as CD16/32%) and CD144+*CD31*CD16/32"9CD45 "e9CD43"¢9 (referred to as CD16/32"9)
cells in YS (purple) and AGM (white) of E10.5-E11.0 murine embryos in n=3, independent,
mean % SD. ¢, d) Hematopoietic output derived from sorted CD16/32*and CD16/32"%9 fractions
after 7 days of co-culture on OP9DLL1: c) representative plots of YS- (upper panel) and AGM-
derived (bottom panel) hematopoietic (CD45*) cells and erythroid cells (TER119+CD45*/)
emerging from CD16/32% (on the left) or CD16/32"9 (on the right) populations; gated on
SSC/FSC/Live d) Bar plot showing the hematopoietic output of CD16/32%/- populations isolated
from YS (purple) or AGM (white) of E10.5-E11.0 mouse embryos; n=3, independent, mean *
SD, one-tailed paired T test p=0-05337 (YS), p=0.1862 (AGM). e) Bar plot of the gene
expression analysis of murine Fcgr2b and Fcgr3 (blue) within the CD16/32* sorted fraction of
the AGM. Gene expression is relative to murine B-actin;, n=3, independent, mean * SD, one
tailed paired T test p=0-01521.

88



4. Discussion

One of the major aims of our lab is to faithfully recapitulate human embryonic
development from hPSCs. In fact, the successful generation of the different blood
types in vitro, particularly HSCs, would allow the autologous transplantation for the
treatment of congenital BM disorders. In addition, hPSC-derived disease modeling
might be instrumental to dissect several hematological diseases. Currently, hPSC
differentiation protocols have been refined to yield multipotent progenitors showing
characteristic of intra-embryonic hematopoiesis such as NOTCH-dependency.
However, we are still unable to generate HSC from these HE cells. We believe that
the precise identification of the HE cells will allow to compare the in vitro hPSC-
derived HE with the one isolated from human embryos. Thus, we would identify the
missing factors, whose manipulation will allow to finally generate HSC in vitro.
Moreover, it will allow to determine the differences between HE that emerge within
distinct hematopoietic programs during human embryonic development and identify

the molecular factors that regulate their distinct potential.

In collaboration with Manuela Tavian’s lab in Strasbourg, we took advantage
of ACE expression in CD34" endothelial cells to demarcate cells with hematopoietic
potential in the developing human embryo (Jokubaitis et a/, 2008). Of note, ACE does
not similarly define endothelial cells with hemogenic potential in
CD34*CD43"9CD73"9CD184"9 cells, which comprise HE cells in hPSC-based
differentiating cultures. In fact, ACE is expressed by virtually all the CD34* cells
obtained by WNT-dependent intra-embryonic-like hematopoietic culture. Thus, it

cannot distinguish the HE from other vascular endothelial cells.

Although ACE does not selectively label the hPSC-derived HE, ACE expression
in the human embryonic dorsal aorta tracks with RUNX1* cells at CS13 (Figure 18 a)
(Jokubaitis et al, 2008). Thus far, RUNX1 is the most conserved and reliable marker
of the HE (North et al, 1999; Ciau-Uitz et al, 2000; Burns et al, 2002; Kalev-Zylinska
et al, 2002; Bollerot et al/, 2005; Gering & Patient, 2005), functionally involved in the
EHT (North et al, 1999; Yokomizo et a/, 2001; Lacaud et al, 2002; North et al, 2002;
Yokomizo et al, 2008; Chen et al, 2009; Kissa & Herbomel, 2010; Bertrand et al,
2010a; Boisset et al, 2010; Tober et al, 2013; Padron-Barthe et al, 2014, Potts et al,
2014; Frame et al, 2016; Eliades et al, 2016). Therefore, we isolated
CD34+*ACE*CD45"9 cells (ACE*) from the AGM region of four embryos staged
between day 28 and 32 (CS13-14) and performed whole-transcriptomic analysis. We
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isolated and analyzed the corresponding CD34*ACE"9CD45"9 (ACE"®9) fraction as
control endothelial population devoid of hemogenic potential. To identify specific HE
markers, we restricted the analysis to differentially expressed cell-surface genes.
Among them, we identified FCGR2B (that encode for the isoform B of Fc receptor
CD32) as one of the top cell-surface gene enriched in ACE* compared to ACE"®9
endothelium. Remarkably, CD32 is expressed in CD34* endothelial cells of YS blood
islands, in the endothelial layer of DA, and at the branching point between the DA
and VA in the AGM of CS13 human embryos. These sites are known to contain a high
frequency of endothelial cells with hemogenic potential at this stage (Tavian et al,
1996, 1999; Watt et al, 2000; Oberlin et al, 2002; Ivanovs et al, 2011; Easterbrook
et al, 2019). Moreover, CD32 marks the IAHCs as well as the underlining endothelial
cells in the DA including some CD34*RUNX1"* cells. To functionally validate CD32 as
HE marker, we isolated CD347CD43"¢9CD45"9CD32*/e9 cells from the AGM and the
YS. Regardless of their location, CD32* and CD32" fractions showed T- and NK-
lymphoid potential. However, the CD32* population more robustly generated

clonogenic progenitors with erythro-myeloid potential.

Differently from ACE, CD32 is a reliable marker to isolate hPSC-derived HE
with multilineage potential from both WNT-independent- extra-embryonic-like and
WNT-dependent- intra-embryonic-like hematopoietic cultures. In both cultures, we
confirmed that the hematopoietic potential segregates almost exclusively to
CD34*CD32*CD73"9CD184"9DLL49 cells (referred to CD32*DLL4"9) as they
generate significantly more erythro-myeloid clonogenic progenitors in both H1 and
H9 hESC lines. As mentioned in the introduction, further experiments will prove
whether this population upregulates Notch signaling (i.e. acquiring DLL4 expression)
while transitioning to hematopoiesis. Furthermore, we evaluated the lymphoid
potential specific of each hematopoietic program. In particular, the EMP wave
generates NK lymphoid progenitors while T-lymphoid potential is rare and limited as
we observed by LDA in mouse embryos. In WNT-independent hematopoietic culture,
NK-lymphoid progenitors derive from both CD32*/"¢9DLL4"*9 fractions. However, LDA
revealed a 16-fold enrichment in CD32*DLL4"9 subset. On the contrary, intra-
embryonic hematopoiesis gives rise to both NK and T-lymphoid cells. Remarkably, T-
lymphoid potential is mostly restricted to the CD32*DLL4"9 population obtained by
WNT-dependent hematopoietic cultures. Likewise, CD32*DLL4"9 enriches the NK
potential in WNT-dependent hematopoietic cultures. We speculate that the residual
hematopoietic potential of CD32"9DLL4"9 fraction is due to the co-existence of cells

at different maturation stage within the Jjn vitro cultures. In fact, embryonic
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development is a highly dynamic process, and we can speculate that CD32"9DLL4"e9
cells further mature to CD32*DLL4"9 HE cells at the early stages of our hematopoietic

assays.

In addition, we compared the specificity of CD32 as hPSC-derived HE marker
against CD44, another cell-surface protein known to enrich the HE population in
mouse embryos (Watt et al, 2000; Zeng et al, 2019; Oatley et al, 2020). In addition,
single cell RNA sequencing analysis highlighted that CD44* aortic endothelial
population of CS13 human embryos segregates the expression of genes involved in
the EHT (i.e. RUNX1) (Zeng et al, 2019). According to the reported expression of
CD44 in arterial endothelial cells (Watt et al/, 2000; Oatley et al, 2020), CD44 marks
most of WNT-dependent CD34* cells. However, the CD44* fraction within
CD34+CD43"9CD73"9CD184"9DLL4"9 population is enriched for HE. To compare the
specificity of CD32 and CD44 as HE marker, we performed single cell EHT assay. The
clonal analysis revealed that 89.2% of CD32*DLL4"9 cells that formed a clone
generate CD45* hematopoietic cells. The remaining 10.8% generate non-
hematopoietic progeny. As previously observed, hematopoietic and non-
hematopoietic clones never originate from the same CD32*DLL4"*9 cell (Swiers et al,
2013; Ditadi et al, 2015). In contrast, CD44*DLL4"9 fraction contains less HE
population compared to CD32*DLL4"9 cells. In fact, single CD44+*DLL4"¢ cell
generates hematopoietic and non-hematopoietic in equal proportion. In conclusion,
the single cell analysis indicates that CD32 is a reliable marker for hPSC-derived HE,
whose specificity is superior to the one of CD44, often used to identify human HECs.
Of note, CD44 plays a functional role during the EHT in murine embryos. On the other
hand, we still need to understand whether the HE marker CD32 is also involved in
hematopoietic emergence from human HE. Interestingly, CD44 and the isoform B of
CD32 (FcyRIIB) share a peculiar expression and function on another specific
endothelial subtype: the liver sinusoidal endothelial cells (LSEC). Here, they act as
scavenger receptors involved in the clearance of waste molecules from the blood
(Bhandari et al, 2021).

To speculate whether CD32 has a function in the EHT, we evaluated the
available information about the cell-surface molecule. CD32 is an integral membrane
glycoprotein that belongs to the family of receptors that bind the Fc portion of Ig
(FCGR1, FCGR2A, FCGR2B, FCGR2C, FCGR3). CD32B (FCGR2B) extracellular domain
is 95% homologous to the one of the isoforms CD32A and C (Hibbs et al/, 1988; Qiu
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et al, 1990). Therefore, the analysis of the expression pattern of the three isoforms
has been complicated before the recent development of specific monoclonal
antibodies for CD32A/CD32C and CD32B (Su et al, 2007; Veri et al, 2007; Ramsland
et al, 2011). CD32B is the only isoform that contains ITIM-based inhibitory motif
within the cytoplasmic domain that distinguishes its role from the other activating
FCGRs. The activation of CD32B induces the phosphorylation of the tyrosine within
the ITIM motif by Lyn (Malbec et al, 1998) thus promoting the phosphorylation and
recruitment of inositol phosphatases SHIP1, 2 that hydrolyzes phosphatidylinositol
(3,4,5)-trisphosphate (PIP3). PIP3 activates downstream protein, as the kinase Akt
(Ma et al, 2019), by binding their PH domain.

In humans, CD32B has two major isoforms the CD32B1 and CD32B2 that
differ for the inclusion of C1 exon in the former (Brooks et al, 1989; Qiu et al, 1990).
The two isoforms are expressed on different cellular types. For instance, B cells
mainly express CD32B1 in which C1 exon tethers the receptor on the cell membrane.
On the other hand, CD32B2 is mainly expressed on myeloid cells. The absence of C1
exons allows the rapid internalization of the receptor on the expressing cell types
thereby modulating its function. In general, CD32B1 function is the best
characterized. It acts as immune checkpoint on the surface of B cells, controlling the

action of activating-type Fc receptors.

In agreement with his role as immuno-regulator, CD32B expression is
positively regulated by IL6 and IL10 while pro-inflammatory agents as TNFa and INFy
negatively regulate its expression (Guyre et al, 1983; Shushakova et al, 2002; Velde
et al, 1992). Notably, IL6, TNFa and INF, are also involved in the emergence of HSCs
from the aortic layer in the AGM region (Espin-Palazén et al, 2014; Sawamiphak et
al, 2014; Tie et al, 2019). Therefore, a tight regulation of the inflammatory signals
might be involved in the transition from an endothelial to a hematopoietic fate. To
understand the role of CD32, we are going to perform loss of function experiments
using a drug-based or a genetic approach. First, we want to block CD32B activation
by means of a Lyn peptide inhibitor (drug-based approach). In fact, the inhibition of
the Lyn-mediated phosphorylation of the ITIM motif will prevent the signaling
transduction activated by the ligand-receptor coupling. However, Lyn kinase is
involved in several cellular process (Ingley, 2012). To avoid such aspecific and
confounding effect, we plan to genetically knock-out the expression of the gene using

base editing nucleases. In fact, Fc receptors share high degree of sequence homology
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thus resulting in low-efficiency and off-targeted Cas9-mediated genome editing. On
the contrary, base editors induce single point mutations into genomic DNA without
the creation of double-stranded DNA breaks (DSBs) (Rees & Liu, 2018), allowing us
to more efficiently knock-out CD32B.

In addition, dissecting the putative ligands of CD32B on the HE might unravel
its potential role during the EHT. The main reported ligands of FCGR are IgG-immune
complexes (IgG1-4 in humans) which bind to the receptors with different affinity.
FCGRII and III bind to the broad spectrum of IgG with low-affinity whereas FCGRI is
the only with high IgG affinity (100-1000-fold higher than the others) but preferential
binding for IgG1 and IgG3. The binding of IgG immune complexes to CD32B promotes
the activation of the receptor and the conventional inhibitory signaling. The immune
complex engagement on the receptor might also induce the co-ligation with ITAM-
containing receptors expressed on the cell surface (i.e. Dectinl, BCR, TCR) thereby
regulating their activation or expression by endocytosis (Hunter et a/, 1998; Malbec
et al, 1998; Karsten et al, 2012). However, during human embryonic development,
IgGs start to be produced at 12 weeks of gestation (Moro et a/, 1990) and maternal
IgGs are transferred to the fetus by transplacental delivery from the second trimester
of pregnancy (Kristoffersen & Matre, 1996; Mimoun et al/, 2020). In addition, Rag1
and Rag2-deficient and NOD.Cg-Prkdcscid I1I2rgtm1Wwjl/Sz] (NSG)
immunocompromised mice lack any B cells, hence IgG. However, they are viable and
show no hematopoietic abnormalities. Therefore, IgGs are unlikely the ligand that

mediates the putative role of CD32B on extra-embryonic and intra-embryonic HE.

In addition to IgG, FCGRs bind the acute phase reactant C-reactive protein
(CRP), a member of the pentraxin family of proteins (Bharadwaj et al, 1999; Stein
et al, 2000; Sundgren et al, 2011; Temming et al, 2021). In the adult, CRP is mainly
produced by the liver in response to different stimuli as inflammation and infection.
In addition, CRP expression is detectable in adult adipose and stromal cells (Ouchi et
al, 2003; Memoli et al, 2007). Other sources of CRP are endothelial cells, particularly
when stimulated with macrophage conditioned medium (Venugopal et al, 2005) or
electronegative low-density lipoprotein (Chu et al, 2013). However, CRP expression
in the embryo starts in the FL at E11.5. Therefore, CRP is unlikely the mediator of a
putative CD32B function on HE cells.
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Another alternative ligand of CD32B is the multifunctional protein fibrinogen-
like protein 2 (FGL2) also known as fibroleukin (Liu et a/, 2008). FGL2 belongs to the
fibrinogen-related protein superfamily because of the high homology with fibrinogen
B and y chains (fibrinogen related domain, FRED), conserved in fibrinogen family
members (Parr et al, 1995). FRED domain is required to promote fibrinogen
interaction with intercellular adhesion molecule 1 (ICAM-1) expressed on the
endothelium. The fibrinogen binding to vascular receptors has been demonstrated to
initiate leukocyte adhesion to the endothelium and trans-endothelial migration, thus
mediating early stages of immune inflammatory response (Languino et al, 1993,
1995). Therefore, FGL2-CD32B interaction might be involved in cell-cell interaction
modification required to the EHT. The Fg/2-null murine model shows developmental
defects and high rate of early embryonic lethality between E4.5 and E9.5 (Clark et
al, 2004; Foerster et al, 2007) or neonatal lethality (Mu et al, 2007). FGL2 is highly
conserved in human, mouse, and rat (Riegg & Pytela, 1995; Levy et al, 2000;
Yuwaraj et al, 2001; Rychlik et al, 2003) and exists in two different forms, a
membrane-bound (mMFGL2) and a soluble protein (sFGL2) (Yuwaraj et al, 2001). The
two forms share the FRED domain, responsible of the immunosuppressive activity of
sFGL2 (Chan et al, 2003), despite it remains poorly elucidated. To date, activated
cytotoxic and regulatory T lymphocytes have been described as the major producers
of sFGL2 so its involvement as CD32B ligand on the HE its unlikely (Riegg & Pytela,
1995; Marazzi et al, 1998; Shalev et al, 2008; Yang et al, 2013). Contrarily to sFGL2,
mFGL2 has not a reported role in the regulation of the immune response but shows
prothrombinase activity and related pro-inflammatory effect (Levy et al, 2000;
Marsden et al, 2003; Clark et al, 2004; Melnyk et al, 2011; Liu et al, 2012). mFGL2
is expressed as transmembrane protein (Liu et al, 2010; Yuwaraj et al/, 2001; Chen
et al, 2011b; Yang et al, 2013) on endothelial cells, epithelial cells, macrophages,
and dendritic cells. In addition, the first expression of mFGL2 starts at E6.5 in the
mouse embryo and remains constitutively expressed during embryonic development,
although the expression dynamically changes (Clark et al, 2004). Transcriptomic
analysis of CS7 (gastrulation stage) (Tyser et a/, 2021), CS11, CS13 human embryos
(Zeng et al, 2019; Tyser et al, 2021) highlighted that FGL2 is expressed in cells with
putative HE fate. The expression of FGL2 on endothelial cells might suggest its
functional role as adhesion protein. In this context, the binding FGL2-CD32 might be
required to accomplish the morphological changes needed for the EHT. To test this,
we will perform protein-protein interaction screenings as two-hybrid system,
crosslinking and immunoprecipitation and eventually mass-spectrometry that will

shed the light on the identity of CD32 ligands when expressed on HE.
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Since the HE is a central and evolutionary-conserved element for the
generation of blood cells during development, we postulate that the putative function
of CD32B in HE specification or maturation will likely be conserved between species,
possibly involving other FCGRs. On this regard, it must be noted that the biology of
FCGRs differs significantly between mouse and human. For instance, CD32B is the
only FCGR2 isoform expressed in murine model. On the other hand, the same family
in humans also includes the ITAM-based CD32A, C. Thus, the role of CD32B in
controlling the action of activating-type Fc receptors upon co-aggregation is limited
in mouse while widely experienced in humans (Malbec et a/, 1998; Sato & Ochi, 1998;
Brauweiler et al, 2001; Huang et al, 2003; Karsten et al, 2012). On the other hand,
mouse FcyRIIB has three splicing variants, FcyRIIB1, B1’, B2 differently from the two
in human. Although the sequences of human and mouse CD32B homologs are highly
conserved, the amino acid differences in their splicing variants have not been
functionally characterized. In addition, cellular expression can also vary between

humans and mice.

Our data performed on E10.5-E11 murine embryos indicate already
discrepancies between human and murine FCGRs expression in the developing
hematopoietic system. In fact, we observed that FcyRII is not expressed within
CD144*CD31*CD45"9CD43"9 endothelial population isolated from AGM or YS
whereas FcyRIII (CD16) is. Interestingly, available transcriptomic analysis performed
on E6.5-E8.5 murine embryos confirmed that hemato-endothelial progenitors
express FcyRIII but not FcyRII (Pijuan-Sala et al, 2019; Zhu et al, 2020). We
evaluated whether CD144+CD31*CD45M9CD43"9CD16/32*/"¢9 (referred to as
CD16/32* or CD16/32"9) populations isolated from E10.5-E11 AGM or YS samples
have different hemogenic potential ex vivo. We isolated the two fractions by FAC-
sorting and assessed their potential by co-culture on OP9DLL1 stroma. Neither the
AGM- nor the YS- derived CD16/32P°%/"9 fractions showed a significant enrichment of
hematopoietic frequency. However, the YS CD16/32* fraction showed a trend of
enriched hematopoietic output in terms of total hematopoietic progeny (CD45"*) and
committed erythroid cells (CD45"9Ter119%). Therefore, either CD16/32 does not
mark the HE in mouse, we are capturing a wrong developmental window and/or cells
do acquire CD16/32 the expression during the ex vivo culture. In order to draw
meaningful conclusion, LDA and other experiments are required. However our
preliminary results suggest that CD16 expression enriches for endothelial cells with
hematopoietic potential in the YS and as such it might be considered as extra-

embryonic HE marker. However, the activation of CD16 relies on an ITAM-based
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activating signal, opposite to CD32B. This would complicate the understanding of
their function in the specification or maturation of HE in mouse or human embryos.
Nevertheless, little is known on whether murine CD16 and human CD32B share
common mechanisms of activation and/or signal transduction. Regardless, if in the
mouse embryo CD16 will be validated as an HE marker for YS hematopoiesis,
particular attention will need to be paid to the careful dissection of HSC-dependent
and HSC-independent intra-embryonic hematopoietic program. In particular, defining
whether CD16 expression discriminates only extra- vs intra-embryonic HE cells, or
more globally HSC-non-competent vs HSC-competent HE cells. Such careful
dissection of the developmental programs will need to be performed in the human
model as well, since thus far most of our functional experiments have been performed

using the hPSC model that does not yield HSC yet.

The precise isolation of HE, both from in vitro cultures as well as developing
human embryos, will also help dissecting the missing steps for generating HSCs in a
dish, one of the major goals of our lab. In fact, we are currently unable to specify
cells towards an HSC fate. Culture conditions supporting HSC specification even from
cells derived from human embryos are lacking (Ivanovs et al, 2014; Easterbrook et
al, 2019) and the signals that cell-autonomously coax human HE cells to mature into
HSC are currently unknown. Studies in other animal models have shown that
signaling pathways involved in the process are inflammation (Guyre et al, 1983;
Shushakova et al, 2002; Velde et al, 1992), blood flow (Rhodes et al, 2008; Lux et
al, 2008; Adamo et al, 2009; North et a/, 2009) and RA signaling activation (Chanda
et al, 2013; Dou et al, 2016). In particular, RA signaling is critical for the generation
of HSCs from HE cells. However, the activation of the RA signaling on hPSC-derived
WNT-dependent HE did not support the emergence of HSCs (Yu et al, 2010; Rénn et
al, 2015; Dou et al, 2016). While our experiments have now identified an RA-
dependent HE population capable of contribute transiently to multilineage
hematopoiesis in vivo, RAd HE-derivatives are still lacking the long-term self-
renewing property of HSCs. We hypothesize that the activation of further specific
signaling(s) might be required to allow long-term engrafting HSC emergence from
RAd HE in vitro. Inflammatory signaling, biophysical forces stemming from the onset
of blood flow (sheer and circumferential stress) as well as additional RA signaling are
amongst the first pathways we will investigate. On the other hand, we cannot exclude
that the RAd HE gives rise to another hematopoietic wave devoid of HSC potential,

increasing the complexity of HSC-independent hematopoiesis. Regardless, further
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analysis is required to discriminate whether the HE potential remains enriched in the
CD32+DLL4"*9 fraction also in the RAd HE.

In conclusion, our hPSC-based tool allows to model the hematopoietic
development in vitro and to dissect the mechanisms underlying the emergence of
blood cells. In addition, it allows to evaluate markers to discriminate the HE
population in vitro. Notably, the in vitro analysis corresponds to in vivo or ex vivo

evidence.

We believe that recapitulating the ontogeny of the HE and characterizing its
identity throughout the different embryonic hematopoietic waves is crucial to provide
a complete view of developmental hematopoiesis. The characterization of the
transcriptomic and genomic accessibility landscape of hPSC-derived CD32* HE might
help us to discriminate the signaling pathways and transcriptional factors involved in
the specification of the hematopoietic fate during different hematopoietic programs.
In this way, the immuno-phenotypical definition of the HE would help to define
program-specific protocols to efficiently recapitulate the emergence of peculiar
hematopoietic progenitors in vitro with consequent clinical and therapeutical
relevance. In fact, the use of CD32 in combination with other endothelial markers
will allow to greatly enrich for cells with hematopoietic potential from a broad range
of hPSC lines, including those that do not differentiate efficiently to the hematopoietic
lineages using current protocols. This will also be extremely helpful to the production
of hPSC-derived blood therapeutics, even HSC-independent hematopoietic cell types,
like lymphoid cells for immunotherapy as well as microglia and tissue resident

macrophages for regenerative medicine applications.

97



5. Materials and methods

5.1 Human embryonic tissues

Human embryonic samples were obtained after elective medical termination of
pregnancy. Each patient signed an informed consent to approve the research use of
the samples. The study was approved by Ospedale San Raffaele Ethical Committee
(TIGET-HPCT protocol) or French National Ethic Committee (CEEI/IRB 21-854). The
developmental stage was established using the Carnegie classification (Tavian et al,
2004). Samples were either used immediately as fresh tissues (ex vivo and RNA
sequencing analysis) or fixed in PBS supplemented with 4% para-formaldehyde
(Sigma-Aldrich), embedded in Optimal Cutting Temperature (OCT) compound and

stored at —80°C (immunohistochemistry and immunofluorescence).

Human embryonic tissues (CS13) employed for ex vivo hematopoietic cultures
were collected by human developmental biology resource (HDBR), Newcastle
University, Newcastle, United Kingdom. The human embryonic tissues were
dissociated for 50 minutes at 37°C with 10mg/ml Collagenase/Dispase (Sigma-
Aldrich, 10269638001) in PBS with Ca?* and Mg?*, supplemented with 7% heat-
inactivated fetal bovine serum (FBS, Hyclone), 100 IU/ml penicillin (Invitrogen), 100
pg/ml streptomycin (Invitrogen) and 10ug/ml DNAse I (Calbiochem, 260913) and
filtered through a 40 pm cell strainer (Falcon, 352235), similarly to what was

previously described (Ivanovs et al, 2011).

Human embryonic tissues (CS13-CS14) analyzed by RNA sequencing were
processed in Manuela Tavian’s laboratory, Inserm, Strasbourg, France. Single-cell
suspensions were obtained after incubation in medium containing 0.23% w/v
collagenase Type I (Worthington Biochemical Corporation, NC9482366) for 30’ at
37°C and filtered through a 70 pm cell strainer (70 um, BD Biosciences).

5.2 Immunohistochemistry and immunofluorescence

Immunohistochemistry and immunofluorescence experiments were exclusively
performed in Manuela Tavian’s Lab, Inserm, Strasbourg, France. The techniques
employed have been previously described in (Sinka et al, 2012). The sections were
cut at 5 yum, incubated with primary antibodies overnight at 4°C. Biotinylated

secondary antibodies were added the next day for 1 hour at room temperature (RT).
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A third staining was performed for 1 hour at RT adding fluorochrome-labeled or
peroxidase-labeled streptavidin (Immunotech). Peroxidase activity was assessed by
the addition of PBS supplemented with 0.03% hydrogen peroxide, 0.025% 3,3-
diaminobenzidine (Sigma-Aldrich). Low amounts of antigens (CD32, ACE) were
revealed by Tyramide signal amplification (TSA) biotin and fluorescence amplification
systems (Akoya, Biosciences). When 3,3-diaminobenzidine was used on slides, they
were counterstained with Gill’'s hematoxylin (Sigma-Aldrich), mounted in XAM neutral
medium (BDH Laboratory Supplies), analyzed and imaged using an Optiphot 2
microscope (Nikon). Stained sections were mounted in Mowiol containing 4’,6-
diamino-2-phenylindole dihydrochloride. An isotype-matched negative control was
performed for each immunostaining. Immunofluorescent staining was observed on a
DMR/HCS fluorescence microscope (Leica DMS) and pictures were acquired using
Metavue software (Molecular Devices). The anti-human uncoupled primary
antibodies used are listed: uncoupled CD34 (QBEnd/10. Beckman), anti-human ACE
(BB9, BD Biosciences, 557813), anti-human CD32 (Biolegend, 303202) and rabbit
anti-human/mouse Runxl (Abcam, ab23980). Secondary biotinylated antibodies
were: goat anti-mouse IgG (Jackson Immuno Research) and goat anti-rabbit IgG
antibody (Jackson Immuno Research). Double-immunofluorescence staining used
Alexa688-labeled anti-mouse antibody (Life Technologies Invitrogen) coupled to

fluorescence amplification with the TSA Fluorescent Plus System.

5.3 RNA sequencing data analysis

Raw single-end reads quality control was determined using FastQC tool
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and read trimming was
performed using Trim Galore software (https://doi.org/10.5281/zenodo.5127899) to
remove residual adapters and low-quality sequences. Trimmed reads were aligned
against the human reference genome (GRCh38) using STAR (Dobin et a/, 2013) with
standard input parameters, and only uniquely mapped reads were considered for
downstream analyses. Reads were assigned to genes with the featureCounts tool
(Liao et al, 2014), using the GENCODE primary assembly v.34 gene transfer file (GTF)
as reference annotation for the genomic features. Transcript count matrices were
then processed by the R/Bioconductor differential gene expression analysis packages
DESeq2 (Love et al, 2014) following standard workflows. In particular, a paired

analysis was set up, modeling gene counts using the following design formula:
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~donor + condition. Genes with adjusted p-values less than 0.05 were considered

differentially expressed.

Lists of differentially expressed genes were analyzed for functional enrichment
analysis. Enrichment p-values were corrected for multiple testing using FDR. Gene
Set Enrichment Analysis (GSEA) was performed considering different the Gene
Ontology and Molecular Signatures Database using clusterProfiler (Wu et al, 2021)
(v 3.8.1, http://bioconductor.org/packages/release/bioc/html/clusterProfiler.html)
by pre-ranking genes according to Log2 Fold Change values. Enriched terms with an
adjusted p-value < 0.05 were considered statistically significant. Volcano plots were
generated using the ggplot2 R package (https://ggplot2.tidyverse.org) and have
been used to display RNA-seq results plotting the statistical significance (adjusted P-
value) versus the magnitude of change (fold change). Heatmaps were generated
using the pheatmap R package (https://CRAN.R-project.org/package=pheatmap).
Surface genes were extracted using the surfaceome database (Bausch-Fluck et al,
2018) (http://wlab.ethz.ch/surfaceome/).

5.3.1 Public single-cell RNA-seq datasets visualization

Single-cell RNA-seq dataset from (Pijuan-Sala et al, 2019) was downloaded using the
MouseGastrulationData R package, whereas the dataset from was downloaded from
(Zhu et al, 2020) the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137116). Raw counts
and cells metadata were retrieved and a Seurat object was created for both the
datasets using the CreateSeuratObject function from the Seurat R package (Stuart
et al, 2019) (v 3.2.2, https://cran.r-project.org/web/packages/Seurat/index.html).
Then, expression values were log-normalized using the NormalizeData function and

were visualized using the VInPlot function from the same R package.

5.4 Murine embryonic fibroblasts

Murine embryonic fibroblasts (MEF) were isolated from Swiss Webster E13.5
embryos. Cells were expanded for five passages and irradiated at 30 Gy. The culture
medium before or after the irradiation consists of IMDM (Invitrogen, 12200069)
supplemented with 2.54 g of Sodium Bicarbonate (Life Technologies), 15% FBS
(Hyclone), 100 IU/ml penicillin (Invitrogen), 100 pg/ml streptomycin (Invitrogen),
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1% glutamine (Invitrogen) and 400 uM 1-Thioglycerol solution (Sigma-Aldrich,
M6145). After irradiation, 250000 cells/well were plated on a 6-well plate coated with
1 ml/well 0.1% gelatin (Sigma-Aldrich, G1890-100G) 15’ in advance and aspirated

right before use.

5.5 Human embryonic stem cells

The use of human embryonic stem cells (hESC) was approved by the Ospedale San
Raffaele Ethical Committee, included in the TIGET-HPCT protocol. H1, H9 or HES2
hESCs were grown on irradiated MEF feeders in DMEM/F12 medium (Corning,
L022046-10092CVR) supplemented with 25% of KnockOut™ Serum Replacement
(Gibco, 10828028), 100 IU/ml penicillin (Invitrogen), 100 pg/ml streptomycin
(Invitrogen), 1% glutamine, 0.1% B-Mercaptoethanol, 0.7% of MEM Non-Essential
Amino Acids Solution (Thermo Fisher, 11140035). 0.1 ul/ml Ciprofloxacin HCI
(Sigma-Aldrich, PHR1044-1G) and 20-30 ng/ml human recombinant basic fibroblast
growth factor (bFGF, R&D, 233-FB-500/CF) were added to hES medium right before
usage. Fresh medium was added every day to the cells in culture. After 4-5 days
from thawing, hESCs were detached by adding 0.5 mli/well of pre-heated 0.25%
Trypsin-EDTA (Thermo Fisher, 25-200-056) for 1’ at room temperature. Then,
Trypsin-EDTA was aspirated, and eventual residues stopped by “Wash medium”
(DMEM-F12 supplemented with 5% KSR, 25 mM HCI) supplemented with 10% FBS
and 10 ul/ml DNAse I. Cells were additional dissociated by scraping, collected and
centrifuged at 1000 rpm for 5'. Eventually cells were plated on new MEF for additional
4-5 days of expansion. Before differentiation, cells were split 1:2 onto Matrigel
(Corning, 356230) coated 6-wells for 24-48 hours to deplete feeders. Cells were
maintained and expanded at 37°C, 21% 02, 5% CO..

5.6 Hematopoietic differentiation

After the feeder depletion step, hESCs were dissociated by TrypLE (Thermo Fisher
Scientific, 12605010) and scraping, similarly to the procedure observed during cell
expansion. Cells were collected in "Wash medium” supplemented with 10 ul/ml
DNAse I, centrifuged at 1000 rpm for 5’ and resuspended at 250000-400000 cells/ml
and plated into 6-wells plates coated with 5% polyheme solution (Sigma-Aldrich,
P3932) to avoid cell adhesion. The differentiation was performed at 37°C, 5% Oy,

5% CO2. For the first three days of differentiation (i.e. mesoderm induction and
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patterning), the base medium consists of 75:25 mixture of IMDM:Ham’'s F-12
supplemented with BSA to a final concentration of 0.05% w/v. To induce the
hematopoietic and endothelial specification, we used a Stempro-34 base medium
(Life Technologies, 10639011). The base media were supplemented with 1%
glutamine, 50 pg/ml ascorbic acid, 150 pg/ml transferrin, 400 uM 1-Thioglycerol
solution (Sigma-Aldrich, M6145). In addition, the differentiation medium was
changed and supplemented with specific cytokines and small molecules to induce
WNT-dependent and -independent hematopoiesis as previously reported (Ditadi &
Sturgeon, 2016).

5.6.1 Aldefluor assay

To evaluate the regulation of Notch, AhR and TGFp in the specification of a RA-
responsive mesoderm, we treated hESC-based differentiation cultures at day 2 by
supplementing the differentiation medium with 10 uM GSI (Tocris Bioscience, 2627),
1 uM SR 1 (Cayman Chemical Company, 10625), 0.3 uM SB 431542 (Cayman
Chemical Company, 13031) or 1-10 ng/ml of Activin A (Miltenyi Biotech, 130-115-
010). ALDH assay was performed at day 3 of hematopoietic differentiation (36 hours
after the small molecules treatment) according to the manufacturer’s instruction
(Stemcell Technologies, 01705).

5.6.2 Mesoderm isolation and RA treatment

KDR*CD235"°9CD184+/"%9 cells were isolated by FAC-sorting at day 3 of WNT-
dependent differentiation and reaggregated at 300000 cells/ml in a low-adherence
24-well plate in day 3 differentiation medium as described in (Ditadi & Sturgeon,
2016). Cells were grown at 37°C, 5% 02, 5% CO.. After 6 hours, cells were fed with
additional T3 medium supplemented ATRA (Sigma, R2625) to obtain a final
concentration of 1nM or an equal volume of DMSO. The derived CD34*CD43"9 cells

were sorted at day 8 of differentiation.

5.7 OP9DLL4 or OP9DLL1 co-culture for T and NK lineage differentiation

OP9 cells expressing human DLL4 or murine DLL1 were generated as previously
described (Kennedy et al/, 2012). OP9DLL4/DLL1 cells were maintained in Alpha
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Minimum Essential Medium (Alpha-MEM, Thermo Fisher, 12000063) supplemented
with 2.2 g/L sodium bicarbonate (Corning, 61-065-R0O), 10% FBS (Hyclone), 100
IU/ml penicillin (Invitrogen), 100 ug/ml streptomycin (Invitrogen), 1% glutamine
(Invitrogen). The cells were cultured at 37°C, 21% 02, 5% CO2 on 10 cm-Petri dishes

and divided every 2-3 days at a confluence of 80%.

5.8 T- and NK lineage differentiation

To test the T- or the NK- cell potential, 150-500 candidate cells isolated by FAC-
sorting were seeded on OP9DLL4/DLL1-coated 24-well plates. 60000 OP9DLL4/DLL1
cells/well were seeded on 24-well the day before. OP9DLL1 were used for the
experiments performed on human embryonic samples. On the other hand, hPSC-
derived cells isolated at day 8 of differentiation were seeded on OP9DLL4 stroma. For
both T- and NK- cell differentiations, the cells were cultured in Alpha MEM (Thermo
Fisher, 12000063) supplemented with 2.2 g/L sodium bicarbonate (Corning, 61-065-
RO), 20% FBS (HyClone), 100 IU/ml penicillin (Invitrogen), 100 pg/ml streptomycin
(Invitrogen), 1% glutamine (Invitrogen) and 400 uM 1-Thioglycerol solution (Sigma-

Aldrich, M6145)) supplemented with lineage specific cytokines.

For T lineage differentiation, T-cell specific cytokines were added to “Alpha
MEM base medium”: 5 ng/ml IL7 (130-095-362), 5ng/ml FLT3l (130-096-479), 50
ng/ml SCF (130-096-696) (only for the first 5 days of differentiation). All cytokines
were purchased from Miltenyi Biotech. The cells were split every 4-5 days and plated
on freshly seeded OP9DLL4/DII1. T-lymphoid output was assayed by FACS analysis
after 21-24 days of differentiation.

For NK-specific differentiation, the cells were seeded on OP9DII1 stroma in
“Alpha MEM base medium” supplemented with 5 ng/ml IL7, 5ng/ml FLT3l, 10 ng/ml
IL15 (130-95-765), 30 ng/ml IL3 (130-095-070. only for the first 7 days of
differentiation). Cytokines were purchased from Miltenyi Biotech. The cells
maintained for 14 days on the same stromal cells. Every 7 days, the culture was
supplemented with fresh medium. The differentiation was prolonged to 21 days for
LDA assays in which 1, 5, 10. 25, 30. 50 or 100 cells were directly seeded on
OP9DLL1-coated 96-well during FAC-Sorting. NK-lymphoid output was assayed by
FACS analysis.
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5.9 Colony forming cell assay

OP9DLL1/0OP9DLL4 cells were irradiated at 30 Gy. 120000 cells/well were seeded on
a 24-well plate the day prior to use. FAC-Sorted cells were seeded on irradiated
OP9DLL1/0OP9DLL4 in Alpha-MEM (Alpha-MEM, ThermoFisher, 12000063)
supplemented with 20% FBS (HyClone), 100 IU/ml penicillin (Invitrogen), 100 pg/mi
streptomycin (Invitrogen), 1% glutamine (Invitrogen), 30 ng/ml TPO (130-095-747),
10 ng/ml BMP4 (314-BP-MTO), 50 ng/ml SCF (130-096-696), 25 ng/ml IGF1 (130-
093-887), 10 ng/ml IL11 (130-103-439), 10 ng/ml FLT3I (130-096-479), 4 U/ml EPO
(100-64). After five days, cells in suspension were collected while adherent cells were
detached by 0.25% Trypsin-EDTA for 3’ at 37°C. Trypsin-EDTA was stopped by
adding Alpha-MEM supplemented with 10% FBS (Hyclone). Cells were filtered
through a 40 uM filter and centrifuged at 1000 rpm for 5’. The cell pellet was
resuspended in 100 ul of medium and seeded on methylcellulose medium (Stemcell
Technologies, H4034). WNT-independent hematopoietic cultures were seeded on
methylcellulose supplemented with 150 ug/ml transferrin (R&D, 2914-HT), 50 ng/ml
TPO, 10 ng/ml VEGF (MAB3572), 50 ng/ml IL3 (130-095-070), SCF 100 ng/ml, 10
ng/ml IL6 (130-093-934), 50 ng/ml IGF1, 5 ng/ml IL11, 4 U/ml EPO, GM-CSF 1
ng/ml (130-093-864), 6 uM SB 431542 (Cayman Chemical Company, 13031). WNT-
dependent hematopoietic cultures were seeded on methylcellulose supplemented
with 150 ug/ml transferrin, 50 ng/ml TPO, 10 ng/ml VEGF, 10 ng/ml IL6 (130-093-
934), 50 ng/ml IGF1, 5 ng/ml IL11, 4 U/ml EPO. Colonies’ number and morphology
was evaluated after fifteen days by light microscopy. All the cytokines were
purchased by Miltenyi biotech except for EPO, Peptrotech, BMP4 and VEGF, R&D.

5.10 Multilineage clonal assay

Single CD34*CD43"9CD184"9CD73"9DLL4+/"eICD32+/"e9/CD44+/"e9  cells were
seeded into a Matrigel-coated (Corning, 356230)- well of 96-well plate during the
sorting procedure. The cells were seeded in Stempro media (Life Technologies,
10639011), complemented with 1% glutamine, 50 pug/ml ascorbic acid, 150 pg/ml
transferrin, 400 pM 1-Thioglycerol solution (Sigma-Aldrich, M6145), 30 ng/ml TPO,
10 ng/ml VEGF (R&D, MAB3572), 5 ng/ml bFGF (R&D, 233-FB-500/CF), 30 ng/ml
IL3 (130-095-070), SCF (130-096-696), 50 ng/ml IGF1 (130-093-887), 10 ng/ml
IL6 (130-093-934), 5 ng/ml IL11 (130-103-439), 4 U/ml EPO (Peprotech, 100-64).

Hematopoietic and non-hematopoietic clones were evaluated by light microscopy and
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FACS analysis after 10 days of culture. Cytokines were obtained from Miltenyi Biotech

except when differently reported.

5.11 Mouse embryonic tissues

All procedures involving mice were in compliance with the Animal Care and Use
Committee of the Ospedale San Raffaele (IACUC 841) and communicated to the
Ministry of Health and local authorities according to the Italian law. Mice were housed
with free access to food and water and maintained in a 12-hour light-dark cycle.
Pregnant CD-1 mice were obtained by Charles River Laboratories and sacrificed at
E9.5-E10.5 by CO2 narcosis. The uterus was collected into a petri dish with PBS
supplemented with 10% FBS and cut into single embryo units with scissors and
forceps. Single embryo unites were further dissected to remove the outer uterine
muscular membranes and to expose the YS and the embryo proper. First, YS was
gently separated from the embryo proper by cutting at the origin of the vitelline
vessel. For P-Sp/AGM isolation, the caudal part was isolated from the rest of the
embryo and somites were removed by using thin needle-syringes. The isolated
tissues were kept on ice during the procedure. Samples were dissociated for 15’ at
37°C with 0.1% Collagenase type I (Sigma-Aldrich, SCR103) in PBS with Ca?* and
Mg?* supplemented with 5% FBS. Then, samples were dissociated by gentle manual

pipetting.

5.12 Murine xenografts

0.5-5x10° CD34*CD43"9 cells isolated from DMSO- or ATRA-treated hPSC-based
hematopoietic differentiation cultures were intra-hematically injected into neonatal
NSG mice. Peripheral blood (PB) and BM aspirates were collected every 4 weeks to
assess the xenograft persistence. PB was collected by retroorbital vein. BM aspirate
was obtained from the injected femur under deep anesthesia, by inserting a 29G
needle syringe into the distal femur shaft. Both BM and PB samples treated with ACK
lysis buffer (0.15 M NH4CL, 0.01 M KHCO3, 1x10* M NazEDTA) to properly lyse red
blood cells. Mice were sacrificed by CO2 four months post-transplantation. After
sacrifice, BM were harvested, and blood cells collected by flushing it using a 29G
needle syringe. The collected cells were treated with ACK as above. The animal

studies were performed as indicated in the IACUC 841/710 communicated to Ministry

105



of Health and local authorities and approved by the Animal Care and Use Committee

of the Ospedale San Raffaele and the Italian law.

5.13 Multilineage assay from murine samples

Candidate cells (0.5-10x103) were cultured on 24-well plate containing OP9 cells
expressing Delta-like 1 (OP9DLL1) in a-MEM supplemented with 100 ug/ml penicillin-
streptomycin (Invitrogen), 20% FBS (Hyclone), mouse (m) SCF 50ng/ml (130-101-
697), mTPO 50ng/ml (130-096-301), mGM-CSF 3ng/ml (315-03), mIL3 30 ng/ml
(130-099-511), mIL6 5 ng/ml (130-096-685), mFLT3 10 ng/ml (130-097-372), mIL7
5 ng/ml (130-108-957), EPO 2U/ml (100-64). All cytokines were purchased from
Miltenyi but mGM-CSF and EPO, Peprotech. After five days co-cultures were
transferred onto fresh OP9DLL1 cells by vigorous pipetting and passaging through a
40 uM cell strainer. Cells were analyzed by flow cytometry at day 11. 1, 3, 10. 30.
100 cells were sorted directly onto individual wells of a 96-well plate containing

OP9DII1 cells and cultured as above.

5.14 Gene expression analysis by quantitative real-time PCR

Total RNA was prepared using ReliaPrep RNA Miniprep Systems (Promega, Z26012)
and retro-transcribed using random hexamers and Oligo(dT) with ImProm-II Reverse
Transcription System (Promega, A3800), according to the manufacturer’s
instructions. Real-time quantitative PCR (qPCR) was performed on a Viia 7 Real-Time
PCR System (Thermo Fisher). The samples were analyzed in technical replicate on
FrameStar FastPlate 96 (4titude, cat. 4ti-0910/C) using Fast SYBR Green Master Mix
(Thermo Fisher Scientific, cat. 4385617). Expression levels were normalized to the
housekeeping gene p-actin. The oligonucleotides used are: mFCGR2b FW
CGGTGACACTGACATGCGAA, RV ATGGTGACAGGCTTGGACTGG; mFCGR3 FW
ATGGTGACACTGATGTGCGAAG, RV CTGAGGGGTCTGGAGCAGCA; mp-actin FW
AGGTGACAGCATTGCTTCTGTG, RV CTCAGACCTGGGCCATTCAGAAT.

5.15 Cell staining, flow cytometry and cell sorting

Samples for FACS analysis or cell sorting were incubated with antibody mixes for 15-

30’ at 4°C The staining The antibodies employed are listed in the table included in
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paragraph 5.17. Dead cells were excluded using 7AAD during staining or collected in
a solution of 7-aminoactinomycin D (2 pg/ml) before sorting. Cells were sorted with
FACSAria II (BD). Sorting gates were set using appropriate fluorescence minus one
(FMO) and single staining controls. FACS-analysis were performed either at FACS

Canto, (BD Biosciences) or Cytoflex S (Beckman Coulter).

5.16 Ethical statement

All the procedures involving mouse models were performed according to the protocols
acknowledge by the Animal Care and Use Committee of the Ospedale San Raffaele
(IACUC 841). The Ministry of Health and local authorities were duly informed
according to the Italian law. The mouse animal models share significant genetic
similarities with humans and represent the specie with the lowest neurological
development. Therefore, they have been employed through the study when no
suitable alternative exists and to research purpose only, embracing the policy of the
3 Rs: reduction, refinement and replacement. In details, the experiments were
designed to minimize the number of animals used but to achieve statistically
significant scientific results (reduction). The number of animals needed was
calculated in advance, to avoid the use of excessive number of mice and redundant
experiments. All the experimental procedures were designed to reduce animal
distress and suffering (refinement). Food and water were at /ibitum available and
routinary changed. The number of mice per cage were set to five to limit animal
distress. Before sacrifice, the animals were anesthetized using Isofluorane. The
euthanasia was performed by CO:z narcosis. Whenever possible, the use of animals

was replaced by in vitro hPSC-based systems (replacement).

The use of hESC to accomplish this work was approved by Ospedale San
Raffaele Ethical Committee, included in the TIGET-HPCT protocol.

The human embryonic tissues employed in this thesis were obtained by
informed consent after elective termination of pregnancy. The tissues used for ex
vivo analysis were collected by Human Developmental Biology Resource (HDBR),
Newcastle University, Newcastle, United Kingdom. The use of human embryonic
material was approved by the Ospedale San Raffaele Ethical Committee (protocol
TIGET-HPCT) or French National Ethics Committee (CEEI/IRB 21-854).
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Overall, the use of human material in the laboratory followed the international
regulations, as the Declaration of Helsinki and the Belmont Report, updated

throughout the years according to the scientific advancement.

5.17 Table 1: Antibodies list

Anti-mouse antibodies Fluorofore Brand Catalogue number Dilution
anti-IgG1 PE Southern Biotechnology 1070-05 1:1000
CD117 APC H7 BD 560250 1:200
CD11B PE VIO 770 Miltenyi 130-113-808 2:100
CD16/32 PE Miltenyi 130-120-295 2:100
CD16/32 PE Cyanine 7 eBioscience 25-0161-82 5:100
CD4 APC BD 553051 1:200
CD41 PE BD 561850 2:100
CD41 VIOBLUE Miltenyi 130-105-870 2:100
CD45 BV605 BD 563053 2:100
CD45 VIOBLUE Miltenyi 130-110-802 2:100
CD8A APC VIO 770 Miltenyi 130-109-250 1:200
Ly6G FITC Miltenyi 130-120-820 2:100
Scal FITC Miltenyi 130-116-490 2:100
Ter119 PE BD 553673 2:100
_D16/CD32 Rat anti Mouse - BD 553142 1:100
7AAD BD 559925 1:100

Anti-human antibodies

ACE (BB9) - BD 557813 2:100
CD184 Bv421 BD 562448 1:100
CD235a APC BD 563666 2:100
CD235a PE Cyanine 7 BD 563666 2:100
CD32 PE BD 303206 2:100
CD34 APC Beckman Coulter IM2472 2:100
CD34 PE Cyanine 7 Biolegend 343616 1:400
CD34 PE Cyanine 7 eBioscience 25034942 1:400
CDh4 PE Cy7 BD 560649 2:100
CD43 FITC BD 555475 10:100
CD44 PE Miltenyi 130-113-342 2:100
CD45 APC Cyanine 7 Biolegend 368516 1:100
CD45 FITC Beckman Coulter A07782 2:100
CD45 Bv421 BioLegend 304032 2:100
CD5 PE BioLegend 300607 5:100
CD56 BV421 BD 740076 3:100
CD7 APC BD 561604 2:100
CD73 Bv421 BD 562430 3:100
CD8 PE Biolegend 31051 2:100
DLL4 APC Biolegend 346508 1:100
KDR Biotin Miltenyi 130-120-479 2:100
KDR Biotin R&D MAB3572 5:100
Streptavidin APC BD 554067 2:100
Streptavidin PE BD 554061 1:200
Fcr Blocking reagent human - Miltenyi 130-059-901 20:100
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6 Appendix to main results (I)

6.1 Mesodermal activation of RA pathway triggers a distinct WNT-dependent

hematopoietic wave from hPSCs

The main goal of this thesis is to unravel the embryonic hematopoietic development
and characterize the heterogeneity of the HE population across the different
embryonic hematopoietic waves. As discussed, while different hematopoietic waves
originate from the HE, the hematopoietic output of these programs is profoundly
different. In particular, only the HE generated during the last, intra-embryonic
hematopoietic wave harbors the potential to generate HSCs (Dzierzak & Bigas, 2018).
In the previous chapter we have discussed the identification of a specific marker to
track and study HE cells. Herein we will present our efforts to specify HSCs from
hPSCs. We hypothesized that the current failure in generating HSCs in vitro reflects
an incorrect hematopoietic specification. For this, we focused on the signaling
pathways that may differ between HSC-dependent and HSC-independent HE

populations that emerge intra-embryonically.

RA signaling is essential for HSC emergence (Chanda et al, 2013; Goldie et
al, 2008) and suppresses the extra-embryonic hematopoiesis in zebrafish and mouse
model (Jong et al, 2010). However, the current hPSC-based in vitro models lack any
RA source during hematopoietic differentiation. Previous experiments manipulating
the RA signaling on hPSC-derived WNT-dependent HE failed to yield HSC-like progeny
(Yu et al, 2010; Roénn et al, 2015; Dou et al, 2016). However, the enforced
overexpression of seven transcription factors (ERG, HOXA5, HOXA9, HOXA10. LCOR,
RUNX1 and SPI1) allows the HSC emergence from hPSC-derived WNT-dependent HE
(Sugimura et al, 2017). Notably, the seven transcription factors include three RA
direct target genes (HOXA5, HOXA9, HOXA10) (Dou et al, 2016) and the ligand
dependent corepressor (LCOR) that modulate RAR/RXR-mediated transcriptional
activation of RA responsive genes (Fernandes et al, 2003). Therefore, we
hypothesized that RA signaling might play an important role in the specification of
HSC-competent HE cells throughout the activation of a stemness program in HE cells
via the regulation of homeobox (HOX) genes expression. In fact, HOXA genes are a
conserved family of transcription factors involved in the specification of cell identity
in early development and known to be expressed in WNT-dependent HE in both
human and murine AGM (Ng et al, 2016; Kennedy et al, 2012; Gao et al, 2018).
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The production of RA from the physiological precursor ROH consists of a series
of oxidative reactions. Among these, RALDH2 (encoded by ALDHA1AZ2) catalyzes the
irreversible conversion of retinaldehyde to ATRA during embryogenesis (Niederreither
& Dollé, 2008) (Introduction: paragraph 1.9). To investigate the RA signaling
requirement during hematopoiesis, we took advantage of the Aldefluor assay, that,
as previously described, allows to monitor the activity of ALDH enzymes, including
RALDH2, during hPSC-based in vitro hematopoietic differentiation. Since RA has a
fundamental role in regulating the mesodermal patterning during the early
development of different systems (Duester, 2008), we initially checked ALDH
expression at mesodermal level (day 3 of hPSC-derived hematopoietic
differentiation). Surprisingly, we found that ALDHs are selectively activated in WNT-
dependent KDR*CD235(GYPA)™? but not in WNT-independent KDR*CD235*
mesoderm cells, suggesting RA signaling might play a role in WNT-dependent
mesoderm specification (Figure 33 a). To better characterize the mesodermal
populations, our collaborators in Christopher Sturgeon Lab, Icahn School of Medicine
at Mount Sinai, New York, performed a single cell RNA sequencing on day 3
differentiation cultures obtained during WNT-dependent or WNT-independent
differentiations (Figure 34). In agreement with what previously shown by FACS
analysis (Figure 33 a), WNT-independent KDR*GYPA* cells had virtually no
ALDHA1A2 expression but express high levels of CYP26a, the enzyme that catabolizes
RA (Figure 34 a, b). On the contrary, ALDHA1A2 was robustly expressed by WNT-
dependent KDR* cells (Figure 34 b). To identify candidate RA-responsive subset of
cells, our collaborators in Christopher Sturgeon Lab performed differential gene
expression analysis between WNT-dependent KDR*ALDH1A2* vs KDR*ALDH1A2"¢9
populations, which revealed CXCR4 (that encodes for CXCR4 or CD184) as a
candidate cell surface marker (Figure 34 b). Flow cytometry analysis confirmed that
CD184 is expressed within KDR* cells obtained at day 3 of WNT-dependent
hematopoietic culture. In contrast, day 3 WNT-independent KDR®* cells show
significantly lower CD184 expression (Figure 33 b). In addition, ALDH activity
measured via Aldefluor segregated to the KDR*CD184* WNT-dependent mesoderm
(Figure 33 c). These results hint at a possible role of RA signaling in the specification
of a RA-dependent (RAd) HE from WNT-dependent CD184+ mesoderm.
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Figure 33 — WNT-dependent CD184+*mesoderm shows ALDH activity

Representative plots of WNT-independent (upper panel) and WNT-dependent (bottom panel)
mesoderm at day 3 of hPSC-derived EB differentiation. a) ALDH activity is restricted to WNT-
dependent KDR* cells and barely present in WNT-independent hematopoietic cultures. Gated
on SSC/FSC/Live. n=3, independent as shown in the bar plot underneath. b) WNT-dependent
mesoderm is subdivided in two subpopulations according to CD184 expression. CD184 is
expressed to a less extent in WNT-independent KDR* cells as shown in the bar plot below.
Gated on SSC/FSC/Live. n=3, independent. c) ALDH activity is restricted to the WNT-
dependent KDR*CD184* mesoderm. Gated on SSC/FSC/Live/KDR*CD235"9, n=3,

independent as shown in the bar plot below. WNTi: WNT-independent; WNTd: WNT-
dependent.
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Figure 34 - scRNA-seq analysis of WNT-independent and WNT-dependent cultures at day 3 of
differentiation

a) Top panels, UMAP plots of sample origin (left panel) and transcriptional distinct clusters
within WNT-independent or WNT-dependent differentiation cultures at day 3 (right panel).
Lower panel, expression of KDR and GYPA genes within WNT-independent (WNTi, on the left)
and WNT-dependent (WNTd, on the right) differentiation cultures. Cluster 6 contains mostly
WNTi cells and expresses GYPA at 2.9-fold higher than the rest of the dataset. b) Violin plots
for CYP26A1 and ALDH1A2 expression within WNT-independent KDR*GYPA* and WNT-
dependent KDR*GYPA"®9 cells, as indicated. UMI: unique molecular identifier. c) UMAP plots
visualizing clusters of WNTd KDR* cells (left panel) further subset by the expression of
ALDH1A2 (middle panel) and CXCR4 (right panel). CXCR4 is enriched 2.5-fold (adj. p val. =
4x10-14615) within ALDH1A2* cells.

To dissect whether these two WNT-dependent mesodermal sub-populations
differentially = contribute to hematopoietic  development, we isolated
KDR*CD184"9CD235"9 (referred to as CD184"™9) and KDR*CD184*CD235"9
(referred to as CD184%) cells by FAC-sorting. Remarkably, both populations give rise
to CD34*CD43m9 endothelial population (Figure 35). However, only the CD184n"ed
mesoderm harbored HE activity with multilineage hematopoietic potential, giving rise
to erythro-myeloid and T-lymphoid cells (Figure 36 a, b). In contrast, CD184*
population did not show any hematopoietic potential (Figure 36 a, b). Considering
that ALDH activity was enriched in the CD184* mesoderm, we hypothesized that this

population may require RA signaling activation for HE specification. If so, the

112



CD34*CD43"9 population derived from CD184* mesoderm would lack hematopoietic
potential in the absence of exogenous sources of RA. The treatment of freshly isolated
CD184* populations with ATRA did not alter the generation of CD34*CD43"e9
population (Figure 35). Strikingly, the RA-treatment of CD184* mesoderm specified
endothelial population that harbored multilineage hematopoietic potential (Figure 36
a, b). While RA triggers the hemogenic activity from CD184+ mesoderm, it does not
affect the hematopoietic potential derived from the CD184"9 mesodermal
counterpart (referred to as RA-independent, RAi). Of note, the RA-mediated effect
on CD184* mesoderm was reproducible on different cells lines (Figure 36 a). Our
results suggest that CD184* and CD184"9 mesodermal cells specify distinct HE

populations within WNT-dependent hematopoietic differentiation cultures.
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Figure 35 - CD184%*/"¢9 mesodermal populations generate CD34*CD43"9 endothelial cells

Representative plots, sorting strategy and experimental layout. From the top, gating strategy
for the isolation of KDR*CD184"¢9 and KDR*CD184% cells at day 3 of WNT-dependent
hematopoietic differentiation (Gated on SSC/FSC/Live/CD235m9). The sorted populations were
treated either with DMSO or ATRA and cultured until day 8 of hematopoietic differentiation. At
day 8, CD34+*CD43"¢9 cells were isolated from the different samples (middle panel, gated on
SSC/FSC/Live). N=2, independent.
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Figure 36 - RA-treatment of CD184* mesoderm allows the emergence of RAd hemogenic
potential

Isolated WNT-dependent CD184%/"¢9 mesoderm was treated with DMSO/ATRA as shown in
Figure 35. The CD184*- derived CD34*CD43"9 cells show a) erythroid and myeloid (on the
left: H9 line, N=2, independent; on the right: HES2 line, N=1) or b) T-lymphoid progenitors
only after RA-treatment (H9 line, representative plots of N=2, independent. Gated on
SSC/FSC/Live/CD45*CD56"¢9). On the other hand, CD184"9 mesoderm give rise to
hematopoietic progenitors regardless to DMSO or RA-treatment.

As additional functional characterization of RAd HE, we treated bulk WNT-
dependent cultures with either DMSO or ATRA to induce RAi or RAd hematopoiesis,
respectively. Then, we isolated CD34*CD43"9 cells and assessed their ability to
engraft into sub-lethally irradiated immunocompromised recipients. Together with
our collaborators, we evaluated the short- and long-term contribution to
hematopoiesis from 6 to 14 weeks after transplant by looking at their hematopoietic

progeny at the injection site, the bone marrow (BM) of the femur, and as circulating
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hematopoietic cells (peripheral blood, PB). As expected, CD34+*CD43"9 cells derived
from DMSO-treated mesoderm lack any engrafting ability (referred to as RAi in Figure
37). However, CD34*tCD43"9 cells derived from RA-treated hematopoietic cultures
(referred to as RAd in Figure 37) gave rise to a transient human hematopoietic
(CD45") population, detectable in the BM niche and in the PB until 8-10 weeks post-
transplantation (Figure 37 a, b). Despite the frequency of human chimerism remains
low and decreases over time, engrafting cells show multilineage potential, giving rise
to CD33* myeloid cells and CD19* B-lymphoid lineage (Figure 37 c).

In conclusion, these results indicate that RA signaling activation at
mesodermal level is fundamental to the emergence of CD34"* cells that generate a
transient multilineage hematopoietic engraftment Jjn vivo that functionally
distinguishes them from RAi CD34* cells. The presented data are collected in the
manuscript “Identification of a retinoic acid-dependent hemogenic endothelial

progenitor from human pluripotent stem cells” now under review at Nature Cell
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Figure 37 - RA signaling activation at mesodermal level generates CD34+ cells with engrafting
potential

a) Representative plots of hematopoietic progenitors derived from the BM of sub-lethally
irradiated immunocompromised mice 4 weeks after the injection. Mice have been injected with
hPSC-derived CD34*CD43"¢9 cells obtained from DMSO-treated (RAi, left panel) or ATRA-
treated (RAd, right panel) mesodermal cells. b) Frequency of human hematopoietic progenitors
in the PB (left panel) or BM (right panel) of sub-lethally irradiated immunocompromised mice.
hPSC-derived CD34+*CD43"9 cells obtained from RAd (black and red circles) or RAi (green
triangles) WNT-dependent hematopoietic cultures have been injected into male or female adult
mice and their repopulation potential have been assessed after 4 to 14 weeks. c) Frequency
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of hematopoietic contribution of engrafting RAd HE in irradiated immunocompromised mice.
Blue: lymphoid (CD45+*CD19%); yellow: myeloid (CD45*CD33%); red: other hematopoietic
lineages (CD45+CD19"¢9 CD33"¢9). M: male; F: female.

With this compelling data in our hands, we sought to understand the
mechanisms that regulate the emergence of a WNT-dependent RAd mesoderm.
Therefore, we analyzed putative pathways that might regulate the specification of a
RA-responsive mesoderm, in particular the expression of CD184 and ALDH. We

focused our attention on the aryl hydrocarbon receptor (AHR), Transforming growth

factor-beta (TGF3) and Notch pathways. Indeed, CD184 has been shown to be a

direct target of Notch pathway (Yamamizu et a/, 2013) and binding sites for AHR are
present on the Aldhia2 promoter (Wang et al, 2001). In addition, the AHR pathway
regulates the expression of ALDH1A2 (Simones & Shepherd, 2011; Franchini et al,
2019) and, together with the Notch signaling influences CD184 expression in cancer

cells (Dubrovska et al, 2012; Williams et al, 2008; Xie et al, 2013). On the other
hand, TGFS signaling modulates ALDHs activity (Katsuno et al/, 2012; Bae et al,

2016; Nishida et a/, 2018).

We evaluated the effect of the inhibition/antagonism of each of the three
pathways by treating the cells at day 2 of differentiation, time of WNT-dependent
mesodermal patterning. We analyzed the mesodermal commitment after 36 hours.
The inhibition of Notch signaling occurred via gamma-secretase inhibitor (GSI)

whereas StemRegenin 1 (SR1) was used to antagonize the AHR. In addition, SB

431542 was used to selectively inhibit the TGFS type I receptor and, contrarily,

different concentration (1 ng/ml, 10 ng/ml) of Activin A, a member of TGF§
superfamily, were used to activate the signaling. While the administration of SB
431542 and GSI decreased the frequency of KDR*CD184" population with active
ALDHs, SR1 and high concentration of Activin A boost the same population (Figure
38 a, b). Collectively, these results showed that the emergence of WNT-dependent
CD184*ALDH* mesodermal subpopulation is negatively regulated by the AHR
signaling but positively controlled by Notch and TGF 8. In future, we plan to perform
functional in vitro and in vivo experiments to confirm that the increased
KDR*CD184*ALDH* population induces a parallel increase of RAd HE with
multilineage and engrafting potential. Moreover, we will confirm that the enhanced
ALDH activity in SR1- or ACT10- treated conditions is due to a higher expression of
ALDH1A2 within the KDR*CD184*ALDH™* populations and no other ALDHSs.
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Figure 38 — Modulation of TGFB, Notch and AHR signaling pathways influence ALDH activity
within WNT-dependent CD184* mesoderm.

a) Representative plots of WNT-dependent mesoderm at day 3 of hPSC-derived differentiation.
At the time of mesodermal patterning (day 2), cells were treated with DMSO as control
condition, the Notch inhibitor GSI and the AHR antagonist SR1 (upper panel, from the left to

the right). Moreover, cells were treated with the TGF G inhibitor SB 431542 and the TGF/

family member Activin A (0. 1, 10 refer to the ng/ml used in each culture condition). Gated on
SSC/FSC/Live/KDR*CD235"¢9, N=3, independent as shown in the bar plot in b).
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7. Appendix to main results (II)

7.1 Immuno-phenotypic EMPs display lymphoid potential in E9.5 murine YS

In mouse, YS hematopoiesis consists of two temporally distinct but successive extra-
embryonic waves. While the first YS hematopoietic wave mainly generates primitive
hematopoietic cells (Palis et al, 1999; Tober et al, 2008), the second gives rise to
progenitors with broader hematopoietic potential, generating myeloid, erythroid and
lymphoid cells (Yoder et al, 1997; Palis et al, 1999, 2001; Chen et al, 2011a;
Kobayashi et al, 2014; Dege et al, 2020). In particular, the ontogeny of YS T-
lymphoid potential is still discussed. Scientists have shown that T lymphocytes
emerge from bipotent T-lymphoid-myeloid-primed progenitors (LMPP) that arise in
the murine YS at E9.5 (Adolfsson et al, 2005; Mansson et al, 2007). Others
challenged the lympho-myeloid-restricted YS hematopoiesis and support that LMPPs
also have megakaryocyte-erythroid potential in vivo (Forsberg et al, 2006; Boyer et
al, 2011; Boiers et al, 2013). Nevertheless, the T-cell potential of EMP, one of the
most abundant hematopoietic progenitors of the second hematopoietic program, has
never been addressed. In fact, EMP-derived lymphoid potential was assessed by co-
culture with OP9 stroma (McGrath et al, 2015). OP9 co-cultures are permissive to B
but not T cell differentiation since they lack the expression of high levels of Notch
ligands of the Delta family that trigger the activation of Notch signaling required for
T cells differentiation (Schmitt et al, 2004).

To dissect whether EMPs display T Iymphoid potential, we isolated
KIT*CD41*CD16/32*SCA1"9 cells from E9.5 YS by FAC-Sorting (Figure 39 a). We co-
cultured KIT*CD41+*CD16/32*SCA1"9 progenitors on OP9DLL1 stroma for 11 days
after which we analyzed erythroid (TER119%), myeloid (CD45*CD11b* and/or LY6G™)
and lymphoid (CD45*CD4*CD8%) output. As expected, YS-derived
KittCD41+*CD16/32+*SCA1"9 progenitors generate cells belonging to the erythroid and
myeloid lineages. Strikingly, at the population level, E9.5 EMPs also give rise
CD45+CD4*CD8™* T cells (Figure 39 b). Of note, as previously reported, we confirmed
that Kit*CD41+tCD16/32* progenitors lack B cell potential, as the not-EMP
Kit*CD41+*CD16/32"9 fraction generate CD45+*CD19*B220'°*/n¢3 B cells when cultured
on OP9 cells (Figure 39 c) (Yoder et al, 1997; Adolfsson et al, 2005; Forsberg et al,
2006; Kobayashi et al, 2014; Boiers et al, 2013).
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Figure 39 - YS E9.5 KittCD41*CD16/32*SCA1"9 (EMP) cells display erythroid, myeloid, and
T-lymphoid potential

a) Representative plots of the gating strategy used to isolate KIT*CD41*CD16/32*SCA1"e9
progenitors, n=4, independent. b) Isolated ES.5 KIT*CD41+*CD16/32*SCA1"¢9 progenitor cells,
cultured on OP9DLL1 stroma for 11 days, generate TER119"* erythroid progenitors (left panel,
gated on SSC/FSC/Live), CD45*CD11b* and/or LY6G* myeloid progenitors (middle panel,
gated on SSC/FSC/Live/CD45+*TER119™9) and CD45*CD4+CD8* T lymphoid progenitors (right
panel, gated on SSC/FSC/Live/CD45*TER119"9) n=4, independent. «c) Unlike
KIT*CD41*CD16/32"¢9SCA1"¢9 progenitors isolated from E9.5YS, KIT*CD41+*CD16/32+*SCA1"¢9
do not show B cell potential. Gated on SSC/FSC/Live/CD45+ N=3, independent.
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We next asked whether T-cells are generated at a clonal level by progenitors
harboring also myeloid and erythroid potential and therefore whether the
KIT*CD41*CD16/32*SCA1"9 fraction contains multipotent progenitors. We therefore
performed single cell clonal analysis and LDA by single-cell sorting on 96-multiwells
coated with OP9DLL1 stromal cells. Our analysis showed that 1 in 144
KIT*CD41*CD16/32*SCA1"9 cell has T lymphoid potential with a frequency of 1,8%
in single cell clones (8 clones out of 859 analyzed) (Figure 40 a). Index sorting
analysis confirmed that clonal cells that derive T lymphoid progenitors reside in the
KIT*CD41*CD16/32*SCA1"9 population (Figure 40 b). KIT*CD41*CD16/32*SCA1"e9
progenitors with T lymphoid potential also generate myeloid (5 of the 8 clones with
T lymphoid potential), erythroid (2 of the 8 clones) or erythroid and myeloid (1 of
the 8 clones) cells (Figure 40 c). Of cells devoid of lymphoid potential, most
developed uni-lineage output, either erythroid (77%) or myeloid (6,8%) progenitors.
with 14,6% showing a bi-lineage erythroid and myeloid fate. Since it was recently
showed that phenotypic EMPs contain cells displaying NK-lymphoid potential(Dege et
al, 2020), our results clearly indicates that the second hematopoietic program
emerging in the YS generates multipotent progenitors (MPP), thus comprising both

EMP and lymphoid hematopoiesis.

Our results contribute to resolve the emergence of lymphoid lineages, in
particular regarding the origin of HSC-independent YS T lymphoid progenitors, which
is still currently debated (Yoder et al, 1997; Adolfsson et al, 2005; Forsberg et al,
2006; Kobayashi et al, 2014; Bdiers et al, 2013). In parallel to our experiments, our
collaborators in Gordon Keller Lab, at the University Health Network in Toronto, have
described a method for generating the equivalent of the murine EMPs from hPSCs
and showed that hPSC-derived EMP-like progenitors also display T lymphoid potential
(Atkins et al, 2021). The results here presented are included in the manuscript
“Modeling human yolk sac hematopoiesis with pluripotent stem cells”, published on
Journal of Experimental Medicine on 2021, December 20 (Atkins et al, 2021).
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Figure 40 - Clonal analysis of T lymphoid potential within E9.5 KITTCD41*CD16/32*SCA1"%9
population

a) Frequency of CD45*CD4+*CD8* T lymphoid  progenitors derived  from
KittCD41tCD16/32*SCA1"¢9 E9.5 YS population in n=3, independent. The frequency was
calculated by ELDA (http://bioinf.wehi.edu.au/software/elda/). b) Representative plot
highlighting the E9.5 YS KIT*CD41+*CD16/32+*SCA1"¢9 cells with multipotent (blue) or erythro-
lymphoid (red) potential. Gated on SSC/FSC/Live/KIT*SCA1"9. c) Representative plots of
TER119* (left panel, gated on SSC/FSC/Live), CD4*CD8* (middle panel,
SSC/FSC/Live/CD45*TER119"%9) or CD11b*LY6G™ (right panel, gated on
SSC/FSC/Live/CD45*TER119"¢9) cells derived from a single E9.5 Ys

KIT*CD41*CD16/32*SSC1m9 progenitor cell sorted on OP9DLL1 stromal cells and analyzed
after 11 days. N=3, independent.
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