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Introduction

1 Introduction

1.1 Hematopoiesis: production of blood and immune cells

“Blood is a very special juice”
— Mephistopheles to Faust, Goethe

Blood has fascinated humankind for thousands of years and has served as a symbol of life
and death in literature, art, and religion. While the ancient understanding of blood was
based on the four humors theory postulated by the Greek physician and scientist Claudius
Galen, our modern view of the blood system began with groundbreaking discoveries in
the 17th century. Harvey first described the closed circuit of blood circulation (1628) and
van Leeuwenhoek (1648) and Hewson (1770) discovered red and white blood cells,

respectively (reviewed by Coller, 2015).

According to our modern definition, blood is a liquid tissue that circulates through our
body and consists of two main components: (1) plasma containing water, sugars, proteins,
and salts, and (2) blood cells including mainly erythrocytes, platelets, monocytes,
granulocytes (neutrophils, eosinophils, basophils), B cells, T cells, and innate lymphoid
cells (ILCs). One microliter of blood contains around 5 million erythrocytes that fulfill the
vital task of supplying the human body with oxygen. 150,000-300,000 platelets, also
called thrombocytes, control bleeding and blood coagulation. 4,000-9,000 leukocytes,
players of the immune system, protect the organism from pathogens and cancerous cells
("Haematology reference ranges,” 2024). Leukocytes, or white blood cells comprise
innate (monocytes, granulocytes, and dendritic cells, innate lymphoid cells (ILCs)) and
adaptive immune cells (B, and T cells). Additionally, the bloodstream also replenishes
tissue immune cells such as monocyte-derived macrophages, dendritic cells, and mast

cells.

Blood and immune cells are constantly produced in the bone marrow (Bizzozero, 1868,
1869; Neumann, 1868, 1869) by a process called hematopoiesis, meaning ‘production of
blood’ from the Greek terms dipa [haima] (blood) and Toteiv [poiein] (to make). The freshly
formed blood and immune cells exit the bone marrow and enter the bloodstream,
allowing them to reach all parts of the body. While some cells, such as patrolling
monocytes circulate most of their lifetime, other cells migrate to lymphatic organs such
as the spleen, thymus, tonsils, lymph nodes, and Peyer patches where they further mature

and exert specific (immunological) functions. These organs collectively compose the
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lymphatic system, which is intimately connected with the hematopoietic system,
comprising the bone marrow and all blood and immune cells.

Due to the convenience of the mouse model, most of the research (literature and original
work) discussed in this thesis was performed in mice.

1.1.1 Hematopoietic stem cells at the apex of the hematopoietic tree

Hematopoiesis is a hierarchical process that was deciphered using transplantation and
spleen colony-forming unit assays in mice (Till & McCulloch, 1961; Becker, McCULLOCH
& Till, 1963), and especially thanks to the advent of flow cytometry and cell sorting.
Classically, the hematopoietic system is depicted as a tree with hematopoietic stem cells
sitting at the top (Spangrude, Heimfeld & Weissman, 1988; Okada et al., 1991; Uchida &
Weissman, 1992; Seita & Weissman, 2010) (Figure 1). Recently, the availability of single-
cell sequencing techniques, including barcoding, has shed light on the heterogeneity
among populations and the continuum between them (Naik et al., 2013; Sun et al., 2014;
Perié et al., 2015; Paul et al., 2015; Nestorowa et al., 2016; Pei et al., 2017; Weinreb et
al., 2020; Bowling et al., 2020; Li et al., 2023a). Therefore, cloud or Waddington-like
representations have been introduced trying to better reflect the complexity of

hematopoiesis than rigid tree models (reviewed in Laurenti & Gottgens, 2018).

Importantly, each method has its benefits and caveats. For example, single-cell RNA
sequencing is useful to identify different cell states which however cannot be directly
translated to their potential or function. Transplantation assays and colony-forming assays
elucidate the potential of a single cell or population but this can differ from its potential
in situ. In vivo barcoding on the other hand allows to trace the fate of a single cell in situ

which however also comes with technical challenges such as the diversity of barcodes.

Bona fide Hematopoietic stem cells (HSCs) are defined by their self-renewal capacity
(serial transplantations) and their potential to produce all blood cell types. They give rise
to multipotent progenitors (MPPs) that compared to HSCs have lost their self-renewal

capacity (Morrison & Weissman, 1994; Christensen & Weissman, 2001).

Among HSCs, long-term (LT-HSCs) and short-term HSCs (ST-HSCs) can be distinguished
(Morrison & Weissman, 1994; Christensen & Weissman, 2001; Kiel et al., 2005). Both LT-
and ST-HSCs are multipotent, meaning that they can contribute to erythroid, myeloid,
and lymphoid potential for more than 3 months. However, only LT-HSCs and not ST-HSCs
are capable of serial transplantation, indicating potent self-renewal activity (reviewed by
Wilkinson et al., 2020). Furthermore, ST-HSCs exhaust before 4 months in contrast to LT-
HSCs. Thus, only LT-HSCs are bona fide HSCs and it has been recently proposed to call
ST-HSCs MPPs (Sommerkamp et al., 2021; Challen et al., 2021)
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Figure 1
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Figure 1. Model of the hematopoietic tree. LT-HSC, long-term hematopoietic stem cells; ST-
HSC, short-term HSC; MPP, multipotent progenitor; CLP, common lymphoid progenitor; CMP,
common myeloid progenitor; MEP, megakaryocyte-erythrocyte progenitor; GMP, granulocyte-
monocyte progenitor; MDP, monocyte-dendritic cell progenitor; CDP, common dendritic cell
progenitor, cMoP, common monocyte progenitor; Mk, megakaryocyte; plt, platelet, RBC, red
blood cell; Mc, mast cell; Nt, neutrophil; Mo, monocyte; Mf, macrophage; Dc, dendritic cell; ILC,
innate lymphoid cell; T, T cell; B, B cell. Partially created with biorender.com.

The definition of LT- and ST-HSCs has been even further refined (Wilson et al., 2008;
Cabezas-Wallscheid et al., 2014; Pietras et al., 2015; Challen et al., 2021; Purton, 2022)
(Table 1). Among LT-HSCs (Lin"9 Kit* Sca-1* CD48"¢ CD150%), dormant CD34"¢ L T-HSCs
and active CD34* LT-HSCs (MPP1) can be distinguished (Wilson et al., 2008; Cabezas-
Wallscheid et al., 2014; Pietras et al., 2015). ST-HSCs (Lin"®9 Kit* Sca-1* CD48"9 CD150"9)
can also be either CD34"9 or CD34* (Sommerkamp et al., 2021). Both CD34"*9 and CD34*
ST-HSC populations have multi-lineage potential in transplantation, but CD34™9 cells
(MPP 6) were reported to be slower and contribute more long-term in contrast to CD34*
ST-HSCs (MPP5) (Sommerkamp et al., 2021).

Additionally, it was discovered that LT-HSCs contain a subpopulation of platelet-biased

HSCs that can be identified based on the expression (promoter activity) of a van
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Willebrand factor-reporter (VWf ¢ or vWf ™) (Sanjuan-Pla et al., 2013; Carrelha et al.,
2018). Both vWf * and vWf "9 LT-HSCs are capable of long-term secondary reconstitution.
However, vWf * LT-HSCs show a platelet bias and have little potential for lymphoid cells
in contrast to their vWf "9 counterpart which have a more balanced output (Sanjuan-Pla
et al., 2013; Carrelha et al., 2018, 2024). vWf * and vWf "9 | T-HSCs give rise to CD48"**
or CD48"°"* MkPs, respectively. In contrast to the vWf "9-CD48"°"* pathway, the vWf *-
CD48"" path is a fast-track pathway skipping the MPP stage (identified by Flt3 expression)
which probably gives rise to functionally distinct platelets (Boyer et al., 2011; Buza-Vidas
et al., 2011; Rodriguez-Fraticelli et al., 2018; Morcos et al., 2022; Carrelha et al., 2024,
Poscablo et al., 2024). While several studies suggest that the platelet-biased vWf * path
is mainly active in perturbed conditions such as aging, depletion, or inflammation (Boyer
et al., 2011; Buza-Vidas et al., 2011; Carrelha et al., 2024; Poscablo et al., 2024), further
research is required to understand the role of vWf* LT-HSCs in homeostatic conditions
(Rodriguez-Fraticelli et al., 2018).

1.1.2 Lineage commitment downstream of multipotent progenitors

MPPs are a heterogeneous population (Arinobu et al., 2007) and can be categorized into
three different subpopulations. Each of them is primed but not terminally committed
towards a distinct lineage. MPP2s are biased towards megakaryocyte/platelet and
erythrocyte fate (Wilson et al., 2008; Cabezas-Wallscheid et al., 2014; Pietras et al., 2015;
Rodriguez-Fraticelli et al., 2018; Purton, 2022). MPP3s preferentially give rise to myeloid
cells, whereas MPP4s (also called LMPP, lymphoid-primed multipotent progenitor) are
primed towards the lymphoid lineage (Adolfsson et al., 2005; Wilson et al., 2008;
Cabezas-Wallscheid et al., 2014, Pietras et al., 2015; Rodriguez-Fraticelli et al., 2018;
Purton, 2022).

Downstream of MPPs, progenitor populations with progressively restricted potential have
been identified that eventually differentiate into various types of mature blood and
immune cells. It should be noted that these populations have mainly been defined based
on their potential in colony-forming assays or transplantation experiments. However,
these populations are often heterogeneous, containing a mix of both bi-potent and
mono-potent cells.

In the first instance downstream of MPPs, lie the common lymphoid progenitors (CLPs,
Lin"¢ Kit* Sca-1"" FIt3* IL7ra*) (Kondo, Weissman & Akashi, 1997; Adolfsson et al., 2005;
Karsunky et al., 2008) and common myeloid progenitors (CMPs) (Akashi et al., 2000; Yanez
et al., 2017) (Table 1, Figure 1).
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Table 1 Phenotype of hematopoietic stem and progenitor cells in the murine bone marrow

Cell type Cell surface markers References

dormant LT-HSC Lin™9 Kit* Sca-1* CD48"9 CD150* CD34"9 Ft3nes (Wilson et al., 2008; Cabezas-Wallscheid et
al., 2014)

active LT-HSC/ Lin™9 Kit* Sca-1* CD48"¢ CD150* CD34* Flt3"e9 (Wilson et al., 2008; Cabezas-Wallscheid et

MPP1 al., 2014)

ST-HSC/MMPé Lin™9 Kit* Sca-1* CD48™9 CD150™9 CD34m9 F|t3”59 (Pietras et al., 2015; Sommerkamp et al.,
2021)

ST-HSC/MMP5 Lin™9 Kit* Sca-1* CD48"9 CD150"¢ CD34* Flt3ne9 (Sommerkamp et al., 2021)

MPP2/MPPME Lin™9 Kit* Sca-1* CD48* CD150" Flt3"9 (Cabezas-Wallscheid et al., 2014; Pietras et
al., 2015)

MPP3/MPPSM Linmee Kit* Sca-1* CD48* CD150"9 Ft3"e9 (Cabezas-Wallscheid et al., 2014; Pietras et
al., 2015)

MPP4/MPPY/LMPP Lin™9 Kit* Sca-1* CD48* CD150™° CD34* Flt3* (Adolfsson et al., 2005; Cabezas-Wallscheid
et al., 2014, Pietras et al., 2015)

CLP Lin"9 Kit* Sca-1'o" Flt3* IL7ra* (Kondo, Weissman & Akashi, 1997,
Adolfsson et al., 2005; Karsunky et al., 2008)

Flt3* CMP Lin"9 Kit* Sca-1"9 CD34* CD16/32"" Flt3* (Akashi et al., 2000; Yafiez et al., 2017)

Flt3"s CMP Lin"9 Kit* Sca-1"9 CD34* CD16/32'* Flt3"e9 (Yaiez et al., 2017)

MEP Lin"e9 Kit* Sca-1"°9 CD34"°9 CD16/32"%9 (Akashi et al., 2000)

GMP Lin9 Kit* Sca-1"9 CD34* CD16/32Ms" Ft3mes CD115"9 LybC9 Cx3CR1®"  (Akashi et al., 2000; Yafiez et al., 2017)

MDP Line9 Kit* Sca-1"9 CD34* CD16/32'°* Flt3* CD115* Ly6C"*9 Cx3CR1* (Hettinger et al., 2013; Yafez et al., 2017)

cMoP Line9 Kit* Sca-1"9 CD34* CD16/32"s" Ft3"%9 CD115* Ly6C* CD11b"9 (Hettinger et al., 2013; Yafez et al., 2017)

CDP Line9 Kit" Sca-1"9 CD34* CD16/32"" FIt3* CD115* Ly6C™9 CD11b"ee (Schlitzer et al., 2015; Liu et al., 2019)

CLPs give rise to B, T, ILCs, and dendritic cells (Kondo, Weissman & Akashi, 1997; Manz
et al., 2001). CMPs further commit to megakaryocyte-erythrocyte progenitors (MEPs,
Lin"¢ Kit* Sca-1"¢ CD34"¢ CD16/32"9), granulocyte-monocyte progenitors (GMPs, Lin"*?
Kit* Sca-1me¢ CD34* CD16/32"" Flt3"9 CD115"™¢ Lyé6Cr¢ Cx3CR1"°"), and monocyte-
dendritic cell progenitors (MDPs, Lin™¢ Kit* Sca-1"9 CD34* CD16/32* Flt3* CD115*
Ly6Cre9 Cx3CR1*) (Akashi et al., 2000; D'Amico & Wu, 2003; Auffray et al., 2009;
Geissmann et al., 2010; Hettinger et al., 2013; Yafez et al., 2017).

MEPs have the potential for megakaryocytes and erythrocytes (Pronk et al., 2007). GMPs
give rise to granulocyte progenitors (GPs Lin"¢ Kit" Sca-1"¢ CD34* CD16/32"" F|t3"°9
CD115"°" Ly6C*) and common monocyte progenitors (cMoPs) (Yafez et al., 2015). GPs
differentiate into granulocytes, while cMoPs produce monocytes. MDPs give rise to
common dendritic cell progenitors (CDPs, Lin™¢ Kit** Sca-1"9 CD34* CD16/32"" FIt3*
CD115" Ly6C CD11b"™9) and common monocyte progenitors (cMoPs, Lin™? Kit* Sca-
19 CD34* CD16/32"" Flt379 CD115* Ly6C* CD11b"™9) (Hettinger et al., 2013; Schlitzer
etal., 2015; Yanez et al., 2017; Liu et al., 2019; Lésslein et al., 2021). The fact that dendritic
cells (Traver et al., 2000; Manz et al., 2001), and cMoPs (Yanez et al., 2017) can potentially
both derive from two progenitor populations highlights the complexity of hematopoiesis.
Whether the mature cells derived from different progenitor origins however are

functionally identical or distinct remains unclear.

Similarly, the origin of mast cell progenitors (McPs, Lin"9 Kit" Sca-1"¢ Itgb7*) is complex
and remains under discussion. Historically they have been described to develop from
GMPs (Arinobu et al., 2005; Qi et al., 2013; Wanet et al., 2021). Recent transcriptional
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analysis however positions mast cells closer to the erythro-megakaryocyte lineage
(Drissen et al., 2016; Dahlin et al., 2018; Drissen et al., 2019; Vanuytsel et al., 2022).

Future studies will further refine the current view on the progenitor stages of

hematopoietic commitment and differentiation.
1.1.3 Transcriptional regulation of lineage commitment

Complex regulations at several molecular levels govern the gradual restriction of a
multipotent progenitor or stem cell into a unipotent precursor, and ultimately, the

differentiation of a fully mature cell.

Not only the complexity but also the potentially low expression levels of lineage-
determining transcription factors make it challenging to fully grasp the exact events
governing the lineage-decision-making processes. Nevertheless, main regulators of
lineage commitment and differentiation in hematopoiesis have been identified and

extensively studied.

Transcriptional regulation of HSCs

Hematopoietic stem cells and multipotent progenitors express a heptad of transcription
factors that all control each other and themselves in a tightly regulated circuit. The heptad
transcription factors ensure the maintenance of the stem cell pool but are also involved
in downstream commitment and differentiation both in mice and humans. This heptad
consists of 7 transcription factors Scl (Tal-1), Lyl1, Lmo2, Gata2, Runx1, Erg, and Fli-1 (Sun
& Downing, 2004; Growney et al., 2005; Kruse et al., 2009; Wilson et al., 2010; Lacombe
et al., 2010; Taoudi et al., 2011; Knudsen et al., 2015).

Next to heptad transcription factors HSCs and MPPs also express Meis1, Gfi1b, Gfi1, and
Pu.1 (Nutt et al., 2005; Arinobu et al., 2007; Wilson et al., 2010; Hoppe et al., 2016). which
restrain the excessive proliferation and exhaustion of HSCs (Hock et al., 2004; Zeng et al.,
2004; Khandanpour et al., 2010; Unnisa et al., 2012; Kocabas et al., 2012; Staber et al,,
2013).

During the transition from HSC to MPP only very few genes change their expression levels
both in mice (protein level) and humans (MRNA level) (Laurenti et al., 2013; Cabezas-
Wallscheid et al., 2014). Most genes that are upregulated in MPPs compared to HSCs are
cell cycle and DNA repair genes (Cabezas-Wallscheid et al., 2014). This is not surprising
as one of the main features of the transition from HSC to MPP is increased proliferation
(Cheshier et al., 1999; Wilson et al., 2008).

Erythro-myeloid lineage commitment
At the MPP stage, not only proliferation but also lineage commitment begins (Arinobu et

al., 2007). An imbalance of heptad transcription factors skews progenitors towards distinct
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fates. For example, upregulation Lyl1, Tal1, LmoZ2, Gata2, and downregulation or Erg
primes progenitors to the erythroid fate (Thoms et al., 2021). This is accompanied by the
heterogenous expression of Pu.1 and Gatal at the MPP level (Arinobu et al., 2007). Pu.1
is an ETS-family transcription factor that instructs lymphoid or myeloid fate (Scott et al.,
1994; Nerlov & Graf, 1998; see Cumano et al., 2019 for further information on lymphoid
commitment). Gata is the first member of the GATA family, a transcription factor family
that binds (A/T)GATA(A/G) sequences with a C-zinc finger domain (Martin & Orkin, 1990).
Gatal It is encoded on the X-chromosome and consists of two DNA-binding zinc fingers
and a C- and N-terminal activation domain (Zon et al., 1990). Gatal is essential for
erythrocyte, megakaryocyte, and mast cell commitment and differentiation (Fujiwara et
al., 1996; Shivdasani et al., 1997; Migliaccio et al., 2003; Drissen et al., 2016).

PU.1 and GATA1 positively autoregulate themselves and cross-inhibit each other (Tsai,
Strauss & Orkin, 1991; Chen et al., 1995). The N-terminal finger domain of PU.1 blocks
the binding of GATA1 to DNA (Zhang et al., 2000), whereas the C-terminal finger domain
of Gata1 inhibits the ETS domain of Pu.1 (Nerlov et al., 2000). Due to this antagonistic
but self-enhancing regulation it has been proposed that PU.1 and GATA1 regulate the
lineage decision-making process between erythroid (erythrocytes, megakaryocytes, mast
cells) and myeloid fate through a so-called “PU.1-GATA1-switch”. However, it still
remains unclear whether the PU.1-GATA1-switch regulates the bifurcation of erythroid
and myeloid fate or whether these transcription factors rather further enforce or execute
a lineage decision that was already made upstream (Hoppe et al., 2016; Wheat et al.,
2020).

Gatal and Gata2 regulate lineage commitment at the megakaryocyte-erythrocyte
bifurcation

Once committed to the erythroid fate, GATA1 and GATAZ2 regulate the decision between
erythrocyte and megakaryocyte fate, respectively (Doré & Crispino, 2011). GATA1 and
GATAZ2 both bind similar GATA boxes. Some binding sites are selectively bound by only
GATA1 or GATA2 but there are also regions that are bound by both GATA1 and GATA2
(Fujiwara et al., 2009; Suzuki et al., 2013). GATA1 and GATA2 both interact with FOG-1
through their N-terminal zinc finger domain. FOG-1 is necessary for erythrocyte and
megakaryocyte but not mast cell development (Tsang et al., 1998; Chang et al., 2002;
Gregory et al., 2010) and recruits other binding partners such as the deacetylase NuRD

which remodels the chromatin state via histone acetylation (Hong et al., 2005).

Prior to Gatal expression, Gata2 binds GATA switch sites that are found for example in
the GataZ2 (Grass et al., 2003), Kit (Jing et al., 2008), KIf1 (Tripic et al., 2009), or Sfpi1
(Chou et al., 2009) genes. Upon Gatal expression, GATA1 then replaces GATA2 in a
FOG-1-dependent manner (Pal et al., 2004). This is facilitated by the lower stability of the
GATAZ protein compared to GATA1 (Lurie et al., 2008) and the concomitant repression
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of GataZ transcription due to a decrease in histone acetylation at the Gata2 domain which
hampers the accessibility and recruitment of polymerases (Grass et al., 2003). This GATA
switch induces erythrocyte gene expression while repressing megakaryocyte and mast
cell genes (Welch et al., 2004, Gregory et al., 2010). In contrast, high GATAZ levels inhibit
erythrocyte fate and instead drive megakaryocyte fate (lkonomi et al.,, 2000).
Nevertheless, GATA1 remains expressed in megakaryocytes and is essential to regulate

polyploidization in late maturation (Muntean et al., 2007).

Transcriptional regulation of megakaryocyte commitment and differentiation
Interestingly, even though the GATA1-GATA2 switch is important in the decision between
megakaryocyte and erythrocyte fate, GATAZ2 is not required for megakaryocyte
production (Tsai & Orkin, 1997; Chang et al., 2002). Other transcription factors also
regulate the decision between erythrocyte and megakaryocyte fate. KLF-1 and FLI-1 drive
erythrocyte or megakaryocyte fate, respectively while inhibiting the other lineage (Miller
& Bieker, 1993; Kawada et al., 2001; Wang et al., 2002; Frontelo et al., 2007; Kruse et al.,
2009; Tallack & Perkins, 2010). Together with GATA1 and FOG-1, FLI-1 activates the
expression of ItgaZb (CD41), Gp5 (CD42), Mpl (TPOR), Pf4 (Cxcl4). Furthermore, miR150
induces the megakaryocyte fate while repressing erythrocyte programs, such as the
expression of Myb (Lu et al., 2008).

Downstream of commitment, megakaryocyte differentiation is regulated by NF-E2. NF-
E2 is essential for the proliferation and endomitosis of megakaryocytes (Shivdasani et al.,
1995). It also regulates genes involved in platelet biogenesis such as Rab27 and Tubb (B-
tubulin) (Lecine et al., 2000; Tiwari et al., 2003).

1.1.4 Conclusion

Collectively, hematopoiesis in the bone marrow is a tightly regulated process that ensures
the lifelong and continuous production of all major blood and immune cell types found

in the mammalian organism.

Interestingly however, it has been discovered that there are hematopoietic cells, such as
tissue-resident macrophages (van Furth & Diesselhoff-den Dulk, 1984; Ajami et al., 2007;
Ginhoux et al., 2010; Schulz et al., 2012; Yona et al., 2013; Hashimoto et al., 2013; Gomez
Perdiguero et al., 2015) or y8-T cells (Havran & Allison, 1990; Haas et al., 2012; reviewed
in Soares-da-Silva et al., 2023) that maintain themselves independently from the bone
marrow. To elucidate the origins of these cells it is essential to understand the emergence

of hematopoietic cells in the embryonic and fetal period.
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1.2 Genesis of a layered hematopoietic system
1.2.1 Historical and current views on developmental hematopoiesis’

The first hematopoietic cells arise in the extra-embryonic yolk sac. This was initially
discovered through direct observation of avian embryo development which showed that
the first red blood cells of the embryo develop in the yolk sac, within vascular structures
termed blood islands (Wolff, 1764; Pander, 1817), before the onset of circulation (His,
1868). Subsequent advances in histology at the beginning of the 20th century enabled
pioneering scientists to observe the development of hematopoietic in the mammalian
yolk sac in cats, rabbits, mice, and rats (Maximow, 1909) as well as in chicken
(Dantschakoff, 1908; Sabin, 1920) and human (Bloom & Bartelmez, 1940). | would like to
highlight the illuminating work performed by embryologists Vera Dantschakoff and
Florence Sabin who noticed the close relationship between hematopoietic cells and
endothelial cells (Dantschakoff, 1908; Sabin, 1920). It was hypothesized that

hematopoietic stem cells might emerge during this developmental period.

Work in the chicken embryo demonstrated that hematopoietic stem cells arise intra-
embryonically and not from the yolk sac, contrary to what was initially proposed (Moore
& Metcalf, 1970; Dieterlen-Lievre, 1975). This was later confirmed in the mouse model by
several research groups. They identified the para-aortic splanchnopleura (P-Sp), the
precursor of the aorta-gonad mesonephros (AGM), in the embryo proper as the site of
hematopoietic stem cell emergence (Medvinsky et al., 1993; Midller et al., 1994;
Medvinsky & Dzierzak, 1996; Cumano et al.,, 2001). Within the AGM region,
hematopoietic cells emerge from the endothelium through a Runxl-dependent
endothelial-to-hematopoietic transition (EHT) and form intra-aortic hematopoietic
clusters (IAHC) confirming the initial notion of a close relationship between hematopoietic
and endothelial cells (North et al., 1999; de Bruijn et al., 2000; Kissa & Herbomel, 2010;
Boisset et al., 2010; Bertrand et al., 2010). The EHT process has been extensively
reviewed (Jaffredo et al., 2005; Ottersbach, 2019).

Thanks to morphological and histological observations, transplantation and colony-
forming assays, lineage tracing, bar-coding, and single-cell omics, it is now widely
accepted that the blood and immune system develops in several consecutive waves.

These progenitor waves are not only spatio-temporally distinct but analysis of mutant

! This section of the introduction is based on the review “Extra-embryonic hematopoietic
lineages — to macrophages and beyond” published in the special issue “Making blood:
Mechanisms of early hematopoietic development” of the journal of Experimental

Hematology in August 2024 (Sommer & Gomez Perdiguero, 2024).
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embryos for key transcription factors (such as Runx1, Myb, etc.) also revealed that they

are controlled by different molecular mechanisms (discussed below).

In mice, the extraembryonic yolk sac first gives rise to (1) a primitive wave of blood cells,
followed by (2) a transient definitive wave consisting mainly of erythro-myeloid
progenitors (EMPs) (Maximow, 1909; Moore & Metcalf, 1970; Palis et al., 1999; McGrath
et al., 2015; Gomez Perdiguero et al., 2015; Goh et al., 2023). Hematopoiesis then
switches to the embryo proper, where (3) embryonic multipotent progenitors (eMPPs) and
(4) hematopoietic stem cells (HSCs) emerge from the major arteries, such as the vitelline
artery, umbilical artery and the dorsal aorta in the AGM. Intra- but not extraembryonic
hematopoiesis can sustain life-long hematopoiesis (A. L. Medvinsky et al., 1993; Miiller et
al., 1994; Cumano et al., 2001; Patel et al., 2022; Yokomizo et al., 2022) (Figure 2).

Figure 2
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Figure 2. The hematopoietic system develops in sequential and overlapping waves. Primitive
cells, mainly erythroblasts, emerge from the mesoderm in the yolk sac before embryonic day (E)8.5.
Erythro-myeloid progenitors (EMPs) emerge from endothelial cells in the blood islands and
vascular plexus in the yolk sac around E8.5 and are the main source of hematopoiesis until late
gestation. Embryonic multipotent progenitors (eMPPs) emerge around E9.5 and give rise to
committed progenitors around E14.5. Hematopoietic stem cells (HSCs) emerge around E10.5 in
the aorta gonad mesonephro (AGM) region and produce mature cells only shortly before birth.
EMPs, eMPPs, and HSCs seed the fetal liver, starting around E10.5, E11.5, and E12.5, respectively.
Around E16.5, HSCs seed the developing bone marrow (BM), while hematopoietic activity persists
in the fetal liver until after birth.
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While it was long thought that yolk sac-derived hematopoiesis is simply a transient wave
important for the survival of the embryo until hematopoietic stem cells are mature enough
to supersede blood and immune cell production, research of the last decades has
provided ample evidence that yolk sac-derived cells remain in the organism long after
the end of yolk sac hematopoiesis and even into adulthood (Ginhoux et al., 2010; Schulz
et al., 2012; Gomez Perdiguero et al., 2015; Gentek et al., 2018a; Soares-da-Silva et al.,
2021).

1.2.2 Extraembryonic hematopoiesis

Extra-embryonic membranes, such as the amnion, chorion, yolk sac, and allantois, are
essential for the survival of developing amniotic embryos (Sheng & Foley, 2012). These
membranes take over functions such as absorption of macro- and micronutrients, gas
exchange, excretion of metabolic waste as well as hematopoiesis, the production of
blood cells (Cindrova-Davies et al., 2017).

Phylogenetically, the yolk sac is the oldest of these four extra-embryonic membranes and
evolved in fish over 500 million years ago (Ross & Boroviak, 2020). It consists of an outer
endodermal and an inner mesodermal lining (Figure 3). The endodermal layer of the yolk
sac develops from the extra-embryonic visceral endoderm (originating from the primitive
endoderm). The mesodermal layer on the other hand emerges from the posterior epiblast
after epithelial-mesenchymal migration at the primitive streak during gastrulation (at
Embryonic day (E)6.5) (reviewed by Arnold & Robertson, 2009). Around 24 hours later,
the emergence of the first blood cells from this mesoderm layer will mark the start of

hematopoiesis.

Primitive hematopoiesis

The first hematopoietic cells that emerge in the yolk sac are primitive cells. Here, we
define primitive hematopoiesis as the production of mature blood cells from progenitors
that arise directly from the mesoderm in the blood islands between E7.5 and E8.5, without
undergoing an endothelial-to-hematopoietic process (Maximow, 1909; Palis et al., 1999;
Ueno & Weissman, 2006) (Figure 2, 3). Primitive cells are independent of c-Myb (Tober,
McGrath & Palis, 2008; Schulz et al., 2012) and Runx1 (Lacaud et al., 2002; Potts et al.,
2014), which means that they can develop in the absence of these factors whether they
express them or not. Importantly, the term primitive can refer to different features and is

further discussed below.

a. Primitive erythroblasts

Primitive erythroblasts are the first hematopoietic cells that develop in the vertebrate yolk
sac and are essential for embryonic survival in mammals (Fujiwara et al., 1996). The
development of primitive erythroblasts within the yolk sac blood islands is the best

studied. Blood islands are mesodermal cell masses proliferating between the visceral
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endoderm and mesothelial cell layer. While the outer cells differentiate into endothelial
cells, mesodermal cells in the center of the cluster differentiate into primitive erythroblasts
(Haar & Ackerman, 1971; reviewed by Ferkowicz & Yoder, 2005). These are larger than
their definitive counterpart and contain both embryonic ¢ -hemoglobin (ey- and BH1-
globin) and adult a and B-hemoglobin (a1-, a2-, B1- and B2-globin) (Barker, 1968) and
mature in circulation while retaining their nucleus until E12.5 (Kingsley et al., 2004). The
primitive wave is the only source of red blood cells until E12.5 and can sustain the embryo
until E15.5 (Mucenski et al., 1991; Kingsley et al., 2004). By E17.5 most primitive
erythroblasts are gone but few are still detectable as late as 5 days after birth (Kingsley et
al., 2004). Both in mice and humans, primitive erythroblasts contain more hemoglobin
per cell than adult erythrocytes. In addition, they contain embryonic or fetal globins which
have higher oxygen affinity than their adult counterpart which allows the transfer of
oxygen from maternal to embryonic/fetal circulation (Kitchen & Brett, 1974, Palis, 2024,
Kaufman, Khattar & Lappin, 2024).

b. Megakaryocytes

Concomitantly with primitive erythroblasts, megakaryocyte potential emerges in the yolk
sac around E7.5, peaks around E8.5, and is no longer detectable after E13.5 (Maximow,
1909; Xu et al., 2001; Tober et al., 2007). Primitive megakaryocytes are more proliferative
and require fewer cytokines than their adult counterparts (Xu et al., 2001). Compared to
primitive erythroblast progenitors, primitive megakaryocytes are however low in number.
Furthermore, these first megakaryocytes are smaller and have lower polyploidy when
compared to their fetal liver or adult counterparts (Potts et al., 2014). Platelet formation
from primitive megakaryocytes is also faster (Xu et al., 2001) and does not require
thrombopoietin (Potts et al., 2015). Additionally, primitive-derived platelets are larger,
contain more RNA, and show reduced clot-forming capacity than their adult counterparts
(Margraf et al., 2017). They express CLEC-2 which is essential for lymph-angiogenesis, the
establishment of the blood, and lymphatic vasculature. This is important to prevent
hemorrhaging and to ensure that the blood and immune cells reach their targeted tissues.
Dysfunctional or overactive platelets also perturb the correct development of the brain

vasculature (Finney et al., 2012; Hoover et al., 2021).

c. Macrophages

Macrophage potential is first detected at E7.5 (on average 4 progenitors/yolk sac
compared to 42 erythroid progenitors/yolk sac at the same stage) (Palis et al., 1999), while
the first zygotic macrophages (defined as F4/80*) only emerge in the yolk sac around E9.5
(Morris, Graham & Gordon, 1991). It is generally assumed that the first macrophages
detected in the yolk sac are primitive, in accordance with findings in the zebrafish model
(Herbomel, Thisse & Thisse, 2001). They were initially described as primitive based on
their ultrastructural organization and detection prior to monocyte emergence (Takahashi,
Yamamurma & Naito, 1989; Naito et al., 1989). Further, macrophage potential is more
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abundant than erythro-myeloid potential at E8 in limiting dilution assays (Bertrand et al.,
2005). Nevertheless, several findings are in support of a definitive (EMP) origin for yolk
sac macrophages. First, macrophage potential in the yolk sac coincides with definitive
erythroid potential and not with primitive erythroid potential (Palis et al., 1999; Lazarov et
al., 2024). Second, macrophage numbers peak at E10, after definitive EMP progenitors
emerge in the yolk sac (Gomez Perdiguero et al., 2015) . And last, yolk sac macrophages
and microglia, the brain macrophage considered the prototype of primitive
macrophages, are efficiently labeled with an endothelial inducible Cre driver (Gentek et
al., 2018a) while primitive erythrocytes are not labeled (unpublished data from our
laboratory), in line with an origin from a progenitor that underwent an endothelial-to-
hematopoietic transition. Recently, a new mouse strain was proposed to specifically label
the primitive wave but it also led to very efficient labeling (80%) of definitive EMPs at
E10.5 (Zhao et al., 2023), limiting the scope of the conclusions. The lack of a robust
primitive macrophage population in the mammalian embryo when compared to the
zebrafish could be in part explained by the difference in “lifestyle” (in utero versus
external development) and the presence of maternally derived macrophages in the early
stages of mammalian development. Maternally derived macrophages are predominant in
the yolk sac until E9, with their numbers peaking at E7.5/E8 (40 cells/yolk sac) (Bertrand
et al., 2005). Indeed, to this day, a faithful tool to trace the primitive wave is not available
and is most necessary to clarify in the mouse the quantitative contribution of primitive

hematopoiesis to macrophage pools, and microglia in particular.

Yolk sac-derived definitive hematopoiesis — Erythro-myeloid progenitors (EMPs)
Erythro-myeloid progenitors (EMPs) are transient definitive multipotent progenitors that
give rise to definitive erythrocytes, megakaryocytes, macrophages, mast cells, and
granulocytes (Palis et al., 1999, 2001). They emerge in the yolk sac between E8.5 and
E10.5 (Palis et al., 1999; Bertrand et al., 2005) from endothelial cells in the blood islands
and vascular plexus through a RunxT-dependent endothelial-to-hematopoietic transition
(EHT) (Chen et al., 2009; Frame et al., 2016; Kasaai et al., 2017). Unlike intra-embryonic
hematopoiesis (North et al., 2009; Azzoni et al., 2021), EMP emergence is independent
of blood flow and does not require an arterial origin (McGrath et al., 2015; Frame et al,,
2016).

EMPs are defined by the expression of Kit, CD41, CD16/32, and AA4.1 (CD93) (McGrath
et al., 2015; Gomez Perdiguero et al., 2015; lturri et al., 2021). Kit is a marker for
proliferation and survival. CD41 distinguishes hematopoietic from endothelial cells
(Mikkola et al., 2003; Ferkowicz et al., 2003). CD16/32 (FcyRII/Ill) is a scavenger receptor
for the Fc domain of IgG and labels early hematopoietic progenitors (de Andres et al.,
1998). AA4.1 is an endothelial cell marker and labels nascent progenitors (Petrenko et al.,
1999). Interestingly, EMP commitment and differentiation into mature cells is niche-

dependent. While all EMPs express Myb — a transcription factor important for the
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maintenance of proliferating hematopoietic stem and progenitor cells (reviewed by
Ramsay & Gonda, 2008) — EMPs in the yolk sac differentiate in situ directly into
macrophages and megakaryocytes without requiring Myb (Schulz et al., 2012; Gomez
Perdiguero et al., 2015; Iturri et al., 2021). Additionally, they commit to more restricted
erythroid and myeloid progenitors (lturri et al., 2021). Bona fide multipotent EMPs, as well
as downstream committed progenitors, seed the fetal liver around E9.0-E11.0 (Kieusseian
et al., 2012; McGrath et al., 2015). Here, they unfold their full potential and differentiate
in a Myb-dependent manner into definitive red blood cells, megakaryocytes, mast cells,
granulocytes, and monocyte-like cells (McGrath et al., 2015; Li et al., 2018; Freyer et al.,
2020; Ilturri et al., 2021) (Figure 3). For some lineages, such as mast cells and
macrophages, final maturation and/or tissue specialization will continue after seeding

peripheral organs (Mass et al., 2016; Tauber et al., 2023).

a. Primitive versus definitive hematopoiesis
In the context of hematopoiesis, the terms “primitive” and “definitive have been used

inconsistently in the literature.

Originally, the term “primitive” was introduced at the beginning of the 20th century to
distinguish transient nucleated erythroblasts from the enucleated erythroblasts that
replace the first (Saxer, 1896; Jolly, 1905; Dantschakoff, 1908; Maximow, 1909).
“Primitive” in this case refers to the resemblance to red blood cells of lower vertebrates
in which only large, nucleated red blood cells are found (Gulliver, 1875). The term also
reflects the presence of embryonic hemoglobin. In this school of thought, blood cells
emerging from the same ancestor as nucleated red blood cells will also be called primitive
cells. Cells related to enucleated red blood cells without embryonic hemoglobin would

be termed “definitive”. Accordingly, EMPs should be termed "“definitive”.

However, the term “primitive” can also refer to the absence of full reconstitution potential
in transplantation assays. By this definition, only bona fide stem cells and multipotent
progenitors are “definitive” (Orkin & Zon, 2008; Ginhoux et al., 2010).

A third use of the term “primitive” is to describe cells not following the adult
differentiation pathway. A well-known example of this is the differentiation of EMP-
derived macrophages that develop without passing through a GMP or monocyte
intermediate (Hoeffel et al., 2015; Gomez Perdiguero et al., 2015; Goh et al., 2023).

Lastly, “primitive” can also refer to differences in immature morphology or distinct
functions in comparison to adult cells, which would be the case for most embryonic
mature immune cells. This is the case in regards to primitive macrophages as termed by
Naito and colleagues. Yolk sac macrophages at E10.5 lacked the classical ultrastructural

features of fetal liver and adult macrophages (hence “primitive” morphology) and they
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were observed before any monocytes were detected (“primitive” development that did

not follow the classical adult differentiation cascade from monocytes) (Naito et al., 1989).

We propose that progenitors arising from an endothelial-to-hematopoietic transition
should be termed as definitive, irrespective of the “primitive” or immature features of the
mature cells they give rise to. In addition, the potential of primitive progenitors is
restricted to a single lineage (either erythroid or myeloid). Recently, some papers have
distinguished between primitive EMP and definitive EMP. EMP are defined as having
erythroid and myeloid potential at the single-cell level (and they arise from an EHT),
therefore they should not be referred to as primitive. To distinguish EMPs from bona fide
HSCs and MPPs the terms “pro-definitive” (Canu & Ruhrberg, 2021) or “transient-
definitive” (Calvanese & Mikkola, 2023) have been introduced.

b. Erythrocytes

EMPs are the main source of circulating erythrocytes (or red blood cells) from E12.5
onwards (Palis et al., 1999; Kingsley et al., 2004; Gomez Perdiguero et al., 2015),
sustaining the embryo until late gestation (Mucenski et al., 1991, Chen et al., 2011,
Soares-da-Silva et al., 2021). Accordingly, EMPs are skewed towards red blood cell
production in the fetal liver (McGrath et al.,, 2015; Freyer et al., 2020). During
differentiation, EMP-derived red blood cells pass through a megakaryocyte-erythrocyte
progenitor (MEP) stage that is dependent on Myb (Mucenski et al., 1991; Iturri et al., 2021)
(Figure 3). In contrast to primitive erythroblasts, EMP-derived red blood cells enucleate
in the fetal liver before entering circulation (Kingsley et al., 2004). Further, they only
express adult and not embryonic hemoglobin (Barker, 1968; Palis et al., 1999; Kingsley et
al., 2004). Due to these differences compared to primitive erythroblasts, EMP-derived red

blood cells are defined as “definitive”.

c. Megakaryocytes

EMPs give rise to megakaryocytes through two distinct development trajectories in a
time- and niche-specific manner: (1) through a direct Myb-independent differentiation
path in the yolk sac, and (2) through a Myb-dependent MEP-intermediate in the fetal liver
(Iturri et al., 2021) (Figure 3). The earlier differentiation pathway is reminiscent of the novel
subset of Mk-primed HSCs that directly produce Mk in the adult bone marrow (Sanjuan-
Pla et al., 2013; Carrelha et al., 2018; Rodriguez-Fraticelli et al., 2018; Morcos et al., 2022;
Carrelha et al., 2024). EMP-derived Myb-independent megakaryocytes supersede
primitive megakaryocytes in the yolk sac at E10.5. EMP-derived megakaryocytes then
enter circulation, where they peak around E11.5, and are detectable until at least E14.5
(Iturri et al., 2021). Whether primitive megakaryocytes and Myb-independent EMP-
derived megakaryocytes in the yolk sac are functionally different needs to be further
investigated. However, the two waves of EMP-derived megakaryocytes likely have distinct

traits since it has been shown that megakaryocytes in the yolk sac and the fetal liver reach
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different polyploidy and have a distinct dependency on thrombopoietin (Potts et al.,
2015).

Figure 3
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Figure 3. Yolk sac hematopoiesis. Primitive potential for erythroblasts, megakaryocytes and few
macrophages is first detected around embryonic day (E)7.5 in the yolk sac. These primitive cells
directly emerge from the mesoderm in the blood islands of the yolk sac. Around E8.5 transient
definitive erythro-myeloid progenitors (EMPs) arise from the hemogenic endothelium in the yolk
sac. In situ EMPs differentiate into megakaryocytes and macrophages in a Myb-independent
manner. Bona fide EMPs and EMP-derived committed progenitors migrate to the fetal liver where
they differentiate into definitive red blood cells, megakaryocytes, mast cells, neutrophils and
macrophages in a Myb-dependent manner.
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d. Mast cells

The first mast cells in the embryo derive from EMPs. Mast cell commitment from EMPs
can be detected in vitro (Palis et al., 1999) and at the transcriptomic level (lturri et al.,
2021) in the yolk sac. However, mast cell progenitors, characterized by the expression of
Itgb7, only start developing in the liver from E11 onwards, at the same time when the
number of mast cell progenitors peaks in the yolk sac (Sonoda, Hayashi & Kitamura, 1983;
Li et al., 2018). It is thus not clear whether the mast cell differentiation requires that fetal
liver niche or not. Through the circulation mast cell progenitors seed tissues, such as the
skin, spleen, lung, brain, heart, and peritoneal cavity where they complete their
maturation (Li et al., 2018; Gentek et al., 2018a). EMP-derived tissue mast cells persist
beyond birth and it was shown that ontogeny was linked to transcriptomic and

immunophenotypic differences (Gentek et al., 2018a; Tauber et al., 2023).

e. Macrophages

The most famous EMP-derived cells are tissue-resident macrophages (Ginhoux et al.,
2010; Hashimoto et al., 2013; Yona et al., 2013; Schulz et al., 2012, Gomez Perdiguero et
al., 2015; Stremmel et al.,, 2018). In the yolk sac, EMPs directly differentiate into
macrophages via a macrophage precursor, without passing through a monocyte-
intermediate stage independently of c-Myb (Takahashi, Yamamurma & Naito, 1989;
Schulz et al., 2012; Gomez Perdiguero et al., 2015; Hoeffel et al., 2015). Once the heart
starts beating, EMP-derived macrophages seed the entire embryo proper via the
circulation (Ginhoux et al., 2010; Stremmel et al., 2018). There, they adapt tissue-specific
signatures over time (Mass et al., 2016). EMP-derived macrophages are often termed
tissue-resident macrophages, as they self-maintain throughout life independently of bone
marrow hematopoiesis (Ginhoux et al., 2010; Schulz et al., 2012; Hashimoto et al., 2013;
Yona et al., 2013; Gomez Perdiguero et al., 2015). This is evident for microglia in the brain
(Ginhoux et al., 2010), red-pulp macrophages in the spleen, alveolar macrophages in the
lung, Langerhans cells in the epidermis, and Kupffer cells in the liver (Yona et al., 2013;
Gomez Perdiguero et al., 2015), macrophages in the heart (Epelman et al., 2014) and
testis (Lokka et al., 2020). We think that enhanced capability to give rise to tissue-resident
macrophages is a distinct feature of EMPs and not a matter of window of opportunity
(Monticelli et al., 2024).

It was proposed that EMPs can be distinguished as early and late EMPs, the latter
presumably giving rise to monocyte-like cells in the fetal liver and proposed to contribute
to tissue-resident macrophage pools (Hoeffel et al., 2015). The distinction of “early” and
“late” is largely based on genetic labeling by tamoxifen (or 4-hydroxytamoxifen, its active
metabolite)-induced Cre recombination at two time points that are 24 hours apart from
each other (Hoeffel et al., 2015; Li et al., 2018; Iturri et al., 2021). More experimental
evidence is required to support the existence of two biologically distinct EMP populations

(and not just time- and niche-dependent effects) and to provide a quantitative assessment
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of the contribution of EMP-derived monocytes to adult macrophages. Importantly, a
recent study shows that Ly6C* monocyte labeling does not correlate with EMP-derived
cells but rather with the eMPP progeny (Lazarov et al., 2024). The different macrophage
differentiation pathways of early and late pulsed progenitors could thus rather reflect the
contribution of different waves where the early pulse labels exclusively EMPs and the late

wave a mix of EMPs and eMPPs.

f. Neutrophils

EMP-derived production of neutrophils begins around E11.5 in the fetal liver. These first
neutrophils enter the blood around E12.5 where they circulate until at least E14.5
(McGrath et al., 2015; Freyer et al., 2020). Ontogenetic differences in neutrophils have
been studied in zebrafish (Garcia-Lopez et al., 2023) and mouse (Sperandio et al., 2013).
In the latter, there was a dramatic change in the ability of neutrophils to roll and adhere
to inflamed yolk sac vessels, correlating with the change in neutrophil ontogeny. Before
E15, when most blood neutrophils are EMP-derived (Freyer et al., 2020), rolling and
adhesion were essentially absent. Later on (at E17), fetal neutrophils acquire the ability to
roll and adhere as surface expression of CXCR2 begins to increase late in fetal life.
Similarly, the rolling and adhesive capacities of fetal human neutrophils in vitro correlate
with gestational age (Nussbaum et al., 2013). Thus, functional differences between EMP-
and intra-embryonic-derived neutrophils exist and remain to be further investigated in

the mouse model.

g. Lymphoid cells

Lymphoid cells are immune cells comprising innate (ILC1-3) or adaptive lymphoid cells (B
and T cells). However, the first lymphoid cells emerge before bona fide HSCs appear
(Yoshimoto et al., 2012). Most studies have not found lymphoid potential among EMPs.
For instance, when McGrath et al. cultured EMPs (Kit* CD41* CD16/32*) from E9.5 yolk
sacs they did not detect any B cell output (McGrath et al., 2015). Furthermore, fate-
mapping experiments using Csf1rVe“eMer pylsed at E8.5 came to the same conclusion
that EMPs do not have B or T cell potential in the mouse (Gentek et al., 2018b; Elsaid et
al., 2021). Intriguingly, a recent study based on fate mapping (Csf1rMeiceMer Rosa26""
pulsed at E9.5) claimed that EMPs produce the first NK cells (ILCs) in the fetal liver around
E14.5, even though at low numbers (Dege et al., 2020). However, pulse labeling at E9.5
in this fate-mapping model also leads to low labeling of intra-embryonic HSPCs (Elsaid et
al., 2021). Importantly, in a recent study, the labeling of lymphoid cells (T, B, and NK cells)
in time-course fate-mapping experiments did not align with the labeling of EMP-derived
erythrocytes, macrophages, or neutrophils (Lazarov et al., 2024). Lymphoid cells thus do

not derive from EMPs.
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1.2.3 Intraembryonic hematopoiesis

Transient intraembryonic-derived progenitors

The observation that the first lymphoid cells are neither EMP- nor HSC-dependent has
led to the hypothesis of a distinct progenitor wave endowed with lymphoid potential
(Boiers et al., 2013; Yoshimoto et al., 2012; Beaudin et al., 2016). Indeed, recent lineage
tracing and barcoding experiments revealed a novel population of intraembryonic-
derived hematopoietic progenitors labeled by HIf<t’™2 Ft3<, or FIt3“*f12 but not by
HSC-specific lineage tracing such as Evi1“*¥f72 (Beaudin et al., 2016; Yokomizo et al.,
2022; Patel et al., 2022). In the Cdh5°t"™ model, lymphoid cells are first labeled when
pulsing with 4-OHT at E8.5 but not before (Barone et al., 2024).

Depending on the study, this progenitor wave has been given different names:
developmentally restricted (drHSCs) (Beaudin et al., 2016), Lympho-myeloid biased
progenitors (LMPs) (Zhu et al., 2020), embryonic multipotent progenitors (eMPPs) (Patel
et al., 2022), or pre-HSPC/HSC-independent progenitors (Yokomizo et al., 2022). These
transient progenitors emerge around E9.5 (Figure 3) and are multipotent (contribute to
monocytes, granulocytes, erythrocytes, platelets, B and T cells) in the fetus and adult with
a long-term bias for lymphoid cells (Beaudin et al., 2016; Patel et al., 2022).

In contrast to the 24 hours later emerging HSCs, they do not require a fully arterialized
endothelium (Dignum et al., 2021). Interestingly, several studies observed that these
transient progenitors may emerge preferentially in the vitelline and umbilical arteries
(Yokomizo et al., 2022; Barone et al., 2024). The vitelline artery connects the AGM with
the yolk sac and the borders between the tissues are obscure. This might explain the
previously contradicting studies on whether the yolk sac is endowed with lymphoid
potential (Cumano, Dieterlen-Lievre & Godin, 1996; Cumano et al., 2001; Yoshimoto et
al., 2012).

Collectively, there is now a substantial body of research indicating that the initial lymphoid
progenitors emerge in a distinct hematopoietic wave, characterized by unique spatial,

temporal, and functional features in contrast to EMPs and HSCs.

Hematopoietic stem cells

HSCs emerge as the last hematopoietic wave around E10.5 in the AGM. Nascent HSCs
are termed pre-HSCs as they first have to migrate to the fetal liver and mature before
they acquire long-term reconstitution potential (Kieusseian et al., 2012; Rybtsov et al.,
2016). The number of HSCs that emerge in the embryo is still under investigation
(Kumaravelu et al., 2002; Ganuza et al., 2017). Similar to the adult bone marrow, the fetal
liver contains long-term repopulation potential (secondary transplantation potential) in
the Kit* Sca-1* CD150* CD48"¢ cells (immunophenotypic LT-HSCs) (Morrison et al., 1995;
Sanchez et al., 1996; De Bruijn et al., 2002; Kim et al., 2006; Pietras et al., 2015). However,
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there also might be long-term reconstitution potential in immunophenotypic ST-HSCs in
contrast to the adult bone marrow since fetal and adult populations functionally differ
despite expressing the same cell surface markers (Pietras et al., 2015; Stonehouse et al.,
2024).

Attracted by CXCL12 (stem cell-derived factor 1, SDF-1) and stem cell factor (SCF) HSCs
eventually leave the fetal liver niche and seed the spleen and the developing bone
marrow around E15.5 and E16.5, respectively, via the bloodstream (Nagasawa et al.,
1996; Ara et al., 2003; Christensen et al., 2004; Gekas et al., 2005; Coskun et al., 2014,
Hall et al., 2022). Hematopoietic potential is still detected in the liver until around two
days, and in the spleen until around 14 days, after birth (Wolber et al., 2002; Collins et
al., 2024; Monticelli et al., 2024). While HSCs are proliferative in the fetus, HSCs switch to
a quiescent state between 3 and 4 weeks after birth (Bowie et al., 2007).

1.2.4 Developmental hematopoiesis from flies to humans

Drosophila melanogaster

Similar to vertebrates, the hematopoietic system of Drosophila melanogaster develops in
consecutive waves (Holz et al., 2003; Crozatier & Meister, 2007; Banerjee et al., 2019)
(Figure 4). Even though the hematopoietic system of drosophila consists of different cell
types and hematopoietic organs than the mammalian model, some aspects of the fly
blood system are highly conserved (Hoffmann et al., 1999; Traver & Zon, 2002; Gold &
Brickner, 2014).

Drosophila does not have an adaptive immune system. Its blood and immune cell types
are reduced to plasmatocytes, crystal cells, and lamellocytes which collectively are called
hemocytes (Rizki, 1957; Lanot et al., 2001). Plasmatocytes (macrophage analog) have
phagocytic and antimicrobial functions and secrete ECM proteins in all stages of
development (Abrams et al., 1993; Tepass et al., 1994; Franc et al., 1996). Crystal cells
are involved in oxygen transportation, wound healing, and the immune response through
their phenoloxidase activity (Lebestky et al., 2000; Shin et al., 2024). Phenoloxidase is
involved in the synthesis of melanin which clotts the hemolymph and encapsulates the
pathogens (Soderhdll & Cerenius, 1998). Lamellocytes only appear upon wasp
parasitization in the larval stage, upon which they destroy the parasitic wasp eggs by
melanization (Rizki & Rizki, 1992, 1994).

Interestingly, the specification of hematopoietic potential and cell fate decisions are
highly conserved between vertebrates and the fly (Lebestky et al., 2000). Serpent (Srp),
Gata ortholog, is essential for hematopoietic development (Rehorn et al., 1996). U-
shaped (Ush), a member of the Friend-of-GATA (FOG) family as well as Lozenge (Lz), a

Runx1 homolog, are required for the development of crystal cells (Daga et al., 1996;
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Lebestky et al., 2000; Fossett et al., 2001). Notch signaling is also required for crystal cell

differentiation and lamellocyte proliferation during parasitization (Duvic et al., 2002).

a. Embryonic wave

The hematopoietic system of Drosophila is built through a first “embryonic wave”
followed by a second “larval wave” (Holz et al., 2003). During the embryonic wave,
hemocyte precursors emerge from procephalic mesoderm, also called head mesoderm
in the early embryo (Tepass et al., 1994; Holz et al., 2003). This early wave gives rise to
plasmatocytes (~90-95%, analog to tissue-resident macrophages) and crystal cells (~2-
5%) (Tepass et al., 1994; Lanot et al., 2001). Plasmatocytes circulate through the
hemolymph (analog to the blood) or attach to the body wall in sessile pools. Their
migration is facilitated by autocrine secretion of the ECM-glycoprotein laminin (Sanchez-
Sénchez et al., 2017). Importantly, embryonic hemocytes are the main active immune cell
population during the larval stage and persist into adulthood (Lanot et al., 2001; Holz et
al., 2003), reminiscent of EMP-derived macrophages (Ginhoux et al., 2010; Gomez
Perdiguero et al., 2015).

b. Larval wave

During the larval stage, the dorsal or cardiogenic mesoderm gives rise to the dorsal
vessels and lymph glands (Rugendorff, Younossi-Hartenstein & Hartenstein, 1994; Holz et
al., 2003). The lymph gland is the hematopoietic organ of the larva and is comprised of
one pair of large primary lobes and several smaller secondary lobes. The main lobe has
an outer cortical and an inner medullary zone (Jung et al., 2005). Differentiated cells are
only located in the cortical zone, whereas proliferating prohemocytes (progenitors) are
found in both zones. The secondary lobes usually only contain immature hemocytes which

do not differentiate in steady-state conditions (Jung et al., 2005).

As in the embryonic stage, prohemocytes in the larval stage differentiate into
plasmatocytes, crystal cells, and lamellocytes (late-wave hemocytes) (Lanot et al., 2001).
At the beginning of the pupal stage (after the third instar larva) the lymph glands
disintegrate and release late-wave hemocytes, leaving behind empty lobes of ECM
lamellae (Lanot et al., 2001; Holz et al., 2003; Grigorian, Mandal & Hartenstein, 2011).

c. Adult

Embryonic and larval hemocytes persist through metamorphosis and co-exist in the adult
fly in a 60:40 ratio (Holz et al., 2003; Honti et al., 2014; Ghosh et al., 2015; Sanchez Bosch
et al., 2019). Whether prohemocytes or hemocytes undergo proliferation and de novo
differentiation in the adult fly remains under discussion (Ghosh et al., 2015; Sanchez Bosch
et al., 2019).
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Figure 4. Developmental hematopoiesis in Drosophila. Early-wave plasmatocytes
(macrophages, red) emerge in the embryo and are the main population of active immune cells in
the larval stage. Late-wave plasmatocytes (blue) arise in the larval stage in the primary lymph gland
where they expand and mature. At the end of the 3 instar larva (L3), the lymph gland disintegrates
and late-wave plasmatocytes are released into the hemolymph. In adulthood, embryonic and larval

plasmatocytes co-exist in a ratio of 60:40. Created with biorender.com.

32



Introduction

Zebrafish (Danio rerio)

Zebrafish have been instrumental in studying developmental hematopoiesis due to their
high number of offspring, simple genetic manipulation, embryonic development outside
of a womb, and optical transparency which enables visualization of blood and immune
cells from emergence onwards. The hematopoietic system of zebrafish develops in
sequential waves, a conserved feature in mammals and fish (Figure 5). Additionally, gene
regulation in hematopoiesis as well as the close relationship between endothelial and
hematopoietic cells are conserved.

a. Primitive hematopoiesis

Primitive hematopoiesis starts around the 2-9 somite stage (~11-14 hpf) in two different
anatomical locations: The intermediate cell mass (ICM) derived from posterior lateral
mesoderm (PLM) mainly gives rise to primitive erythrocytes characterized by expression
of gatal (Al-Adhami & Kunz, 1977; Detrich et al., 1995) (Figure 5). Similar to mice and
humans, zebrafish primitive erythroblasts express embryonic hemoglobin which
distinguishes them from definitive erythrocytes (Brownlie et al., 2003). Immature primitive
erythroblasts migrate to the midtrunk region and exit onto the yolk sac, where they
mature (Detrich et al., 1995; Herbomel, Thisse & Thisse, 1999). With the onset of the
heartbeat around 24 hpf, primitive erythroid progenitors enter circulation (Willett et al.,
1999).

The second site of primitive hematopoiesis are the rostral blood islands (RBIs) which lie
on top of the yolk sac surface and originate from anterior lateral-plate mesoderm (ALPM)
(Herbomel, Thisse & Thisse, 1999). Around 9 somites, the RBIs give rise to macrophage
and neutrophil precursors expressing amongst others [-plastin, pu.1, scl and flk1
(Herbomel, Thisse & Thisse, 1999; Willett et al., 1999; Le Guyader et al., 2008). They
migrate to the yolk sac between the 14-30 somite stage before the arrival of primitive
erythroblasts and before the onset of circulation (Herbomel, Thisse & Thisse, 1999).
Compared to mammals, the zebrafish yolk sac mainly functions as a nutrient supply and
does not show generative hematopoietic potential. Instead, the yolk sac is the site where
neutrophils and macrophages proliferate and mature before they seed other tissues
(Herbomel, Thisse & Thisse, 2001; Le Guyader et al., 2008).

By 16-18 hpf (17 to 18-somites) primitive macrophages seed the mesenchyme throughout
the embryo (Herbomel, Thisse & Thisse, 2001). Reminiscent of mice, these first
macrophages seed the brain and differentiate into microglia (Herbomel, Thisse & Thisse,
1999; Ginhoux et al., 2010). However, in contrast to mice, they are later progressively
replaced by microglia from the definitive hematopoietic wave in adulthood (Xu et al,,
2015; Ferrero et al., 2018).

The first neutrophils seed the mesenchyme and epidermis (Lieschke et al., 2001; Le

Guyader et al., 2008). Primitive macrophages and neutrophils are important for immunity
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and tissue repair in the embryo and larva and are regulated differently on the
transcriptional level than their definitive counterparts (Le Guyader et al., 2008; Herbomel,
Thisse & Thisse, 1999; Xu et al., 2015; Garcia-Lopez et al., 2023; Elsaid et al., 2024).

Figure 5
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Figure 5. Developmental hematopoiesis in zebrafish. The hematopoietic system in zebrafish
develops in several sequential and overlapping hematopoietic waves similar to mice. The first
primitive erythrocytes emerge in the rostral blood islands (RBI). Primitive macrophages and
neutrophils develop in the intermediate cell mass (ICM). Erythro-myeloid progenitors (Emp) arise
in the posterior blood islands (PBI) and finally, hematopoietic stem and progenitor cells emerge
from the ventral wall of the dorsal aorta (VDA). Adult hematopoiesis takes place in the kidney and
thymus. (A) Scheme illustrating the hematopoietic organs in the zebrafish embryo between 12
hours post fertilization (hpf) and 3 days post fertilization (dpf). CHT, caudal hematopoietic tissue.
(B) Scheme illustrating the period and organ in which the overlapping hematopoietic waves are
active including their progenitor output. Created with biorender.com.

b. Definitive hematopoiesis

Around 30 hpf, hematopoiesis shifts from the yolk sac to the ventral side of the tail just
behind the end of the yolk extension (posterior blood islands, PBI) (Bertrand et al., 2007).
Around 30-36 hpf erythro-myeloid progenitors (EMPs) appear in the PBI that co-express
Imo2 (endothelial marker) and gatal and give rise to erythrocytes, thrombocytes
macrophages, and neutrophils (Lin et al., 2005; Bertrand et al., 2007; Le Guyader et al.,
2008). EMPs are independent of Notch-signaling and do not seed the thymus or kidney
in contrast to lymphoid progenitors or HSCs that emerge later (Murayama et al., 2006;
Bertrand et al., 2010b).

Lastly, HSC-independent progenitors with lymphoid potential and bona fide HSCs (cd41*

kdr* cmyb* cd45%) emerge via a Runxl-dependent endothelial-to-hematopoietic
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transition (EHT) in the sub-aortic space in the ventral wall of the dorsal aorta (VDA, analog
to the murine AGM region) in the zebrafish trunk 2 dpf or 3 dpf, respectively (Murayama
et al., 2006; Jin, Xu & Wen, 2007; Bertrand et al., 2010a; Kissa & Herbomel, 2010; Tian et
al., 2017; Ulloa Bianca A et al., 2021). Pro-inflammatory signals from primitive neutrophils
induce hematopoietic specification of endothelial cells and matrix metalloproteinases
(MMPs) facilitate the egress from the endothelium (Espin-Palazén et al., 2014; Theodore
et al., 2017). The nascent progenitors seed the caudal hematopoietic tissue (CHT,
developed from the PBl and analog to the murine fetal liver) through the blood circulation
where they expand and differentiate until 7 dpf (Murayama et al., 2006). From there, HSC-
independent lymphoid progenitors start seeding the developing thymus around 3 dpf
whereas HSCs seed the kidney at 4 dpf (Willett et al., 1999; Murayama et al., 2006; Jin,
Xu & Wen, 2007). HSC-independent progenitors produce mature blood and immune cells
starting around 5 dpf. HSCs, by contrast, do not differentiate before 7 dpf (Ulloa Bianca
Aetal., 2021). This dynamic is reminiscent of the switch from eMPPs to HSCs in mice (Zhu
et al., 2020; Yokomizo et al., 2022).

Finally, the mature kidney (bone marrow analog) starts producing mature erythroid,

myeloid, and lymphoid cells around 2-3 weeks of development (Willett et al., 1999).

Human

Human pregnancies last on average 266 days or 38 weeks post conception (280 days/40
weeks post gestation) instead of 19 days (post gestation) in mice. Human embryos first
develop a primary yolk sac (Carnegie stage (CS) 4, 1 post-conception week (pcw)). A
secondary yolk sac replaces the primary yolk sac around 2.5 pcw (CSé) and persists until
~8 weeks (CS23) (Luckett, 1978). The secondary yolk sac, a balloon-like appendage inside
the amnion, is the site where hematopoiesis begins in humans (Calvanese & Mikkola,
2023).

As in mice, the first blood cells in the human embryo are primitive erythroblasts that
emerge in blood islands in the yolk sac between 16-18.5 days after fertilization (CS7-8)
(Bloom & Bartelmez, 1940; Tavian, Hallais & Peault, 1999; Tyser et al., 2021). These
primitive erythroblasts, contain embryonic hemoglobin (/e globins) and enter the
circulation as nucleated cells around 3 pcw (~4 ssp) (Peschle et al., 1984). Human primitive
erythroblasts enucleate starting around 5 pcw in the placenta through interaction with

macrophages (Hofbauer cells) (Van Handel et al., 2010).

Next to primitive red blood cells, the human yolk sac gives rise to transient EMPs that
emerge from endothelial cells (Tavian, Hallais & Peault, 1999). EMPs (also called early
HSPCs in the literature) appear around 2-3 pcw and are detectable until 8 pcw at the most
(Goh et al., 2023). They commit to myeloid progenitors and megakaryocyte-erythrocyte
progenitors and eventually differentiate into mainly red blood cells, megakaryocytes, and

macrophages in the yolk sac and fetal liver (Tavian, Hallais & Peault, 1999; Tyser et al.,
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2021; Popescu et al., 2019; Goh et al., 2023). One study also attributed mast cell potential
to human EMPs (Popescu et al., 2019). Unlike mice, EMPs in humans do not produce
neutrophils. Granulopoiesis only takes place in the bone marrow at 14 pcw (Ohls et al.,
1995; Popescu et al., 2019). Similar to findings in the mouse model (Schulz et al., 2012;
Gomez Perdiguero et al., 2015; Hoeffel et al., 2015), human macrophages most likely
differentiate in the yolk sac without passing through a monocyte stage (Goh et al., 2023).

Early experiments on human embryoid bodies led to the conclusion that yolk sac-derived
EMPs have de novo T cell potential (Atkins et al., 2021). By contrast, previous culture
experiments and recent findings from single-cell RNA sequencing of human
hematopoietic tissues support the notion that the EMPs in the yolk sac have no lymphoid
potential, as lymphoid cells in the yolk sac were detected only after the onset of AGM-
hematopoiesis (Tavian et al., 1996; Tavian, Hallais & Peault, 1999; Goh et al., 2023).
Nevertheless, this highlights that AGM-derived cells colonize the yolk sac before reaching
the fetal liver (Calvanese et al., 2022).

As in mice, the human placenta is a site of hematopoiesis. Whether only maturation or
also de novo generation occurs in the placenta is still under investigation (lvanovs et al.,
2011; Calvanese et al., 2022; Thomas et al., 2023).

One of the biggest differences between murine and human developmental
hematopoiesis is the onset of bone marrow colonization by hematopoietic progenitors.
Whereas in the mouse bone marrow hematopoiesis only starts around birth, in human
fetuses, HSCs seed the bone marrow already around 12 pcw (Charbord et al., 1996; Gekas
et al., 2005; Hall et al., 2022). Thus, while in mice EMPs are the main source of mature
blood cells until birth, yolk sac-derived cells most likely have different kinetics in human
development.

1.2.5 Conclusion

Altogether, this demonstrates that the sequential establishment of the hematopoietic
system is highly conserved throughout the animal kingdom, suggesting its essential role
in fetal development. In the following, | will discuss the molecular mechanisms that
regulate each individual hematopoietic wave, the functional differences between them,
and elaborate on some of the reasons why this complex process is beneficial for fetal
development.
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1.3 Commonalities, differences, and interplay between EMPs and
HSCs

1.3.1 Molecular regulation of hematopoietic specification and emergence

The emergence of each hematopoietic wave is tightly regulated. As we will see below,
there are minimum requirements to generate primitive hematopoietic cells, while
definitive EMPs, eMPPs, and HSCs depend on increasingly complex signaling pathways
and transcription factor networks (Table 2, Figure 6). As relatively little is known so far
about eMPPs, | will mainly focus on EMPs and HSCs. Both emerge from hemogenic
endothelium (endothelial cells with hematopoietic potential) through a hematopoietic-to-
endothelial transition (EHT). The EHT process was concurrently described in mice and
zebrafish by three independent laboratories (Kissa & Herbomel, 2010; Bertrand et al.,
2010a; Boisset et al., 2010). The close relationship between endothelial cells and
hematopoietic cells as well as the key molecular mechanisms of hematopoietic
specification were however known long before the discovery of EHT (Dantschakoff, 1908;
Sabin, 1920; Tsai et al., 1994; North et al., 1999; Kumano et al., 2003). During EHT,
endothelial cells take on a hematopoietic fate. They bud into the lumen of the blood

vessel in mice and into the subaortic space in zebrafish.

Even though EMPs and HSCs both emerge via an EHT, they derive from distinct
populations of hemogenic endothelium (Chen et al., 2011). EMPs can emerge from
endothelial cells in the yolk sac blood islands and vascular plexus before venous and
arterial specification whereas HSC emergence is restricted to an arterial origin (Gordon-
Keylock et al., 2013; Frame et al., 2016; Kasaai et al., 2017).

Table 2 Requirement of molecular regulators for the emergence of hematopoietic waves

Requirement of molecular regulator Primitive cells EMPs HSCs
Whnt/B-catenin ? yes yes
Sox7 no yes yes
Sox17 no no yes
Notch1 no no yes
GataZ2 no yes yes
Gata2 bookmarking during emergence no no yes
Runx1 no yes yes
Zfat yes ? ?

The specification and emergence of the hematopoietic fate in the endothelium are finely

tuned by different transcription factors and signaling pathways.
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Zfat

Zfat, a transcriptional regulator containing a zinc finger domain, is expressed in the yolk
sac from E6.5 onwards (Tsunoda et al., 2010). Zfat-deficient embryos die around E9.5.
The vascular system in the yolk sac is normal but the blood islands are devoid of
hematopoietic cells. Zfat binds the promoters of Scl, LmoZ2, and Gatal, key transcription
factors in erythropoiesis (Robb et al., 1995; Shivdasani, Mayer & Orkin, 1995; Fujiwara et
al., 1996; Tsunoda et al., 2010). Their expression is abolished in Zfat-deficient yolk sacs at
E7.5. This indicates that ZFAT most likely is one of the key regulators of the emergence
of primitive cells and is important for the initiation of the erythroid program. Interestingly,
the lack of Zfat does not impair Gata2 expression, indicating that Zfat and Gata2 are
regulated independently (Tsunoda et al., 2010).

Zfat expression is also detected in the early progenitor stages of erythropoiesis in the

fetal liver indicating that it participates in definitive hematopoiesis (Tsunoda et al., 2018).

Whnt/B-catenin signaling

Wnt signaling is involved in countless processes in the organism. It is important for the
maintenance and integrity of the vasculature and also for the emergence of EMPs and
HSCs (Cattelino et al., 2003; Yamamizu et al., 2010; Ruiz-Herguido et al., 2012; Frame et
al., 2016). The binding of Wnt ligands to Frizzled receptors initiates a phosphorylation
cascade preventing the degradation of B-catenin. B-catenin thus accumulates and
migrates from the cytoplasm to the nucleus where it regulates transcription by interacting

with T-cell-specific factor/lymphoid enhancer-binding factor (TCF/LEF).

Conditional deletion of f-catenin in endothelial cells perturbs EMP emergence in the yolk
sac (Frame et al., 2016). Similarly, inhibition of B-catenin in the AGM at E10.5 impairs HSC
function in colony-forming assays as well as in reconstitution experiments. The same
inhibition however did not affect the AGM at E11.5, indicating that HSCs become
independent of Whnt signaling with progressive maturation (Ruiz-Herguido et al., 2012).

The hematopoietic specification in the AGM does not only rely on Wnt signaling but also
requires other factors that act synergistically. Interestingly, in the regulation of endothelial
cells Wnt signaling was placed upstream of Sox17 and Notch signaling (Corada et al.,
2013).
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Figure 6
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Figure 6. Molecular regulation of hematopoietic specification and emergence. (A) Primitive
erythroblasts directly emerge from the mesoderm regulated by Zfat. (B)Erythro-myeloid
progenitors (EMPs) emerge from hemogenic endothelial cells. (C) Hematopoietic stem cells (HSCs)
in the aorta gonad mesonephro region (AGM) from arterial hemogenic endothelium.

SoxF family
The SoxF family (SRY related-HMG box family F) contains 3 transcription factors, Sox7,
Sox17, and Sox18, that are involved in angio- and lymphangiogenesis (Francois,

Koopman & Beltrame, 2010).

Sox7 is first expressed around E7.5 in the endothelial cells in the blood islands as well as
in the arterial and venous endothelium of the yolk sac. Additionally, Sox7 expression is
also found in the endothelium of the dorsal aorta (Gandillet et al., 2009; Costa et al.,
2012; Lilly et al., 2016). Enforced expression of Sox7 does not affect hematopoietic
specification in the endothelium but prevents maturation and differentiation of

hematopoietic progenitor downstream of their emergence (Gandillet et al., 2009; Costa
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et al.,, 2012). SOX7 inhibits hematopoiesis by physically interacting with RUNX1. This
perturbs the CBFbeta-RUNX1 complex hindering the binding of RUNX1 to the DNA (Lilly
et al., 2016).

Likewise, Sox17 is expressed in hemogenic endothelium where it represses
hematopoietic genes such as Gata2 and Runx1 (Kim, Saunders & Morrison, 2007; Corada
et al., 2013; Clarke et al., 2013; Lizama et al., 2015). Contrary to Sox7, Sox17 however is
specific to arterial endothelium and thus is more important for HSCs than for EMPs. The
conditional knockout of Sox17 in endothelial cells does not impair primitive erythropoiesis
or the function of EMPs. The number of EMPs and HSCs emerging in the yolk sac and
AGM, respectively, however, are decreased (Kim, Saunders & Morrison, 2007; Clarke et
al., 2013).

The loss of Sox17 during EHT in the AGM increases the emergence of hematopoietic
progenitor and stem cells (Lizama et al., 2015). This increase in EHT can be rescued
through overexpression of Notch1 (Lizama et al., 2015), which places Sox17 upstream of
Notch1 (Corada et al., 2013). Indeed, it has been demonstrated that SOX17 binds
upstream of the Notch1 5'-untranslated region and the Notch ligand DIl4 (Clarke et al.,
2013; Corada et al.,, 2013; Lizama et al., 2015). Sox17 and Notch1 regulation is
bidirectional since Notch1 also counter-regulates Sox17 (Lee et al., 2014; Lizama et al.,
2015).

After hematopoietic specification, Sox17 is crucial to regulate the survival and
maintenance of fetal and neonatal HSCs but is no longer required in adult HSCs (Kim,
Saunders & Morrison, 2007).

Notch1

Similar to Sox17, Notch1 governs arterial identity and tightly regulates the balance
between endothelial and hematopoietic fate (Krebs et al., 2000; Lawson et al., 2001).
Increased Notch signaling promotes arterial programs in endothelial cells while inhibiting
hematopoietic fate (Lizama et al., 2015; Gama-Norton et al., 2015). Notch1 is essential
for the hematopoietic specification of endothelial cells in the AGM but not for primitive
cells or EMPs (Kumano et al., 2003: Hadland et al., 2004).

Upon interaction with one of its ligands, Jagged 1 (Jag 1) (Xue et al., 1999; Robert-Moreno
et al., 2008), the intracellular domain of Notch1 is cleaved and translocates to the nucleus.
There, it collaborates with RBPjk to activate target genes such as the hematopoietic
transcription factor Gata2 while simultaneously inhibiting endothelial genes (Robert-
Moreno et al., 2005, 2008; Guiu et al., 2012; Gama-Norton et al., 2015). Since ectopic
expression of GataZ2 in embryos lacking Notch signaling rescues hematopoiesis (Robert-
Moreno et al., 2008), GataZ2 is placed downstream of Notch (Robert-Moreno et al., 2005;

Gama-Norton et al., 2015). Other transcription factors such as Scl and Runx1 are also
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sensitive to Notch signaling even though they are not direct targets (Robert-Moreno et
al., 2005; Gama-Norton et al., 2015).

Notably, Notch1 is only important during specification and emergence but not thereafter.
In fact, to properly mature, Notch has to be downregulated in developing HSCs (Souilhol
et al., 2016).

Gata2

Concurrent with the downregulation of arterial genes such as Notch1 and Sox17, GataZ,
is upregulated. GATA2 promotes the hematopoietic specification of endothelial cells in
the yolk sac and major arteries and is important for HSC maturation in intra-aortic
hematopoietic clusters (Tsai et al., 1994; Tsai & Orkin, 1997; Koyunlar et al., 2023). During
EHT, GATAZ induces Gfi1b, a repressor of endothelial identity which counteracts Notch
signaling (Koyunlar et al., 2023).

Gata2 has different functions and is differently required in the primitive, EMP, and HSC
wave. The +9.5 cis-regulatory element of Gata2 is required for HSC-emergence in the
AGM, but primitive erythropoiesis in the E8.0 yolk sac is normal (Johnson et al., 2012;
Gao et al,, 2013). While these studies did not specifically probe the effect of +9.5
knockouts on EMPs, the colony-forming potential in the E12.5 fetal liver was severely
decreased. Since EMPs make up for a considerable proportion of fetal liver hematopoiesis
at this stage, this may indicate that not only HSCs but perhaps also EMPs depend on the
+9.5 regulatory element (Gao et al., 2013).

Additionally, mitotic bookmarking is essential for the emergence of hematopoietic
progenitors in the AGM but not for EMPs in the yolk sac (Silvério-Alves et al., 2023).
Forced degradation of Gata2 during mitosis (impaired bookmarking) does not affect the
functional output nor the numbers of EMPs in the yolk sac at E9.5. Also, at E10.5 the
output in CFU assays of fetal liver cells (mainly containing EMPs at this stage) is normal in
terms of frequencies. However, the number of colonies was significantly reduced. This
indicates that Gata2 bookmarking is not essential for the emergence of differentiation of
EMPs but is involved in the expansion of the progenitor population. By contrast, both the
number of intra-aortic hematopoietic clusters, colony output in the AGM and the long-
term engraftment potential was highly impaired when Gata2 bookmarking was perturbed.
This suggests that only the emergence of HSCs and not EMPs depends on Gata2 mitotic
bookmarking (Silvério-Alves et al., 2023).

After the emergence from hemogenic endothelium, the dose and timing of Gata2
expression has to be tightly regulated as the lack of timely repression of GataZ causes an
increase in the number of HSCs with a concomitant loss of their functionality (Ling et al.,
2004; Guiu et al., 2012; Eich et al., 2017).
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Downstream of EHT, hematopoietic maturation, and maintenance, GataZ2 is involved in

lineage commitment as discussed above (Bone marrow hematopoiesis — Transcriptional

requlation of lineage commitment).

Runx1

RUNX1 (Runt-related transcription factor 1, AML1, Cbfa2) is considered a master regulator
of EHT as its ectopic expression in endothelial cells is sufficient to induce hematopoietic
fate in the endothelium (Yzaguirre et al., 2018). RUNX1 and its non-DNA binding partner
Core binding factor beta (CBFp) are crucial for the emergence of EMPs and HSCs from
the endothelium in the yolk sac and AGM, respectively. By contrast, primitive
hematopoiesis is independent of RUNX1 (Wang et al., 1996a; Okuda et al., 1996; North
et al., 1999; Cai et al., 2000; North et al., 2002; Lacaud et al., 2002; Chen et al., 2009;
Frame et al., 2016).

Several cues such as BMP4 signaling via Smad1, shear stress, or inflammatory signaling
induce Runx1 expression (Pimanda et al., 2007; Adamo et al., 2009; Espin-Palazén et al.,
2014). Importantly, Runx1, however, is not a direct target of Notch1 (Robert-Moreno et
al., 2005; Gama-Norton et al., 2015). Nevertheless, since retro-viral expression of Runx1
in Notch1-deficient para-aortic splanchnopleura explants rescues hematopoiesis in vitro,

Runx1 is functionally placed downstream of Notch (Nakagawa et al., 2006).

RUNX1 and GATAZ have overlapping functions and act in synergy in a dose-dependent
manner (Wilson et al., 2010). Similar to GATA2, RUNX1 inhibits endothelial gene
expression via its direct targets Gfi1 and Gfi1b both in EMPs and in HSCs (Lancrin et al.,
2012). Furthermore, both RUNX1 and GATAZ are not only required for the EHT process
but are also part of the transcription factor heptad regulating HSC maintenance and

differentiation (discussed in Transcriptional regulation of HSCs) (Wilson et al., 2010).

Conclusion

While this is not an exhaustive list of the factors governing hematopoietic specification
and emergence, it illustrates that each hematopoietic wave is controlled by unique
molecular mechanisms. This opens up the possibility that each wave could be disrupted

differently in the event of perturbation.
1.3.2 At the cross-section between hematopoietic waves

Switch from extra- to intraembryonic hematopoiesis

The tight molecular regulation is closely tied to the strict temporal and spatial regulation
of hematopoietic wave formation. The first primitive potential is detected around E7.5
and the first EMPs emerge at E8.5 in the yolk sac (Palis et al., 1999; McGrath et al., 2015;
Gomez Perdiguero et al., 2015). eMPPs arise around E9.5 in the major arteries, followed
by bona fide HSCs at E10.5 (Miller et al., 1994; De Bruijn et al., 2002; Boiers et al., 2013;
Patel et al., 2022;: Yokomizo et al., 2022).
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Both EMPs, eMPPs and HSCs commit to immunophenotypic CMP, GMP, and MEPs
(summarized as Lin~ Kit" Sca-1"9 cells (LK)), which are progenitors with increased
commitment towards erythroid and myeloid fates. The switch from EMP to intraembryonic
contribution (€MPP) to these progenitor populations occurs around E14.5 (Freyer et al.,
2020; Yokomizo et al., 2022).

Another 24-48 hours later (around E15.5-E16.5), the eMPP- and shortly after HSC-derived
committed progenitors differentiate into mature blood and immune cells in the fetal liver
superseding the EMP-derived progeny. Surprisingly, however, eMPP and HSC-derived
mature blood and immune cells are not found in circulation until shortly before birth
(neutrophils, red blood cells) (Freyer et al., 2020; Soares-da-Silva et al., 2021; Zhang et
al., 2021; Yokomizo et al., 2022; Lazarov et al., 2024) (Figure 7A).

Figure 7
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Figure 7. Contribution of yolk sac-derived mature cells during fetal life and beyond. (A) Primitive
erythroblasts are the main source of red blood cells until E12.5 and are then superseded by EMP-
derived erythrocytes. EMP-derived neutrophils circulate until late gestation. (B) EMP-derived
microglia seed the brain around E9.5/E10.5 and persist throughout adulthood. Other tissue-
resident macrophages seed tissues during development and self-maintain/are replaced in a tissue-
specific manner. EMP-derived mast cells can be found in the skin after rith and are replaced by
mast cells from eMPPs or HSCs during the first weeks after life.

While EMP-derived short-lived cells disappear around birth, EMP-derived tissue-resident
can persist until adulthood (Figure 7B). This is the case for mast cells in the tongue,
adipose tissue, and peritoneal cavity (Li et al., 2018; Gentek et al., 2018a; Tauber et al.,
2023), and macrophages in the brain, liver, heart, lung, or skin (Ginhoux et al., 2010;
Schulz et al., 2012; Hashimoto et al., 2013; Yona et al., 2013; Gomez Perdiguero et al.,
2015). These tissue-resident macrophages are capable of self-maintenance throughout
life, and the rate and timing of contribution of adult HSPC to their pools are organ-
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specific. At one end of the spectrum, brain parenchyma microglia are almost never
replaced by HSPC-derived cells in homeostatic conditions, and at the other of the
spectrum, macrophages in the lamina propria are constantly renewed from bone marrow-
derived monocytes (Ginhoux et al., 2010; Bain et al., 2014).

Immunophenotypic and functional differences

Initially, hematopoietic progenitor populations in the fetal liver were characterized using
the definitions from the adult bone marrow. However, due to the rapid succession of
different hematopoietic waves, the immunophenotypically defined progenitor
populations in the fetal liver functionally do not contain the same cells as found in the

adult bone marrow.

For example, at E11.5 immunophenotypic GMPs and CMPs in the fetal liver show an
increased erythrocyte output compared to the adult bone marrow that steadily declines
until E18.5 (Freyer et al., 2021; Monticelli et al., 2024). This could be due to a change in
progenitor origin (EMP vs eMPP vs HSC). As the immunophenotypic definition of a GMP
(Lin"8 Sca-1"°¢ Kit"s" CD34* CD16/32") corresponds to the definition of an EMP in the yolk
sac, the progenitors found in the GMP gate at E11.5 or E12.5 might therefore be bona
fide EMPs that migrated to the fetal liver whereas at later stages, when GMPs are eMPP-
or HSC-derived, the same gate might contain cells with a different lineage potential.
Biologically, this erythroid bias may actually be crucial in order to ensure sufficient
oxygenation of the rapidly growing embryo and fetus. Intriguingly, even
immunophenotypic LT-HSCs in the E14.5 fetal liver show increased erythrocyte potential

compared to the adult bone marrow (Stonehouse et al., 2024).

In addition, fetal liver HSCs are more proliferative (Bowie et al., 2006) and show better
reconstitution efficiency than their bone marrow counterparts (Morrison et al., 1995; He
et al., 2011). Both the increased reconstitution potential and the increased erythroid
output could be attributed to Sox17 expression which is exclusively expressed in fetal but
not adult HSCs (Kim, Saunders & Morrison, 2007; He et al., 2011).

Competition between extra- and intraembryonic blood cells for cytokines and

growth factors
In the fetal liver, extra- and intra-embryonic-derived hematopoietic progenitors mature
and differentiate side by side. As they share the same niche, they compete for cytokines
and growth factors that are mainly produced by the fetal liver stroma. Compared to the
bone marrow, the fetal liver, however, is a relatively low-cytokine environment (Peixoto et
al., 2024).

Bona fide EMPs and EMP-derived committed progenitors outcompete intraembryonic-
derived progenitors in their proliferation and differentiation potential (McGrath et al.,

2015). EMPs require less erythropoietin (EPO) for erythrocyte production in vitro (Soares-
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da-Silva et al., 2021) and produce neutrophils faster in competitive transplantation assays
than HSCs (Freyer et al., 2020). Furthermore, EMPs and intraembryonic hematopoietic
progenitor and stem cells depend on distinct sources of Kit Ligand (Azzoni et al., 2018).
As EMPs and HSCs co-exist in the same niche their distinct dependency and sensitivity to

cytokines ensures simultaneous blood cell production and HSC expansion.

Co-operation between hematopoietic waves

Sequential hematopoietic waves are not isolated but rather influence each other.

Together with our collaborators, we recently showed that the correct function of early
hematopoietic waves is essential to ensure the proper maturation of later waves
(Monticelli et al., 2024). By expressing ECM molecules like perlecan, early-wave
macrophages in the fly ensure the integrity of the lymph gland and prevent the premature
release of late-wave macrophages. Similarly, the maintenance of EMP-derived
macrophages is important to protect HSCs from differentiating prematurely (Monticelli et
al., 2024).

Additionally, early-wave myeloid cells such as EMP-derived macrophages in the mouse
or primitive neutrophils in the zebrafish positively requlate HSC emergence. In mice, EMP-
derived macrophages migrate to the AGM signaling where they intravasate the aortic wall
(Rae et al., 2007; Stremmel et al., 2018; Mariani et al., 2019). Similarly, macrophages are
found in the mesenchyme below the ventral wall of the dorsal aorta of human embryos
(Travnickova et al., 2015). These macrophages are thought to facilitate the emergence of
Kit" cells from the endothelium through pro-inflammatory TNFa. and ECM remodeling
through their expression of metalloproteinases MMP9 and MMP13 (Mariani et al., 2019).

This is reminiscent of findings in the zebrafish, where neutrophil-derived pro-inflammatory
signals such as TNFa or Infy positively regulate hematopoiesis (Espin-Palazén et al., 2014;
Li et al., 2014; Sawamiphak, Kontarakis & Stainier, 2014). In addition, metalloproteinase
MMP2, expressed by neutrophils, enables the emergence of HSPCs from the dorsal aorta
by digesting ECM molecules (Theodore et al., 2017).

Finally, as macrophages are important to retain HSCs in the bone marrow (Winkler et al.,
2010; Chow et al., 2011), EMP-derived macrophages may also be directly or indirectly
involved in the homing of the developing bone marrow (Talk at ISEH 2023 Percin &
Waskow, 2023).
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1.3.3 Conclusion

Compared to adults, the developing organism faces the unique challenge of rapidly
growing and forming new organs, competing with the mother for oxygen, and defending
itself against potential pathogens, all while establishing a functional, life-long

hematopoietic system.

Notably, when the first blood cells are required in order to supply the body with oxygen,
neither hematopoietic stem cells nor the bone marrow niche are yet available. Thus,
primitive erythroblasts that require few cytokines, express high-affinity globins, and
transport oxygen before they are fully mature, are the rescuers in times of need (Kitchen
& Brett, 1974; Palis et al., 1999). Simultaneously, the first primitive and EMP-derived
platelets participate in the development of the vasculature system to ensure proper
oxygenation of the body (Finney et al., 2012; Hoover et al., 2021). Furthermore, since
certain developmental time windows cannot be missed for proper organogenesis,
macrophages are produced rapidly so that they can seed the brain before the brain-
blood-barrier closes (Risau, Hallmann & Albrecht, 1986; Bauer et al., 1993; Ginhoux et al.,
2010). They also have to be ready and in place to assist in the emergence of HSCs in the
AGM and to protect them during their maturation process in the fetal liver (Mariani et al.,
2019; Monticelli et al., 2024).

The establishment of a complex hematopoietic system in several successive and
overlapping waves that are molecularly and functionally distinct is thus the key to

successful development.

46



Aims and Objectives of the Thesis

2 Aims and Objectives of the Thesis

The hematopoietic system develops in a complex manner. Several successive waves
ensure fetal survival, proper organ development, and maturation of hematopoietic stem
cells, ready to provide lifelong hematopoiesis. The early waves (primitive cells and EMPs)
sustain the fetus throughout pregnancy until shortly before birth. They are regulated by
distinct molecular mechanisms and give rise to functionally different cells than bona fide
HSCs. Intriguingly, the short-lived nature of the first blood and immune cells is reminiscent
of the spontaneous resolution of some childhood blood disorders. This raises the
question of whether transient hematopoietic progenitors could be the cellular origin of
pediatric diseases. Thus, the objective of my PhD thesis was to decipher how
perturbations affect distinct hematopoietic waves in development and whether this has

consequences beyond birth. More specifically, | asked the following two main questions:

e What are the short- and long-term effects of perturbing EMPs?
e Do EMPs and HSCs respond differently to the same perturbation?

| decided to address these questions by focusing on three EMP-derived cell types each
with a different lifespan. EMP-derived MEGAKARYOCYTES are present in the fetal liver
until around E14.5 (lturri et al., 2021), while EMP-derived MAST CELLS remain in tissues
for several days or weeks postnatally (Gentek et al., 2018a; Tauber et al., 2023). Finally,
EMP-derived MACROPHAGES self-maintain throughout the entire lifetime (Ginhoux et
al., 2010; Yona et al., 2013; Gomez Perdiguero et al., 2015). | assessed the effect of
perturbations of these cell types through three different techniques, each based on
lineage tracing. Lineage tracing enables EMP-derived cells (Csf1rVecreMer pylsed with 4-
OHT at E8.5) to be specifically dissected from other progenitor sources (HS(P)Cs?:
Cdh5“°ER™2 pulsed with 4-OHT at E10.5).

(1) | TRACED EMP- and HSPC-derived megakaryocytes that both express mutant
Gatal to study potential ontogeny-specific effects of mutations.

(2) |specifically INDUCED a gain-of-function mutation in EMPs which drives a disease
in mast cells to assess the long-term effects of perturbations in EMPs.

(3) | DEPLETED EMP-derived macrophages to test how perturbations in EMP

hematopoiesis affect HSCs short- and long-term.

Since each of these strategies has its own advantages and pitfalls, this combination
allowed me to address different complementary aspects and to gain a more
comprehensive view of EMP hematopoiesis.

2 While this strategy primarily labels HSCs (hematopoietic stem cells), a small proportion of eMPPs (embryonic multipotent progenitor cells)
are also labeled. To maintain biological accuracy, | have referred to the labeled population as HSPCs (hematopoietic stem and progenitor
cells) in the context of my megakaryocyte manuscript. For the sake of simplicity, however, | mainly use the term HSC in the other parts of
the thesis, as the characteristics of the eMPP wave have not yet been precisely defined.
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3 Results

3.1 Megakaryocytes - trace

Gatal mutants have been demonstrated to exert stage-specific effects on
megakaryocytes, particularly in the fetal liver (Li et al., 2005). Similarly, it was
demonstrated that only fetal liver- and not cord blood- or bone marrow-derived
megakaryocytes accumulate in the presence of only the short isoform of Gatal,
Gatalshort (Gatals) (Gialesaki et al., 2018). The fetal liver however contains a mix of
progenitors and mature cells from several different progenitor sources such as erythro-
myeloid progenitors (EMPs) and hematopoietic stem and progenitor cells (HSPCs).

Here, | combined EMP- and HSPC-specific lineage tracing, to test whether the stage-
specific phenotype of mutant Gatal is solely due to extrinsic changes in the environment

over time or rather linked to distinct progenitor sources of megakaryocytes.

The following manuscript has recently been submitted and is currently awaiting the

editors’ and reviewers' decision.

As GATA1 regulates not only megakaryocyte, but also erythrocyte fate (Fujiwara et al.,
1996), the megakaryocyte story is followed by a short section describing the effect of
Gata1m"™ on erythropoiesis. Depending on the revisions this part might either become

integrated into the megakaryocyte paper or we will try to publish it as a short report.
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3.1.1 Megakaryocytes
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Abstract

Before hematopoietic stem and progenitor cells (HSPCs) emerge in the embryo, transient
progenitors such as erythro-myeloid progenitors (EMPs) from the yolk sac sustain the
developing fetus by producing mature blood and immune cells. While it is compelling to
postulate that fetal transient progenitors contribute to the stage-specificity of pre-birth
blood disorders, experimental evidence is lacking. By combining EMP- and HSPC-specific
lineage tracing with a Gatal mutation, we identified that mutant Gata1™"*™ drives
transient megakaryocyte accumulation only in the EMP and not in the HSPC lineage. This
accumulation depended on the progenitor origin and not on the megakaryocyte

differentiation pathway or the fetal stage. Single-cell multiome sequencing revealed
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ontogeny-specific transcriptional dysregulation by Gata1™@™, in particular of myeloid
(Cebpb) and progenitor (lkzf2) transcription regulators in erythro-megakaryocyte
progenitors, leading to the development of blast-like cells exclusively in yolk sac-derived
cells. This provides evidence that stage-specific diseases could be traced back to distinct

progenitor origins which will improve diagnosis and treatment.

Introduction

Mutations in key transcription factors like Gatal that govern the lineage decision-making
processes of erythrocyte and megakaryocyte fate, drive transient disorders specifically in
fetal development and not in adulthood (Shivdasani et al., 1997; Li et al., 2005). This
stage-specificity has been attributed to environmental changes between the fetal,
neonatal, and adult hematopoietic niches (Woo et al., 2013). However, it is not yet fully
understood how the same somatic mutation can lead to adverse phenotypes exclusively
in early life and to what extent extrinsic or intrinsic factors cause this stage specificity
(Miyauchi, 2024).

Blood and immune cells at different developmental stages trace back to distinct
ontogenies, as the hematopoietic system is formed from successive and overlapping
progenitor waves. The first hematopoietic cells are produced from transient primitive cells
and transient definitive erythro-myeloid progenitors (EMPs) that arise from the extra-
embryonic yolk sac (Palis et al., 1999; McGrath et al., 2015). Around Embryonic day
(E)14.5, hematopoiesis is then taken over by hematopoietic stem and progenitor cells
(HSPCs) that emerge at midgestation in mice from intraembryonic hemogenic
endothelium in the dorsal aorta (Miller et al., 1994; Medvinsky & Dzierzak, 1996; North
etal., 1999; lturri et al., 2021; Yokomizo et al., 2022). EMPs and HSPCs share emergence,
commitment, and differentiation processes, but the underlying molecular mechanisms
differ between progenitor waves (Hadland et al., 2004; Chen et al., 2011; Schulz et al,,
2012; Silvério-Alves et al., 2023).

This led us to hypothesize that ontogeny, or the yolk sac- vs intraembryonic origin of
progenitors, may contribute to the stage-specific effect of Gatal mutations. Using lineage
tracing and single-cell multiome sequencing, we here show that EMP- and HSPC-derived
megakaryopoiesis pass through distinct differentiation trajectories at the cellular and
transcriptional level. As a result, mutant Gata1 (Gata1m<"*™) affects yolk sac lineages more
severely than intraembryonic-derived HSPCs. Functionally, this manifests itself in that
primitive and EMP-derived, but not HSPC-derived megakaryocytes strongly accumulate
in the presence of Gatal™"™ and give rise to CD244" blast-like cells. Blast-like cell
development is driven by increased activity of the transcription factors CEBPB and Helios

(Ikzf2) in Gata1m<"*™ compared to wild-type conditions.
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Collectively, our results show that a mutation can cause different phenotypes depending
on the origin of the progenitor cells, or ontogeny. This provides groundwork to study the
role of ontogeny in disease development, which may lead to a better understanding of

the differences between pediatric and adult diseases.

Results

Fetal and adult megakaryopoiesis progress through immunophenotypically distinct
progenitor stages.

We first characterized the different stages of megakaryocyte differentiation and
maturation throughout embryonic development and across different fetal hematopoietic
niches, focusing on the extraembryonic yolk sac (at embryonic day (E) 10.5) and the fetal
liver (from E12.5 to E16.5), the main hematopoietic tissue in development. Adult bone
marrow (BM) cells were used as a reference, where megakaryocyte progenitors (MkP) are
defined as Lin" Kithe" Sca-1"9 CD41* CD150* cells (Pronk et al.,, 2007) and
megakaryocytes (Mk) as CD41"" CD42"e" Kit*9 (Fig. 1A, Supplemental Data Fig. 1A)
(Coller et al., 1983). During fetal stages, no immunophenotypic MkPs were detected
(Supplemental Data Fig. 1A).

In contrast, two CD41* populations could be distinguished in fetal hematopoietic tissues
based on Kit and CD41 expression levels: Kit* CD41*and Kit"9 CD41* (Fig. 1A). AtE12.5,
both Kit" CD41* and Kit™? CD41* cells expressed comparable levels of CD42d (platelet
glycoprotein V) and CD41 (platelet glycoprotein Ilb, tga2b) (Fig. 1B). While Kit* CD41*
cells displayed intermediate to low levels of CD45 and Kit, Kit"*¢ CD41* cells were mostly
negative for both markers. Most Kit* CD41* cells were 4n, 8n, or 16n, whereas most Kit"®

cells were mainly 8n (Fig. 1B).

To investigate whether CD41* cells were endowed with progenitor potential or rather
corresponded to Mk maturation stages, we cultured single Kit" and Kit"¢ CD41* cells in
liquid and semi-solid medium. Neither Kit" nor Kit™? CD41* cells were able to produce
Mk colonies indicating that they are not progenitors (Fig. 1C). Hence, we named them
Kit* and Kit"™® Mk thereafter. Finally, virtually all Kit* Mks were Ki67* and at a similar
frequency as granulocyte-monocyte progenitors (GMPs), whereas only 40% of Kit"*¢ Mks
were Kié7* (Figure 1D). The apparent contradiction between the inability to clone in vitro
and the important proliferative capacity of Kit" CD41* cells can be accounted for by
endomitosis. Endomitosis is a unique feature of megakaryopoiesis, where Mks increase
their ploidy by undergoing several rounds of nuclear replication without cell division
(Vitrat et al., 1998). Thus, Kit* Mks corresponded to maturing Mks and smaller Kit**¢ Mks

to mature Mks.

To identify the progenitor upstream of Kit* CD41* cells endowed with Mk potential in the

E12.5 fetal liver, we functionally compared GMPs (immunophenotypic equivalent to EMPs
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in the yolk sac, Lin™9 Kit"s" Sca-1m¢ CD34* CD16/32"9") and megakaryocyte-erythrocyte
progenitors (MEP, Lin"9 Kit"e" Sca-1"°¢ CD34"¢ CD16/32™9) (Fig. 1C). Potency assays
demonstrated that GMPs were the fetal hematopoietic population endowed with the
strongest MkP potential (with regard to Mk cloning efficiency and number of Mks per
colony), particularly when compared to CD45" MEPs (Fig. 1C & Supplemental Data Fig.
1B).

Collectively, time course analysis showed fetal Mks (Kit"*¢ CD4 1) are produced from Lin"*¢
Kit"s" Sca-1m¢ CD34* CD16/32"<" progenitors through an MEP stage only in the fetal liver.
Fetal megakaryopoiesis differs from its adult counterpart due to the absence of Kit"e"
CD41* CD150* megakaryocyte progenitors (MkPs). Instead, fetal Mks (Kit™¢ CD41%)

differentiate from an immature Kit" Mk intermediate.

Yolk sac progenitors are the main source of megakaryocytes in the fetal liver until
E14.5.

Since fetal blood and immune cells are produced from sequential and overlapping
progenitor waves (Fig. 1E), we next investigated the contribution of primitive cells, EMPs,

and HSPCs to fetal Mks by lineage tracing using complementary Cre drivers.

The contribution of primitive cells was assessed indirectly, as no specific Cre driver targets
them. We took advantage of the constitutively active Csf1r strain, in which all definitive
progenitors (EMP and HSPC) and mature myeloid cells were targeted. The contribution
of yolk sac definitive progenitors (EMP) to Kit* Mks was first detected at E9.0, while Kit"®
Mks were labeled later at E10.5 (Fig. 1F). This indicates that the primitive wave was the
main source of Kit™? Mks until E10. Notably, this also supported the developmental
trajectory from Kit* Mks to Kit"®¢ Mks.

EMP contribution to mature Mks was confirmed in pulse-labeling experiments using
inducible Cdh5*tR™ animals. EMPs pulsed at E7.5 with 4-hydroxytamoxifen (4-OHT) were
the main source for Kit" and Kit"9 Mks until E14.5 and E15.5, respectively. Thereafter,
HSPCs (pulsed at E10.5 with 4-OHT in Cdh5“°f™? pregnant dams) took over Mk

production.

In summary, lineage tracing mouse models demonstrated that (i) the primitive wave is the
main source of Mks until E10 in the yolk sac, (ii) definitive EMPs are the primary origin of
Mks until late gestation (E14.5/15.5), and (iii) HSPCs supersede Mk production thereafter.
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Figure 1
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Figure 1. Stages and origins of megakaryopoiesis in fetal development. (A) Dot plots displaying
Lin"9 Sca-19 cells from adult bone marrow (far left), E10.5 yolk sac (left), E12.5 (right), and E16.5
(far right) fetal liver. Three populations were defined based on the expression of Kit and CD41:
Kit"s" Sca-1"¢ progenitors, Kit* Mk, and Kit"? Mk. (B) Histograms showing size (FSC-A), expression
of CD41, CD42d, Kit, CD45, and ploidy (Hoechst 33342) of Kit"e" Sca-1"°9 progenitors, Kit* and
Kit"*¢ Mks and platelets in the E12.5 fetal liver as gated in A. (C) Bar plots showing the overall
cloning efficiency (left) and Mk cloning efficiency (right) of immunophenotypic granulocyte-
monocyte progenitors (GMPs, Lin"¢ Kit"" Sca-1"e¢ CD16/32"s" CD34*), CD45+ megakaryocyte-
erythrocyte progenitors (MEPs, Lin"¢ Kit"s" Sca-1"¢ CD16/32"¢ CD34"9), Kit* CD41* Mks and
Kit*s CD41* Mks sorted form E12.5 fetal livers and cultured for 7 days in liquid culture. 3
independent litters. One-way ANOVA excluding Kit*"¢ Mks. (D) Bar plot showing the frequency
of Ki67* cells among GMPs, Kit*, and Kit"®9 Mks in the E12.5 fetal liver. 4 embryos from one litter.
One-way ANOVA with Tukey’s multiple comparisons. (E) Scheme representing the contribution of
the four main hematopoietic waves emerging in embryonic development (primitive cells, erythro-
myeloid progenitors (EMP), and hematopoietic stem and progenitor cells (HSPC)) and strategies
to fate-map them. Csf1r“ labels all definitive hematopoietic progenitors and myeloid cells.
Cdh5¢<ER™2 pulsed with 4-OHT at E7.5 labels EMPs and their progeny whereas when pulsed at
E10.5 HSPCs and their progeny are labeled. (F) Graph illustrating the labeling efficiency of Kit*
(top left) and Kit™9 (bottom left) Mks in E8.25-E10.5 yolk sacs of Csf1r< R26"" embryos (EMP
contribution). Normalized labeling efficiency of Kit* (top right) and Kit™¢ (bottom right) Mks in
E12.5-E18.5 fetal livers of Cdh5<fR™2 R26"" embryos pulsed with 4-OHT at E7.5 (blue, EMP
contribution, normalized to microglia) or E10.5 (green, HSPC contribution, normalized to Lin"9¢
Sca-1* Kit"9"). n =3 embryos from N =2 litters per condition. Mixed-effects analysis with Tukey's
multiple comparisons, comparing E7.50HT versus E10.50HT data for each time point. Data are
represented as mean = SD. See also Supplemental Data Fig. 1.

Transcriptional regulation of megakaryopoiesis differs between developmental
stages.

Next, we wanted to understand whether the stage- and ontogeny-specific Mk production
trajectories are transcriptionally differently regulated. To test this, we performed droplet-
based paired single-cell RNA and ATAC sequencing (Chromium). We sorted cells
separately at E10.5, E12.5, and E16.5 (Fig. 2A).

We sequenced nuclei from 10,460 wild-type Ter119m¢ F4/80¢ Kit"s" CD41™ and Kit*/"e
CD41* cells from a pool of 15 E10.5 yolk sacs (Supplemental Data Fig. 2A). From E12.5
(7,687 nuclei from 3 wild-type fetal livers) (Supplemental Data Fig. 2B) and E16.5 fetal
livers (2,786 nuclei from 5 wild-type fetal livers), we sequenced nuclei from Lin™¢ (Ter119,
F4/80, Gr1, Nk1.1, CD3, CD19) Sca-1"9 Kiths" CD45* CD16/32"9 CD34"¢ (MEP) and
Kit*"s CD41* Mks (Supplemental Data Fig. 2C).

Cells from all three stages were integrated and clustered using Uniform Manifold
Approximation and Projection (UMAP) for dimensional reduction (Fig. 2B, Supplemental
Data Fig. 3A). We identified multipotent progenitors, lymphoid progenitors, granulocyte-
monocyte progenitors (GMPs), macrophage progenitors, granulocyte progenitors,
neutrophil progenitors, mast cell progenitors, megakaryocyte-erythrocyte progenitors
(MEPs), erythrocyte progenitors, 2 clusters of Mks (Mk I, Mk 1l), and primitive
megakaryocyte-erythroblast cells (Fig. 2B, Supplemental Data Fig. 3B). Average
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expression of key marker genes for each cluster are shown in Supplemental Data Fig.
3C. Multipotent progenitors comprised erythro-myeloid progenitors at E10.5,
hematopoietic stem and progenitor cells at E16.5 and a mixture of both at E12.5
(Supplemental Data Fig. 3D).

Cells were ordered in pseudotime and we performed co-expression analysis along the
Mk-differentiation trajectory from multipotent progenitors (MPPs) to Mks (Fig. 2C,
Supplemental Data Fig. 4). At all three time points, progenitor-specific genes such as
Gata2, Rac2, Nrip1, Cdk19, Cacnb2, Pstpip2, Emilin2, Ptpre were downregulated with
increasing commitment and differentiation (module 1). Simultaneously, megakaryocyte-
specific genes, such as Mpl, Gucylal, Bin2, Srgap3, and Mmrn1, were upregulated
(module 2). Gene enrichment analysis using Enrichr (Chen et al., 2013; Kuleshov et al.,
2016; Xie et al., 2021) revealed that module 1 and 2 genes collectively are involved in
platelet biogenesis and were predicted to be regulated by GATA1 (Figure 2D,
Supplemental Table 1, 2).

However, there were also significant differences between E10.5/E12.5 and E16.5. Genes
such as Hexim1, Alox5ap, Cd300a, and Cebpb (Module 3) were expressed at higher levels
at E10.5 and E12.5 than at E16.5 throughout the entire commitment and differentiation
trajectory (Fig. 2C, Supplemental Data Fig. 4). These genes were predicted to be under
the control of RUNX1 and NFE2L2 (Figure 2D, Supplemental Table 3, 4).

Module 4 genes (Frem1, F13al, Plxna4, Cleclb, Arhgap18, Arhgap45, etc.) were
expressed at higher levels at the MPP level and moderately downregulated after the MEP
stage at E16.5. In contrast, at E10.5 and E12.5 module 4 genes were expressed at low
levels in MPPs and upregulated after the MEP stage. Module 5 genes, such as Lonp2,
Zmiz1, Runx3, and Adgrg3, were expressed at similar levels at all three time points at the
MPP level. While this expression level of these genes in MPPs was sustained until the Mk
stage at E16.5, it was downregulated with progressive Mk differentiation at E10.5 and
E12.5 (Fig. 2C, Supplemental Data Fig. 4A). Amongst others, module 4 and 5 genes
combined were predicted to be regulated by GATA1, EGR1, SALL4 and RUNX1, and
GATAZ2. They are involved in the regulation of GTPase-mediated signaling and play a role
in the regulation of the cytoskeleton and platelet membranes as well as coagulation
(Figure 2D, Supplemental Table 5, 6).

Altogether, this indicates that GATA1 has common (module 1+2) but also ontogeny- and
stage-specific (module 4+5) functions in yolk sac-derived and HSPC-derived Mk

development.
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Figure 2. Single-cell multiome sequencing captures cells throughout megakaryopoiesis in fetal
development. (A) Scheme illustrating sorting and sequencing strategy. Multipotent progenitors
(Ter1197e9 F4/809 Kithish CD41™™), Kit*, and Kit"*9 Mks were sorted from E10.5 yolk sacs.
Megakaryocyte-erythrocyte progenitors (MEP), Kit*, and Kit"*¢ Mks were sorted from E12.5 and
E16.5 fetal livers. Wild-type (male and female) cells were sorted separately at each time point.
Cells were lysed and gene expression and ATAC libraries were prepared from nuclei following the
Chromium Next Gem Single-cell Multiome Sequencing pipeline. (B) UMAP illustrating the
integration of the single-cell RNA sequencing data from E10.5 yolk sacs, E12.5, and E16.5 fetal
livers. Each color labels a different cluster. GMP = granulocyte-monocyte progenitor, MEP =
megakaryocyte-erythrocyte progenitor. (C) Graphs showing expression of co-expression modules
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1-5 along the pseudotime from multipotent progenitors (MPP) via megakaryocyte-erythrocyte
progenitors (MEP) to megakaryocytes | (Mk I) in wild-type cells from E10.5 yolk sacs (orange), E12.5
(purple) and E16.5 (green) fetal livers. (D) Gene enrichment analysis of genes from module 1+2
(top), module 3 (middle), or module 4+5 (bottom) using EnrichR. See also Supplemental Data Fig.
2,3,4.

Gata1m“h*™ causes stage-specific accumulation of Megakaryocytes.

GATA1 is a key transcription factor in megakaryopoiesis regulating Mk commitment,
terminal maturation, and platelet formation (Shivdasani et al., 1997; Iwasaki et al., 2003).
In line with our results on unperturbed megakaryopoiesis, mutant GATA1 perturbs
megakaryopoiesis in a stage-specific manner in the fetal period (Shivdasani et al., 1997;
Shimizu et al., 2001; Li et al., 2005).

Similarly, expression of Gata1™"*™, a fusion protein of Gatal and the fluorescent protein
mCherry (Hoppe et al., 2016), caused a stage-specific accumulation of Mks in the yolk sac
and the fetal liver in both male and female murine embryos (Fig. 3A, B, Supplemental
Data Fig. 5a). No accumulation of megakaryocyte progenitors or Mks was detected in
the bone marrow of 6-month-old mice (Supplemental Data Fig. 5B, C).

To identify the stages of megakaryopoiesis in which Gata1™*™ exerts its effect, we
characterized Lin™? Kit"e" Sca-1"°¢ CD34* CD16/32"¢" progenitors (named EMP in the yolk
sac, GMP in the fetal liver (Akashi et al., 2000; McGrath et al., 2015)), Mks (Kit* and Kit"®9)
and platelets in Gatal™™ mutant embryos. We focused on the two main fetal
hematopoietic niches, the yolk sac (from E8.5 to E10.5) and fetal liver (from E12.5 to
E18.5).

First, while Lin™¢ Kit"" Sca-1"°¢ CD34* CD16/32"¢" progenitors were modestly increased
in the yolk sac, their numbers were unaffected in the fetal liver (Fig. 3C). However, when
cultured, fetal liver Lin"9 Kit"e" Sca-1°¢ CD34* CD16/32"9" progenitors had a higher Mk
output and yielded larger-sized Mk colonies (Fig. 3D, Supplemental Data Fig. 5D). Thus,
Gatal1m™“™ caused hyperproliferation downstream of Lin™¢ Kit"" Sca-17¢ CD34*
CD16/32"" progenitors.

Accordingly, Kit* Mks were affected by Gata1™"*™, Accumulation of Kit* Mks started in
the yolk sac at E9.5 (5-fold increase), peaked around E12.5 in the fetal liver (7-fold
increase), and decreased thereafter (Fig. 3E, Supplemental Data Fig. 5B). In the Fucci
model, in which cells in G1 and S-G2-M can be distinguished by the presence of mCherry-
Cdt or mVenus-hGem fusion proteins, respectively, no overt differences in the cell cycle
of Kit* Mks were found between wild-type and Gata1™"*™ embryos (Fig. 3F) (note that
mCherry-Cdt is brighter than GatalmCherry and the two mCherries can thus be
distinguished easily). However, only Gata1m<"*™ but not wild-type Kit* Mks showed colony
forming potential (Supplemental Data Fig. 5E).
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Figure 3. Gatal™™*™ causes stage-specific accumulation of Megakaryocytes.

A)

Immunofluorescence of 10 pm-thick maximum projection of E10.5 yolk sacs (top), 21 pm-thick
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maximum projection of E12.5 (middle), and 42 um-thick maximum projection of E16.5 (bottom)
fetal livers from wild-type (wt, left) and Gata ™™ (right) embryos. Mks are stained with anti-CD41
PE (magenta). Scale bar represents 25 ym. (B) Dot plots showing Kit* and Kit"*¢ Mk gates among
Lin"¢ cells from E10.5 yolk sac (top), Kit* and Kit™® Mk gates among Lin"®¢ Sca-1"° cells from E12.5
(middle), and E16.5 (bottom) fetal liver from wt (left) and Gata1m<he™ (right) embryos. (C, E, G) Bar
plots showing the number of (C) Lin"¢ Kit* CD34* CD16/32"" cells (immunophenotypic EMPs in
the yolk sac and GMPs in the fetal liver), (E) Kit" Mks and (G) Kit"*¢ Mks in E8.5-E10.5 yolk sacs (left)
and E12.5-E18.5 fetal livers (right) from wt (grey) and Gata1™"*™ (purple) embryos. One-way
ANOVA with Tukey's multiple comparisons. (D) Bar plot showing the frequency of colonies
containing Mk progeny (Mk colony output, left) and size of Mk-containing colonies (right) from
sorted single immunophenotypic GMPs grown in liquid cultures for 7 days from E12.5 fetal livers
from wild-type (grey) or Gata1™“™ (purple) embryos. 3 independent litters. Mann-Whitney test.
(F, H) Bar plots showing the frequency of wt (grey) and Gata 1™ (purple) Kit* (F) and Kit"9 (H)
Mks in early G1 (Fucci double negative), G1 (mCherry-Cdt*) and S-G2-M (mVenus-hGem®) phase
in E12.5 fetal livers from PGK“® R26M?*k embryos. n =3 embryos from N =3 litters per condition.
One-way ANOVA with Tukey’s multiple comparisons. (I) Bar plots showing the numbers of platelets
in the E10.5 yolk sacs (left), E12.5 (middle), and E16.5 (right) fetal livers in wt (grey) and Gata 1mchey
(purple) embryos. n >3 embryos from N >3 litters per condition. Mann-Whitney test. (J) Bright-
field images of Mks grown from single immunophenotypic GMPs from E12.5 fetal livers from wild-
type (grey) or Gata1m“"*™ (purple) embryos. Arrowheads indicate proplatelets. Scale bar represents
50 pm. Data are represented as mean * SD. See also Supplemental Data Fig. 5.

Numbers of Kit"® Mks, by contrast, were reduced at E9.5, unchanged at E10.5 in the yolk
sac, and increased 6-fold at E14.5 in the fetal liver (Fig. 3G, Supplemental Data Fig. 5C).
This accumulation was transient and resolved afterwards (Supplemental Data Fig. 5C).
The frequency of Gata1™"*™ Kit"¢ Mk in S-G2-M was unaffected (Fig. 3H), suggesting
this accumulation was not due to self-amplification of the Kit™? population but rather due
to increased input from their upstream precursors, the Kit* Mks, and decreased output by

blocked maturation into platelet-producing cells.

Indeed, platelet numbers were reduced in the yolk sac at E10.5 but were increased in the
fetal liver at E12.5 and E16.5 (Fig. 3A, ). This delay in platelet production was in line with
the finding that Gata1™“"*™ Mks did not form proplatelets like wild-type Mks after 7 days
of incubation in liquid cultures (Fig. 3J).

Altogether, our findings show that Gata1™"*™ has stage-specific effects. Between E9.5
and E14.5, Gatalm“"*™ blocks maturation downstream of Lin™9 Kitls" Sca-1"9 CD34*
CD16/32"" progenitors, causing an abnormal accumulation of Mks and a delayed

production of platelets.

Primitive and EMP- but not HSPC-derived megakaryocytes accumulate in the presence
of Gata1m¢chem,

The stage-specific accumulation of Mks driven by Gatal™™ coincided with the
ontogeny switch from EMP to HSPC seen in wild-type embryos. Therefore, we tested

whether the stage-specific phenotype of Gata1™“"*™ was ontogeny-dependent.
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First, we crossed the Gata1™*™ allele with the Csf1r“* fate-mapping model described
before (Fig. 4A) and found that primitive Kit* Mks accumulated at E9.5 in Gata 1™ yolk
sacs. In contrast, Kit* and Kit*9 Mks accumulating at E10.5 were EMP-derived, as in
control embryos (Fig. 4, Supplemental Data Fig. 6A).

Recently, we discovered that EMPs give rise to two distinct waves of Mks that can be
distinguished by their spatiotemporal kinetics and dependency on the transcription factor
c-Myb (Tober, McGrath & Palis, 2008; Iturri et al., 2021). Lack of Myb does not hamper
direct Mk differentiation from EMPs in the yolk sac. However, in Myb-deficient embryos
EMPs fail to produce bipotent CD131* erythro-Mk progenitors causing a lack of erythroid
and Mk generation in the fetal liver (Supplemental Data Fig. 6B).

We thus examined Mk numbers in double Gata1m"™ Myb-deficient yolk sacs and fetal
livers. Mks accumulated normally in double Gata1™“"*™ Myb mutant yolk sacs, confirming
that Gata1m<"*™ affects the direct differentiation of Mks from EMPs (Fig. 4C). In contrast,
Mk accumulation was abrogated in double Gata1m™"*™ Myb™ fetal livers (Fig. 4C). This
demonstrated that Mks accumulating in Gata1m*™ fetal livers arise from EMP-derived

Myb-dependent CD131* progenitors.

To test the effect of Gatal™™ in the production of Mks from CD131* progenitors, we
performed colony-forming assays. Gata1™"™ CD131* progenitors gave rise to more
mixed colonies with erythrocyte and Mk output at the expense of pure erythroid and pure
Mk colonies. Further, colonies containing Mks were larger in Gata1™"*™ conditions than
in wild-type conditions (Fig. 4D, Supplemental Data Fig. 6C).

Altogether, primitive and both EMP-derived Mk pathways are affected by Gata1™“"*™ and

contribute to Mk accumulation in the yolk sac and fetal liver.

To specifically trace the fate of Gata1m<"*™ EMPs and HSPCs in the fetal liver, we pulse-
labeled EMPs at E8.5 in inducible Gata 1™ Csf1rericreMer R26eYF embryos and HSPCs at
E10.5 in Gata1mhe™ Cdh5<ER12 R26°Y* embryos (Fig. 4E). EMP-derived Mks continued to
accumulate until E16.5 (Fig. 4F). Increased labeling efficiency in both Mk subsets in
Gata1mchery  Csf1MericreMer R24°YFP embryos associated with the decreased labeling
efficiency in Gatal™e™ Cdh5%*ER2 R26°"" embryos demonstrated that most of the

accumulating Mks in Gata1m¢"*™ fetal livers were of EMP origin (Fig. 4G, H).

In contrast to wild-type conditions where the majority of Mks are HSPC-derived at E16.5,
Kit"es Mks in Gata1™™ embryos were still of EMP origin. Importantly, when analyzing
the number of pulse-labeled cells (Fig. 41, J), HSPC-traced Kit" Mks did accumulate in the
fetal liver at E16.5, albeit at a lower extent than EMP-derived ones. Indeed, while the
number of EMP-derived Kit* and Kit"9 Mks showed a 50-fold increase, HSPC-derived Kit*
Mks only increased in numbers by 2-fold, and numbers of HSPC-derived Kit"® Mks were
unchanged (Fig. 41, J).
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Figure 4. Primitive and EMP- but not HSPC-derived megakaryocytes accumulate in the
presence of Gatalmche™, (A) Scheme illustrating fate mapping of yolk sac-derived definitive
Gata 1™ cells in the yolk sac. (B) Bar plot showing labeling efficiency of Kit* (left) and Kit™? (right)

Mks in E9.5 and E10.5 yolk sacs from wt (grey) or Gata1™@*™ (purple) embryos. n =

3 embryos

from N = 3 litters per condition. One-way ANOVA with Tukey's multiple comparisons. (C) Bar plot
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showing the number of Kit* Mks in E10.5 yolk sacs (left) or E12.5 fetal livers (right) from Myb** or
Myb” Gata1*d%pe (grey) or Gatal1™*™ (purple) embryos. n = 3 embryos from N = 3 litters per
condition. One-way ANOVA with Tukey’s multiple comparisons. (D) Bar plot showing the colony
size of Mk-containing colonies (far left) and colony output of pure erythrocytes (Ery, left), Mks
(right), and Ery+Mk mixed (far right) colonies grown from Kit"s" CD41* CD131* cells from E10.5
yolk sacs. 2 independent experiments. (E) Scheme illustrating fate mapping of EMP-derived (top)
and HSPC-derived (bottom) cells in the E16.5 fetal liver. (F) Immunofluorescence of 42 um-thick
maximum projection of E16.5 fetal livers from wild-type (wt, left) and Gata1m"*™ (right) embryos.
Mks are stained with anti-CD41 PE (magenta). EMP-derived cells are fate-mapped in Csf1rMeriCreMer
R26"* embryos pulsed at E8.5 with 4-OHT (cyan). HSPC-derived cells are fate-mapped in
Cdh5¢<ER™2 R26"P embryos pulsed at E10.5 with 4-OHT (green). Scale bar represents 50 pm. White
arrow heads indicate YFP* Mks. (G, H) Bar plot showing labeling efficiency of EMP-derived (left)
and HSPC-derived (right) Kit* (G) and Kit™9 (H) Mks in E16.5 fetal livers from wild-type (grey) or
Gata 1™ (purple) embryos. n = 3 embryos from N = 3 litters per condition. Mann-Whitney test.
(I, J) Bar plots showing the number of EMP- (left) and HSPC-derived (middle) YFP* Kit* (I) and Kit"?
(J) Mks in E16.5 fetal livers from wild-type (grey) or Gatal™"*™ (purple) embryos. Fold change
(right) of Gata 1™“"*™ over wild-type EMP- (blue) and HSPC-derived (green) Kit* (I) and Kit"¢ (J) Mks.
n = 3 embryos from N = 3 litters per condition. Mann-Whitney test. Data are represented as mean
+ SD. See also Supplemental Data Fig. 6.

Collectively, these data suggest that only yolk sac-derived (primitive and EMP) and not
intraembryonic HSPC-derived megakaryocytes strongly accumulate in the presence of
Gata1m"™. Moreover, analysis of double Gatal™"™ Myb mutants provides evidence
that the phenotype exerted by Gata1™“"*™ is not dependent on the differentiation route

but rather on the progenitor of origin.

Single-cell multiome sequencing captures cells throughout perturbed
megakaryopoiesis in fetal development.

To understand the molecular mechanisms underlying the ontogeny-specific effects of
Gatal1m™, we performed droplet-based single-cell RNA and ATAC sequencing
(Chromium). We sorted Gata1m<"*™ (male) cells separately at E10.5, E12.5, and E16.5
(Supplemental Data Fig. 7A).

We sequenced nuclei 13,742 Gatal™"™ Ter119™¢ F4/80™¢ Kit* CD41™ and Kit*/es
CD41* cells from a pool of 9 the E10.5 yolk sacs (Supplemental Data Fig. 2A). From
E12.5 (9,208 nuclei from 4 Gata1™“"*™ fetal livers) (Supplemental Data Fig. 2B) and E16.5
fetal livers (5,858 nuclei from 4 Gata1m™“™ fetal livers), we sequenced nuclei from Lin"¢
(Ter119, F4/80, Gr1, Nk1.1, CD3, CD19) Sca-1"<9 Kithish CD45* CD16/32"9 CD34"¢ (MEP)
and Kit*"9 CD41* Mks (Supplemental Data Fig. 2C).

Single-cell data of Gata1™™™ cells were integrated with wild-type cells, clustered and
represented using Uniform Manifold Approximation and Projection (UMAP) for
dimensional reduction for each stage individually. Mutant cells were found in all clusters
first identified in the wild-type dataset. In addition, mutant cells also formed a cluster of
blast-like cells which did not exist in wild-type samples (Fig. 5A, B, Supplemental Data
Fig. 7B). At all three stages, wild-type (orange) and Gata1™“"*™ (purple) multipotent and
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committed myeloid and lymphoid progenitors integrated well. In contrast, wild-type and
mutant cells of the Mk and erythrocyte lineage integrated at E16.5 but not at E10.5 and
E12.5 (Fig. 5B).

Gata1m“h*™ drives stage-specific transcriptional changes in megakaryocytes.

We found stage-specific particularities when analyzing the differentially expressed genes
between wild-type and Gatal™"*™ Mk | at each time point (Fig. 5C). A core of up-
regulated genes (such as Frem1, F13a1, Aoah) was shared among mutant cells at all three
time points (Fig. 5C, Supplemental Data Fig. 7C). However, the majority of
downregulated genes such as Proser2, Plcb1, Sardh, Sntb1, Vwf, Pf4 (2-fold reduction
between Gatal1™™ and wt at E10.5 and E12.5) were not significantly changed at E16.5
(Fig. 5C, Supplemental Data Fig. 7C).

Furthermore, regulon analysis revealed a Gata 1m"*™-driven change in transcription factor
activity that differed between stages (Fig. 5E). In this regulon analysis the change of the
expression level of transcription factor-target genes (RNA score) as well as the
accessibility of transcription factor binding sites near these target genes (ATAC score) was
evaluated. At E10.5, CEBPB was the transcription factor with the highest increase in
activity in Gata1m™*™ compared to the wild-type. Helios (kzf2) and PU.1 (SpiT) also
showed a moderate increase in activity, which soared at E12.5, with Helios being the most
upregulated of all transcription factors. In parallel, CEBPB was less active at E12.5 than at
E10.5.

In contrast, at E16.5 JUNB and RELB had the strongest increase in activity while these
transcription factors were not significantly upregulated at E10.5 and E12.5 (Fig. 5E).
CEBPB showed no increase in activity at E16.5 and Helios even showed decreased activity
at E16.5. Intriguingly, a GATAZ2 binding site in a Relb candidate cis-regulatory element
(cCRE) was shut down in wild-type MEPs and Mks at E16.5 but accessible in mutant cells
(Fig. 5F). At E10.5 and E12.5 this GATA2 binding site was similarly accessible in mutant
and wild-type MEPs and Mks. GATA2 is a transcription factor important for
megakaryocyte differentiation that has unique regulatory features in yolk sac and fetal
liver megakaryopoiesis compared to bone marrow megakaryopoiesis (Fujiwara et al.,
2004; Huang et al., 2009).

Taken together these data suggest that Gata1"“"*™ disrupts megakaryopoiesis differently
and more severely at E10.5 and E12.5 compared to E16.5 at the transcriptional level.
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Figure 5. Gata1™ch™ drives stage-specific transcriptional changes in megakaryopoiesis. (A)
UMAPs from E10.5 yolk sacs, E12.5, and E16.5 fetal livers featuring clusters identified in the
integration of the single-cell RNA sequencing data of all three time points together. (B) UMAPs
featuring wild-type (orange) and Gata1™“*™ (purple) cells in single-cell RNA sequencing datasets
from E10.5 yolk sacs, E12.5, and E16.5 fetal livers. (C) Volcano plot showing up (purple) and down
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(grey) regulated genes in Gatal1™™ Mks (Mk |, purple bar) compared to wild-type (grey bar).
Differentially expressed genes = DEGs. (D) Bar plot quantifying the genes up (purple) and down
(grey) regulated between wild-type and Gata1™"*¥ Mks (Mk ) at E10.5, E12.5 and E16.5. (E)
Regulon analysis indicates the increase in transcription factor activity in Gata1™"*™ compared to
wt Mks (Mk 1) in E10.5 yolk sacs, E12.5, and E16.5 fetal livers. (F) Coverage plot illustrating
chromatin accessibility of Gata2 binding site in a Relb candidate cis-regulatory element (cCRE).
See also Supplemental Data Fig. 7.

Gata1m™“e™-driven formation of CD244* blast-like cells occurs exclusively in yolk sac-
derived megakaryopoiesis

In line with the stage-specific differences at the transcriptional and cellular level, single-
cell RNA sequencing revealed a cluster of blast-like cells which were detected exclusively
in Gata1™"*™ and not in wild-type embryos and only at E10.5 (30 cells in wild-type, 840
cells in Gata1m"*™) and E12.5 (1 cell in wild-type, 819 cells in Gata1™"*™) but not at E16.5
(0 cells in wild-type, 11 cells in Gata1™“"™) (Fig. 6A).

These blast-like cells expressed typical Mk genes such as Pf4, Itga2b (CD41), Nfe2, and
Rap1b, but also upregulated myeloid and pluripotency genes such as Spi1 and Myb
(Supplemental Data Fig. 8A). Likewise, blast-like cells showed similar patterns of
transcription factor activity as Mks, but also abnormal activity of myeloid and pluripotency
transcription factors such as PU.1, CEBPA, CEBPB, lkaros (lkzf1) and Helios (lkzf2) at E10.5
and E12.5 (Fig. 6B, Supplemental Data Fig. 8B). While the activity of few transcription
factors was changed at E10.5 in blast-like cells, many transcription factors had increased
activity at E12.5 (Supplemental Data Fig. 8B).

To functionally characterize blast-like cells, we searched for cell surface markers
specifically expressed in mutant blast-like cells but not wild-type or mutant Mks. Cd244a,
a type-l transmembrane protein belonging to the signaling lymphocytic activation
molecule family of receptors (SLAMF), was significantly upregulated in blast-like cells at
E12.5 (Fig. 6C). On the contrary, Cd244a was barely expressed at E10.5 and absent at
E16.5 (Fig. 6D). We validated Cd244a expression at the protein level using flow
cytometry. CD244* cells were only found in Gata1m"*™ fetal livers at E12.5 in vivo and
were present among Kit* and Kit"9 CD41* Mks (Fig. 6E, Supplemental Data Fig. 8C, D).
CD244* Kit* CD41* blast-like cells showed higher protein levels of Helios and PU.1 than
CD244 Kit* CD41" cells, confirming the upregulation of myeloid and pluripotency
transcription factors from the single-cell sequencing data (Fig. 6B, F, Supplemental Data
Fig. 8A, B).
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Figure 6. Gata1mch*™-driven formation of CD244* blast-like cells occurs exclusively in yolk sac-
derived megakaryopoiesis. (A) UMAPs featuring blast-like cells (purple) in the E10.5 yolk sac,
E12.5, and E16.5 fetal liver. (B) Heat map showing transcription factor activity calculated using
Chromvar among clusters in yolk sac (Y) and fetal liver (L) wild-type (grey) and Gata1™"*™ (purple)
samples. (C) Volcano plot comparing the gene expression between mutant blast-like cells and
wild-type and mutant Mks (Mk 1) in the E12.5 fetal liver. Cd244a is highlighted in purple. (D) Violin
plot showing the expression level of CD244a among blast-like cells at E10.5, E12.5, and E16.5. (E)
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Bar plot showing the number of CD244* Kit* CD41* cells per E12.5 fetal liver from wild-type (grey)
or Gatal™®™ (purple) embryos. = 3 embryos from = 3 litters per condition except for E16.5
Gata1™“™ (only 1 embryo). Two-way ANOVA. (F) Histograms showing Helios (top) and PU.1
(bottom) protein expression in wild-type (black), Gatalmchev CD244"¢ (purple border), and
Gata1mchey CD244" (purple filled) cells from E12.5 fetal livers. (G) Bar plot showing the frequency
of CD244"9 (purple border) and CD244* (purple filled) Kit* (left) and Kit™*9 (right) Mks in early G1
(Fucci double negative), G1 (Fucci mCherry*) and S-G2-M (Fucci mVenus*) phase in E12.5 fetal
livers from embryos with constitutive expression of R267“*. n =3 embryos from N =3 litters. One-
way ANOVA with Tukey’s multiple comparisons. (H) Bar plot showing the frequency of CD244
expression among Kit* Mks from Myb™* or Myb” Gatal"¢%re (grey) or Gatal™™™ (purple)
embryos. = 3 embryos from = 3 litters per condition. Two-way ANOVA. (I) UMAP of blast-like cells
from E12.5 fetal livers featuring different subpopulations: GP = granulocyte progenitors, EryP =
erythrocyte progenitor, Mk = megakaryocyte. (J) Stacked bar plot illustrating the colony output of
CD244"9 and CD244* Kit* Mks from Gatal1mchey E12.5 fetal livers. Detected were CD45* cells,
erythrocytes (Ery, CD71%, Ter119* cells), and CD41* cells. 3 independent experiments. (K) Stacked
bar plot showing the frequency of CD41"" and CD41™ cells among all CD41* (pure CD41* and
CD41* + Ery) cells detected in J. Data are represented as mean * SD. See also Supplemental Data
Fig. 8, 9.

Gata 1™ -driven blast-like cells are primed in the yolk sac and mature in the fetal
liver

At E10.5, blast-like cells were detected at the transcriptional but not at the cellular level.
Although E10.5 blast-like cells did not express CD244a mRNA, the Cd244a promoter was
accessible in blast-like cells at both E10.5 and E12.5. In contrast, the Cd244a promoter
was closed in both wt and Gata1m"*™ Mks at E10.5 and E12.5 (Supplemental Data Fig.
8E).

These data, together with the observation that the overall transcription factor activity in
blast-like cells increases from E10.5 to E12.5 (Supplemental Data Fig. 8B), indicated that
blast-like cell fate is primed in Gata1™"*™ yolk sac MPPs. In the fetal liver, these blast-like
cells then mature as evidenced by the expression of CD244 protein. Gata1™"*"™-driven
blast-like cell development only occurred in yolk sac-derived lineages but not in HSPC-

derived megakaryopoiesis and was never observed in wild-type embryos.

Gata1mh*™-driven blast-like cells are hyperproliferative cells that retain erythrocyte
potential

Finally, we functionally characterized the fetal liver blast-like cells at E12.5. Kit* CD244*
blast-like cells were as proliferative as Kit* CD244"°9 Mks, whereas Kit™? CD244" blast-like
cells were more proliferative than Kit™¢ CD244"¢ Mks (Fig. 6G). Even though blast-like
cells were highly proliferative, their development did not depend on Myb (Fig. 6H).

Further, sub-clustering of blast-like cells at E12.5 revealed their heterogeneity. While cells
in the blast-like cell cluster expressed high levels of ltgaZb (CD41) and Gata2, we
identified sub-clusters with granulocyte (Gria3), megakaryocyte (Mpl), or erythrocyte-mast
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cell (Tgfbr3, KIf1, Ifitm1) gene expression signatures (Supplemental Data Fig. 9A).
CD244a expression was limited to non-Mk clusters (Supplemental Data Fig. 9B).

Despite the expression of myeloid genes such as Spi1 at the mRNA and protein level (Fig.
6F & Supplemental Data Fig. 9A), Kit* CD41* CD244" blast-like cells did not give rise to
macrophages, neutrophils, or mast cells when cultured for 7 days (Fig. 6J). However,
CD244* cells did show increased red blood cell potential compared to CD244"9 Kit*
CD41" cells, which came at the expense of CD41* Mk output (Fig. 6J). Concerning the
CD41* progeny of cultured Kit* CD41* cells, Mk potential (CD41"" in culture) was
enriched in CD244"9 cells, whereas CD244* cells mainly produced CD41™
undifferentiated cells (Fig. 6K and Supplemental data Fig. 9C).

Collectively, accumulating Gata 1™ Kit* Mks had cloning capacity, in stark contrast to
wild-type Kit* Mks. They contained at least two subsets of cells: CD244"9 Mks endowed
with high Mk potential and CD244* blast-like cells. CD244* blast-like cells were less
committed towards Mk fate and instead gave rise to erythrocytes and CD41™
undifferentiated cells. The overexpression of myeloid transcription factors such as Spi1
did not translate into myeloid differentiation in vitro. Rather, the expression of these
transcription factors was a sign of a Gata1™“"*™-driven delay in the lineage-commitment

towards erythrocyte and Mk fate.

Discussion

In this study, we tested the hypothesis that ontogeny, i.e. progenitors emerging from
different hematopoietic waves, can determine the molecular and cellular responses to a
genetic perturbation, here expression of a GATA1 mutant protein. Lineage tracing
revealed that indeed yolk sac-derived megakaryopoiesis, from both primitive and
definitive EMP progenitors, was strongly impacted by a Gatal mutant protein, while intra-

embryonic HSPC-derived megakaryopoiesis remained mostly unaffected.

Gata 1™ phenocopies Gatals

A key finding of this study is that Gata 1™“"*™ mice phenocopy Gatals (Gatashort) mouse
models (Li et al., 2005; Ling et al., 2019). Naturally, both the short and full-length isoforms
of Gatal are expressed (Calligaris et al., 1995; Rainis et al., 2003). In Gatals mice,
however, somatic point mutations in exon 2 lead to the exclusive expression of the short
and loss of the long isoform (Rainis et al., 2003). Both Gatals and Gata1™"*™ mouse
models are characterized by a transient hyperproliferation and a block in maturation that
ultimately lead to the accumulation of Mks in the yolk sac and fetal liver (Li et al., 2005;
Juban et al., 2021). Additionally, erythropoiesis is delayed in Gatals and Gata ™™
embryos (data not shown for Gata1m"*™) (Ling et al., 2019).

Gata's lacks the N-terminal domain. This does not impact its DNA binding activity nor its

interaction with other important transcription regulators, such as FOG-1 (Tsang et al.,

69



Results

1998; Wechsler et al.,, 2002). The N-terminal domain is important in controlling
proliferation and terminal Mk differentiation (Kuhl et al., 2005). Moreover, primitive and
definitive hematopoiesis each require different dosages of the N-terminal domain
(Shimizu et al., 2001). In contrast to Gatals, Gata1™™ is a fusion protein of mCherry to
the C-terminus of endogenous GATA1. Several non-mutually exclusive phenomena could
explain why Gata1™“"*™ phenocopies GataTls. First, mCherry might sterically hinder the
accessibility of the N-terminal domain and block the interaction with important binding
partners. Second, mCherry might lead to the misfolding of GATA1 thereby changing the
functionality of the N-terminal domain. Finally, mCherry might decrease Gatal mRNA or
protein stability. Importantly, Gata1™"*™ animals do not display the decrease in male
viability observed in Gata®” mutants (Shivdasani et al., 1997; Hoppe et al., 2016),
thereby supporting that fusion of mCherry to GATA1 rather disrupts the function of
GATA1 by compromising its 3D organization.

Gatal™“h*™ drives ontogeny-specific accumulation of megakaryocytes as well as
differentiation of blast-like cells

The Gata1m"*™-driven increase in activity of the transcription factor CEBPB initiated the
priming of a blast-like fate exclusively yolk sac-derived megakaryopoiesis. These blast-
like cells further matured in the fetal liver, characterized by the expression of CD244 as
well as increased expression and activity of several myeloid and pluripotency transcription
factors such as Spi1 and Ikzf2. CD244 is expressed by various immune cells such as natural
killer (NK) cells as well as MPPs (Garni-Wagner et al., 1993; Kiel et al., 2005). We confirmed
that blast-like cells were not NK cells (data not shown). This indicated that CD244
expression instead is a marker of loss of commitment in this case. The characterization of
the cell surface receptor CD244 as a marker for at least a subset of Gatal mutant-driven
blast-like cells will allow future studies to investigate whether blast-like cells in Gatals

mouse models share similar transcriptomic and functional properties.

In line with human Gatals expressing blasts that have the potential for eosinophils, mast
cells, and megakaryocytes (Miyauchi et al., 2010; Maroz et al., 2014), CD244"* blast-like
cells showed granulocyte, mast cell, and erythrocyte gene expression patterns. In
Gatalm™“e, however, CD244* blast-like cells only differentiated into CD41"°"

undifferentiated cells and erythrocytes and not into myeloid cells in vitro.

Extrinsic factors influencing megakaryocyte hyperproliferation

Cell fates are usually influenced by both intrinsic and extrinsic cues in their niche. For
instance, it was proposed that the higher level of type 1 interferon in the adult bone
marrow compared to the fetal liver inhibits Mk hyperproliferation, thereby contributing to
the lack of Mk phenotype in adult Gatals animals (Woo et al., 2013). Similarly, the fetal
liver but not fetal bone marrow stroma support blast growth in co-cultures (Miyauchi &
Kawaguchi, 2014).
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Additionally, it is conceivable that EMP- and HSPC-derived Mks may compete for
cytokines and space, as recently shown for the erythroid lineage (Soares-da-Silva et al.,
2021). As EMP-derived Mks emerge and colonize the FL before HSPC-derived
counterparts, accumulation of EMP-derived Mks in Gatal™"™ embryos may limit the
availability of cytokines for HSPC-derived Mks, and thus prevent them from
hyperproliferating. In our study, female embryos however provide evidence that this is
not the case. Here we took advantage of the fact that Gatal is encoded on the X-
chromosome and is subjected to X-inactivation. Thus, female embryos are chimeras
containing both Gata1*#%re- and Gata 1m“"*™-expressing cells, that can be distinguished
by mCherry expression. In female embryos, the hyperproliferation of Gata1m"*™ cells did
not perturb the differentiation of wild-type Mks. This indicated that Gata1m"*™-driven Mk
hyperproliferation is not sufficient to inhibit megakaryopoiesis from other lineages co-

existing simultaneously in the same niche.

Intrinsic differences between yolk sac- and intraembryonic-derived hematopoiesis
driving stage-specific phenotypes

Fetal Mks have been described to be intrinsically more proliferative than their adult
counterparts (Slayton et al., 2005). Furthermore, in humans, hematopoietic progenitors
from the fetal liver, cord blood, and adult BM respond differently when a Gata1s mutation
is introduced in vitro (Gialesaki et al., 2018), suggesting an intrinsic difference between
fetal and adult Mks. Indeed, Klusmann and colleagues showed that IGF2 signaling was
required for Gata1s-induced hyperproliferation in fetal liver progenitor cells but that IGF2
had no effect on bone marrow-derived cells. They showed that Gatals acted downstream
of the IGF2 signaling cascade by failing to repress E2F leading to the overexpression of

proliferation genes such as Myc (Klusmann et al., 2010).

Next to different cytokine and growth factor requirements, the time duration between the
emergence of the progenitor cell and the mature Mk is different in the yolk sac and HSPC-
derived lineages. While EMPs arise on day E8.5 and produce Mks 24-48 hours later (Palis
et al., 1999; Tober et al., 2007; lturri et al., 2021), there are at least 4 days (96 hours)
between the emergence of an HSPC and their differentiation into Mks (Medvinsky et al.,
1993; Miller et al., 1994). This could provide the cells more time to compensate for the
lack of full-length Gatal and to induce alternative mechanisms that prevent
hyperproliferation of Mks and the development of blast-like cells. This longer duration
also indicates that in wild-type conditions the signaling processes in the differentiation
and maturation of HSPC-derived Mks may be fundamentally different from that of EMP-

derived Mks as we showed.

Finally, our data revealed that megakaryopoiesis is transcriptionally differently regulated

and passes through distinct immunophenotypic populations at the cellular level
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depending on the stage and ontogeny. This is in line with the findings of a previous study

(Cortegano et al., 2019) and could explain the stage-specific nature of Gatal mutants.

Strikingly, different transcription factors were active in mutant conditions at E10.5 and
E12.5 compared to E16.5. While in yolk sac-derived Mks (E10.5 and E12.5) CEBPB, Helios,
and PU.1 showed increased activity in mutant over wild-type Mks (discussed below),
JUNB and RELB had upregulated activity in mutant Mks at E16.5. Relb is a member of the
NF-kB family. One of the direct targets of NF-kB in hematopoietic cells is Junb
(Oeckinghaus & Ghosh, 2009). Nf-kB signaling is required for hematopoietic stem cell
emergence, maintenance, and differentiation (Espin-Palazén & Traver, 2016; Nakagawa
& Rathinam, 2018). Additionally, Nf-kB plays a role in Mk commitment and function
(Spinelli et al., 2010; Nakagawa & Rathinam, 2018). Interestingly, in zebrafish NF-kB is
only required for the emergence of definitive but not primitive hematopoietic cells by
regulating Notch signaling (Espin-Palazén & Traver, 2016), a signaling pathway required
only for HSPC but not EMP emergence in mice (Hadland et al., 2004, Robert-Moreno et
al., 2008). This suggests that NF-kB signaling might differently affect EMP- and HSPC-
derived hematopoiesis. Furthermore, we found that a Gata2 binding site in a candidate
cis-regulatory element (cCRE) of Relb was differently accessible between mutant and wild-
type cells in an ontogeny-specific manner. Curiously, it has been proposed that Gata2
has ontogeny-specific functions and can compensate for lack of Gatal (Fujiwara et al.,
2004; Huang et al., 2009; Silvério-Alves et al., 2023).

Collectively, these studies indicate that lineage commitment and differentiation from
distinct hematopoietic waves are controlled by unique molecular mechanisms and

respond differently to genetic perturbations.

Transcription factors inducing blast-like cell fate

We observed that CEBPB was the most active transcription factor in Gata1m“"*™ Mks and
CD244" blast-like cells at E10.5. CEBPB is associated with myeloid and particularly
granulocyte fate (Ness et al., 1993; Graf & Enver, 2009; Mancini et al., 2012; Cirovic et
al., 2017). Later, at E12.5, the number of transcription factors with heightened activity in
Gata1m“™ embryos increased, with Helios (lkzf2, master regulator of regulatory T cell
development (Wang et al., 1996b; Hahm et al., 1998; Thornton et al., 2010)) at the top.
While these transcription factors are both important for lineage commitment and
differentiation, they have also been shown to be involved in the maintenance of
pluripotency and the development of leukemia (Park et al., 2019; Yusenko et al., 2021;
Cova et al.,, 2021; Klempnauer, 2022).

For example, CEBPB has been reported to cooperate with P300 and MYB in leukemic
cells (Yusenko et al., 2021; Klempnauer, 2022). In our study, Myb deficiency did not affect
blast-like cell development. This indicates that in the context of Gata1™*™, CEBPB
regulates blast-like fate independently of MYB.
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Helios has been reported to repress Mk fate in order to maintain pluripotency at the level
of hematopoietic stem and progenitor cells in the adult bone marrow (Cova et al., 2021).
This is in line with our finding that CD244* blast-like cells which express high levels of
lkzf2 have reduced megakaryocyte output in contrast to CD244" cells.

Prenatal origin of pediatric leukemias in humans

As in mice, the human hematopoietic system is established in several sequential and
overlapping waves originating from spatiotemporally distinct regions (Calvanese et al.,
2022). This led to the hypothesis that childhood leukemias might originate from fetal
progenitors (Cazzola et al., 2021; Camiolo, Mullen & Ottersbach, 2024).

One example of a pre-leukemic disorder that originates in utero is transient
myeloproliferative disorder (TMD) also called transient abnormal myelopoiesis (TAM). It
is caused by mutations in the 2" exon of Gatal found in around 10 % of all children with
Down Syndrome. These mutations lead to the expression of only the short isoform of
Gatal, Gatals(short) (Mundschau et al., 2003; Rainis et al., 2003). Gatals causes
hyperproliferation of megakaryoblasts in these children already in utero in the fetal liver
(Smrcek et al., 2001; Zipursky, 2003). In most cases, TMD spontaneously resolves within
the first 3 months after birth. Only if subsequent mutations occur, TMD further develops
into acute megakaryoblastic leukemia (Labuhn et al., 2019; Sato et al., 2024). It has
already been demonstrated through in vitro experiments that only human fetal liver, but
not human cord blood or human bone marrow-derived Mks accumulate in the presence
of GATA1s (Gialesaki et al., 2018). Unfortunately, the current lack of tools in human
embryonic research to ascribe ontogeny to fetal cells has hampered the identification of

the exact progenitor origin of the studied fetal cells.

Additionally, studies performed in mice suggest that also pediatric acute lymphoid
leukemias (ALLs) might originate from distinct cellular origins than adult ALL. For example,
Sinha and colleagues demonstrated that MLL-ENL translocation causes a more aggressive
disease when induced at E12.5 than in the bone marrow (Sinha et al., 2020). Furthermore,
another study also showed that the expression of the MLL-AF4 fusion gene causes a
stronger effect between E12.5 and E14.5 than at later stages (Barrett et al., 2016). This
effect was associated with lymphoid-primed multipotent progenitors (LMPPs) (Boiers et
al., 2013) which are a distinct population of HSPCs that most likely rely on unique
molecular mechanisms. Altogether, these studies support our finding that ontogeny

determines the effect a mutation exerts.

As the landscape of the different hematopoietic progenitor waves and their intrinsic
particularities are being refined in mice and humans, our understanding of the origins and

molecular events of the onset of infant and pediatric blood disorders will increase.
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Conclusion
In summary, we provide evidence that the ontogeny or cellular origin determines which
phenotype or disease a mutant/mutation will exert. This has the potential to help further

elucidate the origins of infant and pediatric diseases such as leukemias.

Acknowledgment

We thank all team members for their support and constructive discussion. We thank Timm
Schroeder for kindly sharing the Gata1™“"*™ mice and Peggy Kirstetter (IGBMC, lllkrich,
France) for insight into their single cell methocult protocol. We acknowledge the flow
cytometry platform (Sebastien Megharba, Sandrine Schmutz, and Sophie Novault) and
single cell biomarkers platform (Carolina Moraes Cabé, Valérie Seffer) of the CB UTechS
at Institut Pasteur for support in conducting this study. We are grateful to all personnel of
the Institut Pasteur center for Animal resources and research for their invaluable work. We
thank Yann Loe Mie with support in initial analysis of the sequencing data. We thank
Azimdine Habib and Marc Monot from the Biomics Platform, C2RT, Institut Pasteur, Paris,
France, supported by France Génomique (ANR-10-INBS-09) and IBISA.

This work was supported by recurrent funding from Institut Pasteur, CNRS, and Revive
(Investissement d'Avenir; ANR-10-LABX-73), and by an ERC investigator award (2016-
StG-715320) from the European Research Council to E.G.P. AS. was funded by a
fellowship from FRM (FDT202304016740).

74



Results

Methods

Mice

All mice used in this study have been previously described. Experimental procedures,
housing, and husbandry were in compliance with the regulatory guidelines of the Institut
Pasteur Committee for Ethics and Animal Experimentation (CETEA, dap160091 and
dap190119). Strains included Csf1r® (FVB background, MGI:4429470) (Deng et al.,
2010), CsfiMeicreMer (FVB background, MGI:J:186831) (Qian et al., 2011), Cdh5¢ER™
(C57BI/6 background, MGI:3848982) (Sérensen, Adams & Gossler, 2009), PGK*
transgenic mice (C57BI/6 background, MGI:2178050) (Lallemand et al., 1998), Gata 1mhe
(kind gift from Timm Schroeder, ETH Ziirich, C57BI/6 background) (Hoppe et al., 2016),
c-Myb mutant (Mucenski et al., 1991), Rosa26®" (C57BI/6 background, MGI:J:80963)
(Srinivas et al., 2001) and Rosa26f<<?*k (C57Bl/6 background, MGI:5645798) (Mort et al.,
2014). Timed matings were performed and the date of the vaginal plug was considered
EO.5. Embryonic stages were validated using somite counting and morphological

landmarks.

Genotyping

PCR genotyping of Csf1r“ (Deng et al., 2010), Csf1rVeeMer (Qjan et al., 2011), Cdh5EkT2
(Sérensen, Adams & Gossler, 2009), Gata1m"*™ (Hoppe et al., 2016), c-Myb (Mucenski et
al., 1991), and R26f<<2k (Mort et al., 2014) , R26"" (Srinivas et al., 2001) embryos, and
mice was performed according to protocols described earlier and are available upon

request.

4-OHT preparation and injection

4-hydroxytamoxifen (4-OHT) (Sigma, H7904-25MG) was dissolved in equal parts of
ethanol and Kolliphor (Sigma C5135-500G) using sonication. 10 mg/mL stocks of
progesterone (P3972-5G) were prepared by resuspending in ethanol and sunflower oil
(Sigma S5007-250ML) and co-injected with OHT to reduce the risk of abortion. For pulse-

rMeriCreMer

labeling using the Csf1 strain, females were weighed on day 8 of pregnancy and
injected with 75 pg/g (body weight) OHT and 37.5 pg/g (body weight) progesterone at
1 pm. For pulse-labeling using the Cdh5*f%" strain, females were weighed on day 7 or
10 of pregnancy and injected with 50 pg/g (body weight) OHT and 25 pg/g (body weight)

progesterone at 1 pm.

Flow cytometry

Pregnant mice were killed by cervical dislocation and embryos were dissected in cold
PBS. Fetal peripheral blood was collected in 2 mM EDTA by severing the vitelline and
umbilical vessels after removing the placenta and extraembryonic membranes. Fetal
organs were enzymatically dissociated in digestion buffer composed of PBS with 1 mg/mL
collagenase D (Sigma 11088882001), 100 U/mL DNasel (DN25-100mg), and 3% Fetal

Bovine Serum for 30 minutes at 37 °C. Fetal organs were passed through 100 pm strainers
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by mashing with the piston of a 2 mL syringe and then collected in ice-cold filtered FACS
Buffer (0.5% BSA and 2mM EDTA in PBS). Blocking was performed with 5% FBS and 1:20
mouse IgG (Interchim 015-000-003) in FACS Buffer followed by 30 minutes of antibody
staining (antibodies listed below). Cells were washed and incubated with fluorescently-
conjugated streptavidin for 20 minutes when applicable. Stained cells were passed on the
Cytoflex LX (Beckman Coulter) or BD Symphony A5 (BD Biosciences). To quantify cells,
the following formula was used : (# of cells acquired) x (volume of resuspended cells after
staining and washing/volume of cells acquired) x (volume of cell suspension in blocking
buffer before staining/volume of cells plated for staining). Results were analyzed and plots

were generated using FlowJo™ v10.10.0 Software (BD Life Sciences).

Antigen Clone
CD16/32 2.4G2
CD45 30-F11
CD41 MWReg30
F4/80 BM8
Ly6G 1A8
Ly6C HK1.4
Sca' D7

CD34 RAM34
Ter119 TER-119
CD71 C2

CD19 1D3
CD3e 145-2C11
Gr1 RB6-8C5
NK1.1 PK136
Kit 2B8
CD11b M1/70
CD150 mShad150
CD48 HM48-1
CD244.2 REAL493
CD42d 1C2

Ki67 B56

PU.1 E.388.3
Helios 22F6

Intracellular staining for flow cytometry

Cells were prepared for flow cytometry as described above. After cell surface staining,
cells were fixed and permeabilized for 1 h using the FoxP3 kit (Invitrogen 00-5523-00) by
following the manufacturer’s instructions. Afterward, cells were washed and stained for
1 h with primary antibody in permeabilization buffer at room temperature on a shaker
(1:100 rabbit anti-PU.1 (Invitrogen MA5-15064, clone E.388.3), 1:100 Ki67-AF647
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(BD558615, clone B56), or 1:100 Helios-APC (Biolegend 137222, clone 22F6)) and
washed again. In the case of the PU.1 staining, secondary antibody staining was
performed for 1 h in permeabilization buffer under the same conditions as the primary
antibody (anti-rabbit AF647 (Invitrogen 10123672), 1:100).

Hoechst staining for polyploidy assay

Cells were prepared for flow cytometry as described above. Cells were then incubated
with FACS buffer containing 1:100 Hoechst 33342 (Miltenyi 130-111-569) in a shaking
incubator at 37 °C with 100 rpm for 40 min. Single cell suspensions were washed and

acquired on the flow cytometer.

Immunofluorescence of yolk sac whole mounts

Yolk sacs were fixed in 10 % Formalin solution containing 4 % formaldehyde (Sigma) for
2 h at 4 °C and washed 3 times in 1x PBS at room temperature. Yolk sacs were then
permeabilized and blocked in 10 % Normal Goat Serum in PBS-Triton 0.5% (PBS-T) for
2 h at room temperature and stained in blocking buffer containing rat anti-CD41-PE
(1:100; clone MWREg 30 Biolegend) overnight at 4 °C. Finally, yolk sacs were washed 3
times for 10 min in PBS-T at room temperature and mounted in ProLong™ Gold antifade
(Life technologies, P36930). Z-stacks were acquired on a Leica SP8 confocal microscope
with a 40x/1.30NA objective (immersion oil). Maximum projections were generated in Fiji

(Schindelin et al., 2012) and PE exposure was adapted for better visibility of the signal.

Immunofluorescence of thick fetal liver sections

Fresh 100 pm thick E12.5 or E16.5 fetal liver sections were prepared as previously
described (Peixoto et al., 2024). Dissected fetal livers (FL) were fixed in 5 % Formalin
solution containing 2 % formaldehyde (Sigma, HT5014) in PBS at 4 °C overnight and
washed 3 times in PBS for 15 min each. 100 ym thick sections were cut in PBS using a
vibratome (Leica, VT 1200S). For E16.5 samples, sections were permeabilized and
blocked in 10% Normal Goat Serum in PBS-Triton 0.5% (PBS-T) for 2 h at room
temperature, washed 3x 20 min in 0.1 % PBS-T, incubated with chicken anti-GFP (1:100;
Abcam ab13970) in blocking solution overnight at 4 °C and finally washed again 3x
20 min in 0.1 % PBS-T. Secondary staining was performed by incubation with anti-chicken
AF488 (1:500; Invitrogen #10286672) and rat anti-CD41-PE (1:100; clone MWREg 30
Biolegend) in 0.1 % PBS-T for 2 h at room temperature in the dark. FL sections were
washed 3x 20 min in 0.1 % PBS-T and cleared in RapiClear (1.52; Sunjin Lab RC152001)
overnight. For E12.5 samples, the same protocol was followed but staining was only
performed using rat anti-CD41-PE. All sections were mounted in RapiClear and z-stacks

were acquired as described above.

Single cell liquid culture
Fetal livers were dissected and blocked as described above. Lineage cells (Ter119* CD19*
CD3e* CD4* CD8" NK1.1* F4/80* Gr1*) were depleted using magnetic anti-biotin
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Microbeads (1:5) (Miltenyi Biotec 130-090-485) and MS columns (Miltenyi Biotec 130-042-
201). Single cells were sorted using a FACSAria Ill (Diva software) into flat-bottom 96-well
plates containing pre-warmed and equilibrated differentiation medium (0.1% B-
mercaptoethanol, 1X Penicillin/Streptomycin, 10% FBS, 1:125 SCF, 5ng/uL GM-CSF,
5ng/pL M-CSF, 2ng/pL EPO and 5ng/pL TPO in Opti-MEM with Glutamax). SCF was
supplied from myeloma cell line supernatant. Cells were grown at 37°C with 5% CO for
7 days. Colonies were manually scored to detect small megakaryocyte colonies before
collecting them by scratching with a pipette tip for flow cytometry analysis. The overall
cloning efficiency was defined as the number of sorted single cells that give rise to
colonies. The Mk cloning efficiency was defined as the number of sorted single cells that
give rise to Mk containing colonies. The colony output was calculated by dividing the

number of colonies of one type, i.e. erythrocytes, by the number of all colonies grown.

Single-cell MethoCult culture

Single cells were sorted into 96-well plates containing 50 pL of MethoCult™ GF M3434
(Stemcell Technologies, 03434) as described above. Cells were grown at 37 °C with 5 %
CO:; for 10 days. Colonies were manually scored to detect small colonies before washing

them twice with 1x PBS and staining them for flow cytometry analysis.

Single-cell multiome experiment

Library preparation

Cells were sorted using a Symphony Sé6 (BD Biosciences) with an 85 pL m nozzle into
350 pL PBS containing 5 % FBS. Paired scRNA-and scATAC-seq libraries were prepared
using the 10x Genomics Single Cell Multiome ATAC + Gene Expression kit according to
the manufacturer’s instructions. The initial lysis step was performed for 4 min. ATAC
sample index PCR was run with 8 cycles, the cDNA amplification step with 9 cycles, and
the GEX sample index PCR with 11 cycles.

Libraries were sequenced with paired-end 100-bp reads on a NextSeq 2000 (lllumina) to
a target depth of 25,000 read pairs per nucleus for the ATAC library and 25,000 read
pairs per nucleus for the GEX library.

Analysis and annotation of the 10x multiome dataset

Sequencing reads from the six multiome samples were processed using 10X’s Cell Ranger
ARC pipeline (mm10-2020A genome) to produce count matrices, which were then further
processed using the R packages Seurat (Hao et al., 2021) and Signac (Stuart et al., 2021).
To combine datasets from the same time points, we computed time-point-specific
consensus peak sets by merging overlapping peaks from the two conditions, keeping all
peaks smaller than 10 kbp. We then re-quantified the count matrices using Signac's
FeatureMatrix function. Low-quality cells were filtered out according to the following
criteria: >100,000 RNA counts, >100,000 ATAC counts, <30% reads in peaks, >5% of
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ATAC reads mapping to ENCODE blacklisted regions (Amemiya, Kundaje & Boyle, 2019),
>2 nucleosome signal, <2 TSS enrichment, doublet score >0.75 (assessed using
DoubletFinder (McGinnis, Murrow & Gartner, 2019) for RNA and scDblFinder for ATAC
(Germain et al., 2022)). We used the following sample-specific minimal thresholds: >1,500
genes for E10.5-wt, E10.5-Gata 1™<"*™, E12.5-wt, >1,000 genes for E12.5- Gata1m"*™ and
E16.5- Gata1m<"*™, >500 genes for E16.5 wt, >5,000 ATAC counts for E12.5- Gata 1™,
>2,000 ATAC counts for all other datasets.

We ran two analyses: an unintegrated analysis of each time point that highlights fine
biological distinctions and an integrated analysis of the RNA modality to harmonize
annotations and visualize all data in a single embedding. For each time point, we
combined the RNA and ATAC count matrices (without integration). For the RNA modality,
we computed log-normalized counts (counts per 10K), variable features (top 2000 genes,
excluding mitochondrial genes and gene models), scaling, PCA, UMAP, SNN, and
Louvain clustering. For the ATAC modality, we computed the TF-IDF normalization, SVD
(removing the first component), UMAP, SNN, and Louvain clustering. We computed
Seurat's WNN analysis (Hao et al., 2021) to obtain a multiome UMAP and clustering. We
chose to use the unintegrated RNA analysis to display fine differences at each time point
as the RNA modality produced the finest clustering and visualization results, while
systematic differences between conditions (technical effects, sex) were negligible
compared to biological effects at all time points (good mixing of samples around the MPP
compartment, perfect mixing of males and females). To obtain harmonized annotations
and visualizations for all time points and conditions, we combined and re-processed the
RNA modality of all six samples. We applied Harmony integration (Korsunsky et al., 2019)
to obtain a joint PCA-like embedding, then computed UMAP, SNN, and Louvain

clustering. We manually annotated the resulting clusters using known marker genes.
Analysis and annotation of the 10x multiome dataset

To mitigate batch effects (ambient content, male vs female differences), we used

generalized linear models with the following formula:

g(¥) = a.cell_type + B.sample + y.cell_type.sample + §.log_counts

where Y are expression values (normalized or counts depending on the modality),
cell_type is an indicator function (one-vs-all setting, 1 for the cell type of interest, O for
cells from other types), log_counts is the per-cell log number of counts (used when the
model is fit on counts). Coefficient @ captures cell-type related effects, f captures
systematic biological and technical variablity, y captures cell-type specific conditional
effects. In the paper, we focused on the interpretation of a (cell-type effects) and y (within
cell-type conditional effects). GLM computations and p-value estimations were performed

independently at each time point using the fastglm package (Huling et al., 2022), then
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FDR-corrected (Benjamini & Hochberg, 1995). For the RNA modality, we applied a plain
linear model on ranked normalized expression. For the ATAC modality, we used a Poisson

model on counts, keeping only peaks detected in >100 cells.
Gene regulatory networks

To compute transcription factor activity at the single-cell level in the ATAC modality, we
ran ChromVAR (Schep et al., 2017) using Signac’s RunChromVAR function on the JASPAR
2024 motif set (all mammals, (Rauluseviciute et al., 2024)). To compare differential activity
at the cluster level, we fit two sets of linear models: across cell types (pooled conditions,
one cell type against all others) and across conditions (one model per cell type). For each
model, we used the log number of fragments as a covariable to adjust for sequencing
depth.

To compute gene regulatory networks (GRNs), we applied Pando (Fleck et al., 2023) at
each time point, pooling conditions. Pando finds triplets of transcription factors,
candidate cis-regulatory elements (cCREs), and target genes using a generalized linear
model at the single-cell level (independently of clusters) that directly combines RNA and
ATAC information. To focus on regulations on the megakaryocyte branch, we subsetted
the data to MEPs, megakaryocytes and megakaryocyte progenitors. To obtain robust
results, we aggregated cells into metacells using the Louvain algorithm at a resolution of
20 (~50 cells per metacell) and ran Pando with the XGB algorithm on all genes detected
in >1% cells. We used the JASPAR 2024 motif set to initiate the GRN. For each TF, the
XGB algorithm finds a regulon consisting of up to 50 cCREs and target genes. We then
estimated the activity of each regulon at the single-cell level for each modality: on the
RNA side, we computed an AUCell-like score (Aibar et al., 2017) using a standard Area
under the ROC Curve (scoring the rank of target genes among all genes); on the ATAC
side, we computed the ChromVAR score for the top cCREs of each TF. Finally, we
computed differential regulon activity across cell types and conditions using linear models
(see ChromVAR differential activity), using the log number of fragments as a covariable
for the ATAC, without covariable for the RNA.

Pseudotime and co-expression analysis

We computed pseudotime values using Palantir (Setty et al., 2019) on the joint Harmony
embedding, with multipotent progenitors as the starting point and all other clusters
except MEP as endpoints. To focus on expression differences along the megakaryocyte
branch, we extracted Mk | and Mk Il, then re-computed markers for each cell type and
condition combination at each time point using MetaMarkers (Fischer & Gillis, 2021). We
extracted all genes with both high cell-type variability (AUROC>0.6, FDR<10” in any cell-
type by condition combination) and high conditional variability (log2FC>0.5, FDR<0.01
specifically for the WT vs mutant Mk | comparison). We then grouped these genes by co-
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expression along the MEP to megakaryocyte differentiation path: we computed the
Pearson correlation of expression values in MEP, Mk |, and Mk Il at each time point, rank-
normalized the resulting co-expression matrices, then averaged the matrices across the 3
timepoints. We obtained co-expression modules by applying the dynamic tree cut
algorithm (Langfelder, Zhang & Horvath, 2008) to the hierarchical clustering with average
linkage of the average coexpression matrix. Finally, we computed the average expression
of each module in all cells using the MetaMarkers score_cells function. To account for
sequencing depth differences, the sum of expression across modules was normalized to
1 for each cell, then module expression scores were z-scored across cells. For visualization
purposes, module scores were smoothed along pseudotime using a window size of 0.2.
We performed gene enrichment analysis of the genes of module 1+2, 3 and 4+5 using
Enrichr (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021).

Statistics and Graphs

Statistical analysis was performed with GraphPad Prism v10.1.1. Figures were created with
GraphPad Prism v10.1.1, Biorender.com and Adobe lllustrator v27.9.1.

Data availability
Paired single cell RNA and ATACseq data will be made available on a public repository.

Code availability
The code of our single cell RNA and ATACseq data will be made available.
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Supplemental Data
Supplemental Data Figure 1
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Supplemental Data Figure 1, to Figure 1. (A) Dot plot of Lin"9 Kit"9" Sca-1"¢ cells in the adult
bone marrow, E10.5 yolk sac, E12.5 fetal liver, and E16.5 fetal liver. Gate corresponds to CD150*
CD41* Megakaryocyte progenitors (MkPs). (B) Mk potential among colonies (Mk cloning efficiency)
(left, One-way ANOVA, excluding Kit* and Kit"*9 Mks) and colony size (right, Mann-Whitney test)
grown from E12.5 fetal liver-derived immunophenotypic granulocyte-monocyte progenitors
(GMPs, Lines Kit"e" Sca-1me9 CD16/32"eh CD34+*), CD45* megakaryocyte-erythrocyte progenitors
(MEPs, Lin"9 Kijths" Sca-1"9 CD16/32"¢ CD34"9), Kit* CD41* and Kit*9 CD41* Mks from 3
independent litters.
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Supplemental Data Figure 2
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Supplemental Data Figure 2, to Figure 2. Gating strategy used for cell sorting prior to single-cell
RNA and single-cell ATAC (multiome) sequencing. Purple gates indicate sorted cells from E10.5
yolk sacs (A) E12.5 (B), and E16.5 (C) fetal livers.
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Supplemental Data Figure 3
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Supplemental Data Figure 3, to Figure 2. Integration of single-cell RNA seq data of wild-type (wt)
and Gata1m"*™ (mut) cells from E10.5 yolk sacs, E12.5 fetal livers, and E16.5 fetal livers. (A, B)
UMAP (A) and number of cells per cluster and sample (B). E10.5 wt (orange), E12.5 wt (purple),
E16.5 wt (green). (C) Dot plot showing average expression level (color intensity) and frequency of
expression (dot size) of cell type-specific genes among clusters. (D) Violin plot illustrating
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Supplemental Data Figure 4, to Figure 2. Dendrograms showing the genes co-expressed in

modules 1-5.
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Supplemental Data Figure 5
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Supplemental Data Figure 5, to Figure 3. (A) Bar plot showing the number of Gata1m<"e™ "¢ (grey)
and Gata1m*™* (purple) Kit* and Kit™*¢ Mks in E10.5 yolk sacs from Gata 1™ female embryos.
> 3 embryos from = 3 litters per condition. One-way ANOVA with Tukey’s multiple comparisons
(B) Bar plot showing the fold change of numbers of Gata1™“*™ over wild-type Kit* Mks in the yolk
sac (E8.5-E10.5), fetal liver (E12.5-E18.5) and bone marrow (6 months). Dotted line indicates the
value "1". = 3 embryos from = 3 litters per condition (C) Bar plot showing the fold change of
numbers of Gatal1™"™ over wild-type Kit"*¢ Mks in the yolk sac (E8.5-E10.5), fetal liver (E12.5-
E18.5) and bone marrow (6 months). Dotted line indicates the value “1”. = 3 embryos from = 3
litters per condition. (D) Bar plot showing the cloning efficiency of single immunophenotypic
granulocyte-monocyte progenitors (GMPs, Lin™9 Kit"e" Sca-1"9 CD16/32"" CD34*) sorted from
E12.5 fetal livers from wild-type (grey) or Gata1™®*™ (purple) embryos. 3 independent litters. (E)
Bar plot showing the cloning efficiency of single Kit* Mks sorted from E12.5 fetal livers from wild-
type (grey) or Gata1™"™ (purple) embryos. 5 independent litters.
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Supplemental Data Figure 6
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Supplemental Data Figure 6, to Figure 4. (A) Number of YFP* Kit* (left) and YFP* Kit"e (right) Mks
in E9.5 and E10.5 yolk sacs from Csf1r<e R26"7 Gata1*'¢°¢ (grey) or Gata 1m“"*™ (purple) embryos.
> 3 embryos from = 3 litters per condition. One-way ANOVA with Tukey’s multiple comparisons.
(B) Scheme illustrating EMP-derived Myb-independent and Myb-dependent megakaryocyte
differentiation in the yolk sac and fetal liver. (C) Bar plot showing megakaryocyte (Mk) and
erythrocyte (Ery) output in colonies grown after from Kit"s", CD41* CD131* cells from E10.5 yolk
sacs. 2 independent experiments. (D) Immunofluorescence of 42 um-thick maximum projection of
E16.5 fetal livers from wild-type (wt, top) and Gata1m"*™ (bottom) embryos. Mks are stained with
anti-CD41 PE (magenta). EMP-derived cells were fate-mapped in Csf1rericreMer R26YFF embryos
pulsed at E8.5 with 4-OHT (cyan, left). HSPC-derived cells were fate-mapped in Cdh5<<572 R26"F*
embryos pulsed at E10.5 with 4-OHT (green, right). Scale bar represents 50 um.
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Supplemental Data Figure 7
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illustrating sorting and sequencing strategy. Multipotent progenitors (Ter119m¢ F4/80m¢ Kit"is"
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Supplemental Data Figure 8
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Supplemental Data Figure 8, to Figure 6. (A) Dot plot showing average expression level (color
intensity) and frequency of expression (dot size) of selected genes among clusters. (B) Regulon
analysis indicates transcription factors with increased activity in blast-like cells compared to other
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clusters in E10.5 yolk sacs and E12.5 fetal livers. (C) Dot plots showing gating of CD244* cells
(purple) among Kit* Mks in E10.5 yolk sacs, E12.5 and E16.5 fetal livers. (D) Bar plot showing the
frequency of CD244* cells among Kit* (left) and Kit"? (right) Mks in E12.5 fetal livers. > 3 embryos
from = 3 litters per condition. Mann-Whitney test. Error bars represent standard deviation. (E)
Coverage plot illustrating chromatin accessibility of the Cd244a gene in multipotent progenitors
(MPP), megakaryocyte-erythrocyte progenitors (MEP), megakaryocytes (Mk 1), and blast-like cells
from in wild-type (wt) and Gata 1™ (mut) E10.5 yolk sacs and E12.5 fetal livers.
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Supplemental Data Figure 9
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Supplemental Data Figure 9, to Figure 6. (A) UMAPs displaying gene expression levels in blast-
like cells sequenced from E12.5 fetal livers. (B) Violin plot showing Cd244a expression among sub-
clusters in blast-like cells. (C) Bar plot showing the cloning efficiency of single immunophenotypic
granulocyte-monocyte progenitors (GMPs, Lin"9 Kit"s" Sca-1"9 CD16/32"s" CD34*, black border),
Kit* CD41* CD244™¢ (purple border) or Kit* CD41* CD244* (purple filled) sorted from E12.5
Gata1mche fetal livers embryos. 3 independent litters. One-way ANOVA with Tukey’s multiple
comparisons. (D) Bright-field image of CD41"" colony grown in methocult for 10 days from a
single Kit* CD41* CD244"* cell (left) and CD41™ colony grown from a single Kit* CD41* CD244*
cell (right) from a E12.5 Gata1m<h*™ fetal liver. Scale bar represents 250 pm.
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Supplemental Table 1. ENCODE and ChEA Consensus TFs from ChIP-X predicted to be
regulating module 1+2 genes.

Adjusted Odds Combined
Term P-value . Genes
P-value Ratio Score
7,98E- RGS18; PCDH7; ZBTB16; PRUNE2; CD180; GATA2; LTBP1;
GATA1 CHEA 1,45E-09 12,553 255,473
08 PHF21A; PTPRE; RAC2; MRVI1; PRKCQ; MAML3
TP53 CHEA 0,003 0,066 7,338 42,486 FER; PCDH7; CD180; LTBP1
CACNB2; PTPRE; PCDH7; ZBTB16; EMILIN2; HMGA2; PRKCQ;
SUZ12 CHEA 0,004 0,066 3,388 19,062
RNF150; GATA2
EZH2 CHEA 0,010 0,140 7,226 33,127 CACNB2; ZBTB16; RNF150
AR CHEA 0,016 0,179 3,249 13,374 FER; CD180; HMGA2; MAML3; PHF21A; CAP2
ESR1 CHEA 0,035 0,294 7,240 24,365 NRIP1; CAP2
TCF3 CHEA 0,040 0,294 2,870 9,207 CDK19; ZBTB16; CHD7; NRIP1; SRGAP3
NFE2L2 CHEA | 0,043 0,294 2,822 8,893 CDK19; PCDH7; ZBTB20; MRVI1; CAP2
GATA2 CHEA 0,058 0,353 2,940 8,388 ZBTB16; RAC2; PRKCQ; GATA2
IRF1ENCODE | 0,089 0,489 4,193 10,147 FER; NRIP1

Supplemental Table 2. GO Biological Processes (2023) predicted to be modulated by

module 1+2 genes.

Adjusted Odds Combined
Term P-value . Genes
P-value Ratio Score

Regulation Of Platelet Aggregation

1,41E-05 0,006 77,688 867,512 MMRN1; EMILIN2; PRKCQ
(G0:0090330)
Positive Regulation Of Platelet

) 1,91E-04 | 0,038 123,167 1054,544 MMRN1; EMILIN2
Aggregation (G0O:1901731)
Positive Regulation Of Homotypic Cell-
) 4,15E-04 | 0,055 79,159 616,469 MMRN1; EMILIN2

Cell Adhesion (G0O:0034112)
Fc-epsilon Receptor Signaling Pathway

7,93E-04 | 0,060 55,394 395,517 FER; PRKCQ
(GO:0038095)
Positive Regulation Of Vasculature

1,01E-03 0,060 16,855 116,272 EMILIN2; HMGA2; GATA2
Development (GO:1904018)
Negative Regulation Of Insulin
Receptor Signaling Pathway 1,11E-03 0,060 46,153 313,996 PTPRE; PRKCQ
(G0:0046627)
Fc Receptor Signaling Pathway

1,11E-03 0,060 46,153 313,996 FER; PRKCQ
(GO:0038093)
Negative Regulation Of Cellular
Response To Insulin Stimulus 1,20E-03 0,060 44,304 298,064 PTPRE; PRKCQ
(G0:1900077)
Positive Regulation Of Angiogenesis

1,49E-03 0,066 14,665 95,467 EMILIN2; HMGA2; GATA2
(G0:0045766)
Regulation Of Lamellipodium

1,79E-03 0,071 35,719 225,974 FER; RAC2
Assembly (GO:0010591)
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Supplemental Table 3. ENCODE and ChEA Consensus TFs from ChIP-X predicted to be

regulating module 3 genes.

Adjusted . Combined
Term P-value Odds Ratio Genes
P-value Score
HEXIM1; CD300A; P2RY14; PTGER3; C1GALT1;
RUNX1 CHEA 1,39E-04 | 0,010 5,689 50,519
ALOX5AP; ATP13A2; AOAH; FRY
RFX5 ENCODE 0,002 0,066 6,490 40,991 IDI1; CEBPB; HMGCS1; TSPO; HMGCR
ZC3H11A ENCODE 0,018 0,305 10,415 41,816 MAPKAPK3; PTGER3
NFE2L2 CHEA 0,022 0,305 3,451 13,165 CEBPB; VCAN; C1GALT1; PRKCD; ALOX5AP
HEXIM1; IDI1; FDPS; HMGCS1; MAPKAPK3;
NFYA ENCODE 0,023 0,305 2,635 9,999
MSMO1; HMGCR; SUGP2
CREB1 CHEA 0,025 0,305 2,974 10,960 HEXIM1; IDI1; FDPS; CEBPB; MSMO1; HMGCR
PBX3 ENCODE 0,049 0,471 2,740 8,248 HEXIM1; HMGCS1; MSMO1; PTPN13; SUGP2
HEXIM1; IDI1; FDPS; PLGRKT; HMGCS1,;
NFYB ENCODE 0,059 0,471 1,995 5,640
MAPKAPK3; C1GALT1; MSMO1; HMGCR; PTPN13
TCF7L2 ENCODE 0,065 0,471 3,458 9,426 HEXIM1; IDI1; PLGRKT
SMAD4 CHEA 0,066 0,471 3,452 9,395 MAPKAPK3; AOAH; FRY

Supplemental Table 4.
module 3 genes.

GO Biological Processes (2023) predicted to be modulated by

Adjusted . Combined
Term P-value Odds Ratio Genes
P-value Score
Secondary Alcohol Biosynthetic Process HMGCS1; MSMO01;
7,36E-06 | 0,002 98,261 1161,394
(G0:1902653) HMGCR
Cholesterol Biosynthetic Process HMGCS1; MSMO01;
8,35E-06 | 0,002 93,790 1096,660
(GO:0006695) HMGCR
R . HMGCS1; MSMO1;
Sterol Biosynthetic Process (G0:0016126) 1,19E-05 0,002 82,523 935,996 HMGCR
Isoprenoid Biosynthetic Process
6,90E-05 | 0,007 221,800 2125,076 IDI1; HMGCR
(G0:0008299)
Negative Regulation Of Leukocyte Migration
8,87E-05 | 0,007 190,105 1773,816 CD200R1; CD300A
(G0:0002686)
) HMGCS1; MSMO1;
Cholesterol Metabolic Process (GO:0008203) 1,66E-04 | 0,011 32,172 279,965 HMGCR
Negative Regulation Of Protein
. ) : - HEXIM1; CD300A;
Serine/Threonine Kinase Activity 2,81E-04 | 0,016 26,723 218,508 PRKCD
(G0:0071901)
Positive Regulation Of Protein Processing
4,63E-04 | 0,021 73,889 567,334 CCBE1; PLGRKT
(GO:0010954)
Monocarboxylic Acid Metabolic Process
4,95E-04 | 0,021 21,872 166,451 TSPO; MSMO1; AOAH
(G0:0032787)
Negative Regulation Of Inflammatory CD200R1; PRKCD;
7,34E-04 | 0,029 19,023 137,292
Response (G0O:0050728) AOAH

93



Results

Supplemental Table 5. ENCODE and ChEA Consensus TFs from ChIP-X predicted to be
regulating module 4+5 genes.

Term P-value Adjusted Odds Ratio Combined Genes
P-value Score

GATA1 CHEA 0,001 0,048 5,409 39,162 SMADS3; ZMIZ1; CELF2; ATP2A3; ICA1; RUNX3; PLXNA4
EGR1ENCODE 0,003 0,100 5,534 31,607 ZMIZ1; RASGEF1B; NEDD4L; LONP2; MALAT1
SALL4 CHEA 0,004 0,100 6,573 35,555 UBE2H; CELF2; DOCKS8; SPTBN1
RUNX1 CHEA 0,010 0,168 3,277 15,071 SMAD3; CELF2; DOCKS; ATP2A3; ICA1; ARHGAP18; NRGN
GATA2 CHEA 0,015 0,198 3,792 15,979 ZMIZ1; DOCKS; ST7; ITSN1; ICA1
EGR1 CHEA 0,022 0,243 5,398 20,667 SMAD3; RASGEF1B; ST7
STAT3 CHEA 0,044 0,426 6,282 19,554 RUNX3; PARD3B
AR CHEA 0,055 0,459 2,623 7,620 RASGEF1B; ST7; F13A1; NEDDA4L; CNTLN
SUZ12 CHEA 0,096 0,472 2,043 4,788 ZMIZ1; DOCKS8; PLXNA4; PARD3B; PLS1; CNTLN
UBTF ENCODE 0,085 0,472 2,116 5,210 RB1; SMAD3; ZMIZ1; DOCK8; ATP2A3; NEDDA4L

Supplemental Table 6. GO Biological Processes (2023) predicted to be modulated by

module 445 genes.

Adjusted Odds Combined
Term P-value i Genes
P-value Ratio Score
Regulation Of Small GTPase Mediated Signal DOCKS; ITSN1; ARHGAP18;
) 7,28E-05 | 0,036 20,483 195,162

Transduction (GO:0051056) ARHGAP45
Protein K48-linked Ubiquitination

3,17E-04 | 0,065 25,452 205,037 PRKN; UBE2H; NEDDA4L
(GO:0070936)
Positive Regulation Of Protein Localization To

4,53E-04 | 0,065 22,428 172,689 PRKN; SPTBN1; PLS1
Membrane (G0O:1905477)
Positive Regulation Of Extracellular Matrix

o 0,001 0,065 69,257 522,697 RB1; SMAD3

Organization (G0O:1903055)
Clathrin-Dependent Endocytosis

0,001 0,076 44,304 298,064 ITSN1; STON2
(G0:0072583)
Small GTPase Mediated Signal Transduction

0,001 0,076 15,612 104,355 RB1; RASGEF1B; ARHGAP18
(G0:0007264)
Regulation Of Protein Localization To

0,001 0,076 42,598 283,480 PRKN; SPTBN1
Membrane (G0O:1905475)
Protein K11-linked Ubiquitination

0,001 0,076 41,019 270,085 PRKN; UBE2H
(G0:0070979)
Regulation Of Protein Modification By Small
Protein Conjugation Or Removal 0,001 0,076 41,019 270,085 PRKN; ZMIZ1
(G0:1903320)

) - ADGRG3; ARHGAP18;

Regulation Of Cell Motility (GO:2000145) 0,002 0,081 14,173 90,922 PLXNA4

---End of megakaryocyte manuscript---
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3.1.2 Erythrocytes

Gata1l is not only involved in the megakaryocyte fate but also essential for erythrocytes
(Fujiwara et al., 1996). It has already been described in the literature that Gatas not only
perturbs megakaryocyte development but that it also delays erythrocyte differentiation
(Ling et al., 2019, 2023). We therefore assessed how Gata1m<"*™ affects erythropoiesis.

Gata1mhe delays erythrocyte commitment and differentiation

Our lab previously identified 4 subpopulations among Kit" CD41* cells in the yolk sac
representing cells with progressive commitment to the erythroid fate (lturri et al., 2021).
Population A contains mainly multipotent and myeloid progenitors (Kit" CD41* CD34*
AA4.1%), population B a mix of multipotent, myeloid and erythroid committed progenitors
(Kit" CD41* CD34* AA4.1"9), population C early erythroid committed progenitors (Kit*
CD41* CD349 AA4.1"9 CD16/32* CD45"), and population D contains exclusively late
erythroid committed progenitors (Kit" CD41* CD34"¢ AA4.1"°¢ CD16/32"¢ CD45™9). In
the presence of Gata1™*™, the frequencies of populations A and B among Kit* CD41*
cells were unchanged. On the other hand, there was an increase in frequency of
population C at the expense of population D indicating a delay in erythroid commitment
in the yolk sac at E10.5 (Figure 8A). In the E12.5 fetal liver the numbers of CMPs, GMPs,
and MEPs by contrast were unaffected by Gata1m™"*™ (Figure 8A).

Similar to the delay of erythroid progenitors in the yolk sac, the number of mature Ter119*
erythrocytes was significantly decreased between E9.5 to E16.5 in the yolk sac and fetal
liver (Figure 8B). Following a similar gating strategy as Ling and colleagues (R1-R5)
allowed us to get a better resolution of the delay of erythrocyte differentiation (Figure
9A) (Ling et al., 2019). At E12.5 the numbers of R1 (CD71* Ter119) cells were similar
between wild-type and mutant whereas R2-3 and R4-5 were reduced (Figure 8C). By
contrast, at E16.5 only R4-5 was reduced (Figure 8C) leading to the recovery of all Ter119*
cells by E18.5 (Figure 8B). This suggested that the delay in erythroid commitment
observed at the level of progenitor cells in the yolk sac spanned the entire course of

erythroblast maturation but started to recover around E16.5.

Gata 1™ delays the ontogeny switch from primitive to EMP to HSPC erythropoiesis
In unperturbed development, erythroblasts in the bloodstream are mainly of primitive
origin until E12.5 (Kingsley et al., 2004). Afterward, EMPs are the primary source of
erythrocytes in the fetal liver from E11.5 to E14.5 and in the circulation between E13.5
and E18.5. Finally, HSPCs supersede erythrocyte production in the fetal liver around
E16.5 (Soares-da-Silva et al., 2021). In Gatal™"™ embryos, however, EMPs barely
contributed to CD71* or Ter119* cells at E12.5 in the fetal liver. This indicates that at E12.
5 most of the erythrocytes are instead of primitive origin in Gata1m"*™ embryos (Figure
8D). At E16.5 red blood cells were now mainly EMP-derived (Figure 8E,F, 9B, C). At the

same time, the contribution of HSPCs to erythrocytes was significantly reduced in all
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erythrocyte populations compared to wild-type fetuses at E16.5. Collectively, this
suggests that the delay in maturation is accompanied by a delay in the ontogeny switch
from primitive- to EMP- to HSPC-origin by at least 48 hours.

Interestingly, the recovery of erythrocyte maturation coincided with the onset of EMP
contribution to the erythrocyte pool. Potentially, this could indicate a distinct role of

Gata1m“"™ in primitive versus EMP-derived erythropoiesis.

In the blood of wild-type embryos, EMP-derived erythrocytes are a large part of all
circulating red blood cells until at least E18.5 (Soares-da-Silva et al., 2021). Even though
we did not analyze fate-mapped embryos beyond E16.5 the fact that the contribution of
EMPs to erythrocytes in fetal liver is extended by at least 48 hours suggests that
Gata1m"™ probably causes EMP-derived erythrocytes to be present several days after
birth. This emphasizes that mutations in EMP-derived cells can impact mice beyond birth.

Conclusion

In summary, these data show that Gatal™@™ phenocopies Gatals both in the
megakaryocyte and erythrocyte lineage. Gatal™*™ causes a delay in erythropoiesis
which manifests itself in various stages of erythropoiesis in the yolk sac and fetal liver.
Additionally, in the presence of Gatal1™"*™, the switch between the different origins of
erythrocytes is delayed by at least 48 hours. This could be caused by delayed maturation
and also potentially by prolonged survival of erythrocytes. Importantly, it should be noted
that the kinetics of the delay in ontogeny switch are different between megakaryocytes
and erythrocytes. The only time point at which we observed a reduction in the EMP
contribution to Kit" megakaryocytes was at E9.5 in the yolk sac but not thereafter.
Curiously, the effect of Gatals was also different between megakaryocytes and
erythrocytes in human HSPCs in the study by Gialesaki and colleagues. They found that
erythrocytes only accumulated in neonatal HSPCs and not fetal HSPCs, while for

megakaryocytes the opposite was the case (Gialesaki et al., 2018).

Overall, these results show that mutations can prolong the period in which transient
hematopoietic waves contribute to mature cells.
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Figure 8
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Figure 8. Gata1m*™ delays the ontogeny switch from EMP to HSPC erythropoiesis. (A) Bar plot
the frequency of populations A (Kit* CD41* CD34* AA4.1%), B (Kit* CD41* CD34* AA4.1"9), C (Kit*
CD41+* CD34™9 AA4.1"9 CD16/32* CD45%), D (Kit* CD41* CD34"9 AA4.1"¢ CD16/32"¢ CD45"9)
among Kit" CD41* hematopoietic progenitors in the yolk sac at E10.5 in wild-type (wt, grey) or
Gata 1™ (purple) embryos (left). Bar plot showing the number of common myeloid progenitors
(CMPs, Lin"ee Kit"eh Sca-1"e¢ CD34* CD16/32"9), granulocyte-monocyte progenitors (GMPs, Lin"?
Kit"s" Sca-1me¢ CD34* CD16/32*), and megakaryocyte-erythrocyte progenitors (MEP, Lin"9 Kithis"
Sca-1"e¢ CD34"¢ CD16/32"9) per fetal liver (FL) at E12.5 in wild-type (grey) or Gata1™"*™ (purple)
embryos (right). One-way ANOVA with Tukey’s multiple comparisons. (B) Bar plots showing the
number of Ter119* erythrocytes per yolk sac (YS, left) or fetal liver (FL, right) between E8.5 and
E18.5. One-way ANOVA with Tukey’s multiple comparisons. (C) Bar plot showing the number of
cells in populations R1 (CD71* Ter119"9), R2-3 (CD71* Ter119*), and R4-5 (CD71"*9 Ter119") in the
E12.5 (left) or E16.5 (right) fetal liver in wild-type (grey) or Gatal™"*™ (purple) embryos (right).
One-way ANOVA with Tukey’s multiple comparisons. (D) Bar plot showing the YFP labeling
efficiency of R1-5 combined in wild-type (grey) or Gata1™*™ (purple) fetal livers of Csf1rMericreMer
R26"* in embryos at E12.5 pulsed with 4-OHT at E8.5. Mann-Whitney test. (E) Bar plot showing
the YFP labeling efficiency in populations R1, R2-3, or R4-5 in the E16.5 fetal liver in wild-type
(grey) or Gata1™“"*™ (purple) embryos (right) in the Csf1MeicreMer (jeft) or Cdh5*5R" (right) model
pulsed with 4-OHT at E8.5 or E10.5, respectively. One-way ANOVA with Tukey’s multiple
comparisons. (F) Immunofluorescence images of 11 um-thick z-stacks showing YFP* cells in the
E16.5 fetal liver from wild-type (left) or Gata1™“"*™ (right) embryos in the Csf1rMeicreMer R26YFF (top,
YFP in cyan) or Cdh5&f12 R26" (bottom, YFP in green) model pulsed with 4-hydroxytamoxifen
(4-OHT) at E8.5 or E10.5, respectively. Red arrowheads highlight macrophages. White arrowheads
indicate erythroid cells (CD71", see Supplemental Figure 9). Orange arrowheads highlight
endothelial cells. The scale bar represents 100 pm. Data are represented as mean * SD. See also
Supplemental Figure 9.
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Figure 9
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Supplemental Figure 9. Supplemental Figure to Figure 8. (A) Dotplots showing the gating
strategy of populations R1 (CD71* Ter119"9), R2-3 (CD71* Ter119*) and R4-5 (CD71"¢9 Ter119")
among Lin™9 cells (F4/80"¢ Gr-1"°9 Nk1.1"°9) in the E12.5 fetal liver of wild-type (left) or Gata1m<her
(right) embryos. (B-C) Immunofluorescence images showing CD71 staining (magenta) of the same
sections that are displayed in Figure 7D. The left panels show the merge of YFP (green) and CD71
(magenta). The right panels show only CD71 (magenta) staining. White arrowheads indicate YFP*
CD71* erythroid cells. The scale bar represents 100 um. (B) Immunofluorescence images of 11 pm-
thick z-stacks showing YFP* cells of the E16.5 fetal liver from wild-type embryos in the Cdh5*ER2
R26"* (bottom, YFP in green) model pulsed with 4-hydroxytamoxifen (4-OHT) at E10.5,
respectively. (C) Immunofluorescence images of 11 pm-thick z-stacks showing YFP* cells of the
E16.5 fetal liver from Gatal™*™ embryos in the Csf1rMeicreMer R26YFF (top, YFP in cyan) or
Cdh5¢<ER™2 R26™F (bottom, YFP in green) model pulsed with 4-OHT at E8.5 or E10.5, respectively.
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3.2 Mast cells - induce

This project was initiated by me, and | performed the pilot experiments while supervising
my interns Julia Sanchez Viladevall and Abigail Jolteus. | would like to thank Clarisabel
Garcia for her technical assistance. Follow-up experiments were performed by Alesia Arifi
under the supervision of Ramy Elsaid. More experiments will be required to complete the

project as discussed in the future perspectives.

3.2.1 Introduction

In 1878, Paul Ehrlich discovered cells containing large granules filled with histamine and
heparin (Ehrlich, 1878). Due to the high number of granules, he termed these cells mast
cells from the German term “Mast” meaning the process of fattening farm animals. Mast
cells are involved in a vast array of functions such as immune responses, tissue repair,
interaction with the nervous system, angiogenesis, allergies, and autoimmunity. These
functions are mediated (1) via the high-affinity receptor FCER1 that binds IgE antibodies,
(2) via pattern recognition receptors (PRRs) like TLRs and NOD-like receptors, (3) via Mas-
related gene (Mrg) receptor Mrgprb2 that is activated by secretagogues and neurokinins,
or (4) via the I1L33-receptor (ST2). The binding of ligands to these receptors leads to (1)
exocytosis of secretory granules (degranulation) filled with different pre-formed molecules
like histamine, proteases (chymase, trypatase), and many more, (2) de novo synthesis of
chemokines, growth factors, and cytokines which can be released without degranulation,
or (3) to secretion of extracellular vesicles (exosomes) (reviewed by da Silva et al., 2014,
Olivera et al., 2018).

The first mast cells arise from EMPs, a transient hematopoietic progenitor population that
emerges from the yolk sac and does not seed the bone marrow (Palis et al., 1999; Li et
al., 2018; Gentek et al., 2018a; Iturri et al., 2021). No markers have been identified so far
to distinguish progenitors with mast cell potential from progenitors with other lineage
potentials before E10.5. After the onset of fetal liver hematopoiesis, around E11.5,
committed mast cell progenitors throughout the body start to express integrin -7 (ltgb?7)
(Li et al., 2018). Whether migration to the fetal liver is required for mast cell commitment

and differentiation remains elusive (reviewed in Chia et al., 2023).

In the adult bone marrow, mast cells have been thought to commit through a myeloid
progenitor (GMP) but recent single-cell experiments have suggested that mast cells rather
branch off from the erythroid lineage upstream of GMPs (Arinobu et al., 2005; Drissen et
al., 2016; Tusi et al., 2018; Dahlin et al., 2018; Ahmed et al., 2020; Wanet et al., 2021).
Interestingly, mast cells require both PU.1 and GATA2 (Walsh et al., 2002). As mast cell
commitment and differentiation are still being unraveled in adulthood, even less is known

about mast cell development in embryonic and fetal life.
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EMP-derived mast cells seed tissues such as the skin (dermis), tongue, and peritoneal
cavity. These first mast cells are superseded by a second wave of mast cells in a tissue-
specific manner. Additionally, this second wave also gives rise to mast cells in other
organs like the gut that were omitted by the first wave (Li et al., 2018; Tauber et al., 2023).
It remains under investigation which hematopoietic waves, eMPPs or HSCs, are the source
of the second wave of mast cells in the fetal period (Li et al., 2018; Gentek et al., 2018a).
Depending on the tissue, second-wave mast cells maintain themselves throughout life,
such as in the dermis (Kitamura et al., 1979; Hatanaka, Kitamura & Nishimune, 1979;
Gentek et al., 2018a; Weitzmann et al., 2020; Tauber et al., 2023), or are regularly
replaced by bone marrow-derived cells as in the gut (Du et al., 1996; Li et al., 2018).
Curiously, this tissue-specific turnover is reminiscent of the kinetics of tissue-resident
macrophages (Merad et al., 2002; Bain et al., 2014; Gomez Perdiguero et al., 2015).

Depending on the stage and tissue of residence, mast cells are characterized by different
markers (Msallam et al., 2020; Tauber et al., 2023). While fetal and adult mast cells express
CD16/32 and CD200r, and contain heparin-filled granules, only adult mast cells express
CDé63. Additionally, FCER1 is detected at low levels in the fetus and at high levels on mast
cells in adulthood. Fetal mast cells on the other hand have higher levels of Itgb7 and
CX3CR1 (Msallam et al., 2020). Furthermore, tissue-specific expression has been
described for Mas-related G-protein coupled receptor X2 (MRGPRX2) which is expressed
by human dermal but not polyp mast cells in the lung (Dwyer & Boyce, 2021).

Expression of Kit (Stem cell factor receptor), however, is a hallmark of mast cells,
regardless of the stage or tissue, as Kit signaling is indispensable for mast cell
development and survival (Grimbaldeston et al., 2005; Tsai, Valent & Galli, 2022). Upon
binding of Stem Cell Factor (SCF, Kit ligand), two Kit monomers dimerize which leads to
autophosphorylation of intracellular tyrosine residues initiating a signaling cascade

(Blume-Jensen et al., 1991).

A point mutation in the Kit gene (A to T substitution at nt 2468) that causes the amino

tD81 6V tD814V

acid exchange of aspartic acid to valine in position 816 (Ki in humans, Ki in mice)
in a tyrosine residue leads to ligand-independent Kit signaling (Nagata et al., 1995). This
results in an abnormal accumulation and uncontrolled degranulation of mast cells, which
manifests as brown or red lesions on the skin and flushing, anaphylaxis after bee or wasp
stings, gastrointestinal cramping, and diarrhea in the case of a chronic course of disease

(Hartmann et al., 2016; Valent et al., 2017).

This disease, called mastocytosis, has different pathology in children compared to adults.
In children, mastocytosis is usually limited to the skin and spontaneously regresses by
adolescence (cutaneous mastocytosis). Adults, on the other hand, develop systemic
mastocytosis, a chronic disease affecting not only the skin but the entire body including

the bone marrow, spleen, lymph nodes, and gastrointestinal tract (Caplan, 1963;
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Hartmann et al., 2016; Valent et al., 2017). While mastocytosis is not life-threatening
though discomforting for children, the prognosis can be poor for patients with systemic

mastocytosis depending on the severity of their symptoms (Valent et al., 2017).

Interestingly, the transient kinetic of cutaneous (pediatric) mastocytosis is reminiscent of
the transient contribution of EMPs to skin mast cells. Additionally, EMPs don't seed the
bone marrow which matches the absence of bone marrow infiltration in cutaneous

mastocytosis.

This led me and others (Mass & Gentek, 2021; Chia et al., 2023) to hypothesize that the
Kit?®1¢¥ mutation might hit distinct progenitor waves (EMPs versus HSPCs) in cutaneous
and systemic mastocytosis, respectively. By inducing Kit?®'*" specifically in EMPs, |
expected to see a transient increase in the number of mast cells in the skin in the postnatal
period, without mast cell infiltration in the bone marrow. Additionally, | expected to

observe only a local increase in mast cell degranulation and no systemic symptoms.

The aim of this project was therefore to first better understand how EMPs produce mast
cells in health, and how they contribute to disease. By performing single-cell cultures with
EMPs, | studied the mast cell commitment process in the yolk sac. Afterward, | tested
whether inducing the mastocytosis-driving mutation Kit***" specifically in EMPs would

have postnatal effects and cause a disease phenotype mimicking cutaneous mastocytosis.
3.2.2 Results and Discussion
a. Mast cell commitment

Mast cell potential increases with time in the YFP* EMP population

To study the initial steps of mast cell commitment in the yolk sac, | labeled EMPs at two
different time points by pulsing Csf1rVeiceMer R26YFF embryos with 4-OHT either at E8.5 or
E9.5 (Gomez Perdiguero et al., 2015; lturri et al., 2021). Single pulse-labeled EMPs (YFP*
Kit" CD41* CD34* AA4.1"*9) were then sorted from yolk sacs into 96 well plates 24 h, 48 h,
or 72 h after injection and cultured for 7 days. 24 h after the 8.5 and E9.5 pulse, EMPs
gave rise to pure myeloid (granulocyte and/or macrophages), erythrocyte,
megakaryocyte, and mast cell colonies but also to mixed colonies containing both
erythroid, myeloid, and/or mast cells (Figure 10A). The cloning efficiency was similar
between all conditions and stages (Figure 10B). Interestingly YFP* cells pulsed at 9.5 had
an increased myeloid output. At 9.5 EMPs have already started to commit towards
erythroid and myeloid fates. Since Csflr is expressed by myeloid progenitors, the 9.5
pulse therefore potentially captures nascent EMPs but also committed myeloid

progenitors which could explain the increased myeloid output.
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Colonies containing a mix of erythroid and myeloid cells were virtually absent at time
points later than 24 h after pulse. This is a consequence of the progressive commitment

and loss of multipotency of EMPs over time.

The frequency of pure mast cells increased from 5 % 24 h after pulse (E8.5 and E9.5 4-
OHT), to 20 % 48 h after pulse, and to 50 % at 72 h post pulse. At the same time,
erythrocyte potential was significantly reduced 72 h after pulse.

Mast cell potential is found in erythroid and myeloid colonies

Interestingly, mast cell potential was detected not only in pure mast cell colonies but also
in combination with erythroid, myeloid, or mixed erythroid-myeloid colonies before E11.5
irrespective of the time of EMP labelling (Figure 10C). The fraction of colonies containing
erythroid and mast cells was twice as high as colonies with mixed myeloid and mast cell
output. The number of mast cells per colony were similar in pure mast cell, erythroid-mast
cell, and myeloid-mast cell colonies with a slight tendency to smaller colonies in the pure

mast cell colonies (Figure 10D).
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Figure 10. Mast cell potential of yolk sac-derived EMPs. (A) Stacked bar plot showing the colony
output of single YFP* Kit* CD41* CD34* AA4.1" cells isolated from yolk sacs at E9.5, E10.5, or
E11.5 from Csf1rMeriCreMer® ROEYFP* embryos with 4-hydroxytamoxifen (4-OHT) pulsed at E8.5 or
E9.5. Cells detected in the colonies were megakaryocytes (Mk) erythrocytes (Ery), myeloid cells
(Myl, macrophages and neutrophils), and mast cells (Mc). Mast cell colonies are highlighted with
white stripes. (B) Bar plot showing the cloning efficiency of YFP* Kit* CD41* CD34* AA4.1"*9 cells
isolated from yolk sacs at E9.5, E10.5, or E11.5 from Csf1MeriCreMer+ R2EYFF+ embryos with 4-
hydroxytamoxifen (4-OHT) pulsed at E8.5 or E9.5. (C) Stacked bar plot showing the frequency of
different mast cell-containing colonies among all mast cell-producing colonies grown from single
YFP* Kit* CD41* CD34* AA4.1%9 cells from yolk sacs pulsed with 4-OHT at E8.5 or E9.5 and sorted
at E9.5 or E10.5, respectively. (D) Bar plot showing the number of mast cells per colony in pure
mast cell (Mc), myeloid-mast cell mixed (Myl-Mc), or erythroid-mast cell mixed (Ery-Mc) colonies
grown from single YFP* Kit* CD41* CD34* AA4.1"9 cells from yolk sacs pulsed with 4-OHT at E8.5
and sorted at E9.5.
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Conclusion and Discussion

The fact that 24 hours after pulse-labeling EMPs, mast cell output is barely found in pure
colonies but is rather mixed with other lineages shows that mast cells originate from bona
fide multipotent EMPs and not from an independent progenitor population. Pure mast
cell colonies significantly increased 48 hours after pulse, which aligns with single-cell RNA
sequencing data from our lab, where a distinct mast cell progenitor or precursor cluster
is detected at E10.5 but not at E9.5 (Figure 11A) (lturri et al., 2021). Importantly, the
kinetic of increasing numbers of pure mast cell colonies was consistent between EMPs
pulsed at E8.5 and E9.5. This shows that it intrinsically takes approximately 48 hours, from

emergence to mast cell commitment.
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Figure 11. Supporting data for mast cell commitment discussion. (A) UMAP representation of
YFP* cells from E9.5 Csflre*Rosa’® (left) and YFP* cells from E9.5 Csf1r<Rosa’® integrated with
YEP* cells from E10.5 Csf1/MeriereMer Rosa¥® pulsed at E8.5 (right). Mf, macrophage; My, myeloid
progenitor; MEP, megakaryocyte-erythroid progenitor; pMC-MC, mast cell progenitor and/or
mast cell; pMK, Mk progenitor; pEry, erythroid progenitor. (B) Stacked bar plots showing the
colony output of non-myeloid and myeloid progenitors (left), CD131"¢ versus CD131* Kit* CD41*
cells (middle), and non-erytrhoid and erytrhoid progenitors (right) sorted from the E10.5 yolk sac
and cultured for 7 days in liquid cultures.

As expected, by E11.5 more than 50 % of the Kit" CD41* YFP* cells had pure mast cell
potential and no multipotential was detected. This is in line with other studies showing
that bona fide EMP multipotential is gone by E11.5. It is also in line with the finding that
mast cell potential peaks in the yolk sac at E11.5 (Sonoda, Hayashi & Kitamura, 1983; Palis
et al., 1999).

Furthermore, my findings suggest that mast cells might potentially commit through both
a myeloid and an erythroid pathway. This is in line with the debate on adult mast cell
commitment in the bone marrow that positions mast cells either closer to the erythroid
(Drissen et al., 2016; Tusi et al., 2018) or the myeloid lineage (Arinobu et al., 2005; Ahmed
et al., 2020; Wanet et al., 2021). Interestingly, mast cell potential was preferentially mixed

with erythroid output. This is in line with other unpublished results from our lab that
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showed that mast cell potential is specifically enriched in the non-myeloid fraction (Figure
11 B). In CD131* cells in the yolk sac, a population that we previously identified as
progenitors enriched in erythroid potential (lturri et al., 2021), showed a slight increase in
mast cell output compared to CD131™¢ cells. Additionally, mast cells were relatively
evenly distributed between erythroid and non-erythroid progenitors (n=1!). Collectively,
our data argues for a closer relationship with the erythroid lineage but further research

will be required to fully understand mast cell commitment in the yolk sac.

b. Effects of mutations in EMP-derived mast cells

Next, to test whether mutations in EMP-derived mast cells cause post-natal effects, |
induced the gain-of-function mutation Kit®®'* specifically in EMPs by pulsing littermate
Csf1MercreMer R2EYFP KjttStP814Y (Kit mutant) and Csf1MeicreMer R26YFF (Kit wild-type) embryos
at E8.5 with 4-hydroxytamoxifen (4-OHT) (Srinivas et al., 2001; Gerbaulet et al., 2011;
Qian et al., 2011; Gomez Perdiguero et al., 2015). The inducible Kit*P4#V gene is a
transgene. This means upon Cre-mediated excision of the loxP-Stop-loxP site, the

expression of Kit?'* is activated while the endogenous Kit alleles remain unaffected.

Accumulation of mast cells

First, we tested whether Kit?'*" increases the number of mast cells in the skin. In pups,
the number of mast cells per ear was unchanged. (Figure 12A). In the adults, however,
we detected a sex-specific effect. While males showed only a mild but not significant
increase in mast cell numbers in the ear, mutant female adults showed an almost 2-fold

increase compared to wild-type litter mates. (Figure 12A).

Precocious maturation of EMP-derived mutated mast cells

At early fetal and postnatal stages, mast cells only express low levels of FCER1 (Msallam
et al., 2020). However, inducing the Kit?®'* mutation in EMPs, caused precocious
expression of FcERTa among Kit" ST2* or Kit" CD200r* mast cells in the back skin dermis
(BSD) and ear skin dermis (ESD), respectively, of 8-day-old pups (Postnatal day 8, P8)
(Figure 12B). As expected, virtually all mast cells in the adult ear skin dermis expressed
FcER1a.

Prolonged survival of EMP-derived mutated mast cells in pups

To trace mast cells back to their origin, we performed fate-mapping using the inducible
Csf1rMericreMer model pulsed with 4-OHT at E8.5. Since Cre recombination never occurs in
100 % of the targeted cells, controls are required to interpret labeling efficiencies.
Microglia are tissue-resident macrophages that emerge in the yolk sac and self-maintain
throughout life without contribution from other ontogenies (Ginhoux et al., 2010). Since
microglia are a stable population that is highly labeled in the E8.5-pulsed Csf1MericreMer
model, they serve as a positive control to estimate the initial recombination efficiency. On
the other hand, LSKs in the bone marrow are not EMP-derived and therefore serve as a

negative control.
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In wild-type and mutant mice, microglia were labeled around 15 % or 25 % in animals
analyzed at P8 or in adulthood, respectively. As expected, no LSKs in the bone marrow
were labeled (Figure 12C). This indicates that we successfully induced the mutation

specifically in EMPs and spared HSCs.

Mast cells in the BSD and ESD of mutant pups showed dramatically higher labeling
efficiency (BSD: 15%, ESD: 10%) in contrast to wild-type littermates (BSD: 7%, ESD: 1.7%)
(Figure 12D). Surprisingly, the labeling efficiency of around 15 % of the dermal mast cells
in mutant 8-day-old pups equilibrated with the labeling efficiency of the microglia. This
indicated that in mutant but not in the wild-type pups, most mast cells in the skin are
EMP-derived.

In wild-type adult mice (3-6 months old), barely any mast cells showed YFP labeling,
indicating the absence of EMP-derived mast cells in the skin, in line a previous study
(Gentek et al., 2018a). In mutant adults, on the other hand, YFP* mast cells were detected
in the ear skin dermis of males and females (Figure 12D). YFP* mast cells, however, were
only found in 50 % of all adult mice analyzed. A potential explanation for this is that mast
cells are regulated in clonal territories (Weitzmann et al., 2020). Perhaps only in 50% of
the animals, YFP* mast cells expressing the Kit?®™ mutation initially seeded the analyzed
ear. It should be noted that Kit*P8*V and R26"-" are not necessarily recombined in the
same cell. This means that ears without YFP* mast cells in the skin might nevertheless
contain EMP-derived mast cells expressing the Kit?**" mutation. On the contrary, given
the fact that control animals showed almost no YFP labeling in skin mast cells, all YFP*

mast cells detected in the mutant adults most likely expressed the Kit?®™* mutation.

Mast cells in other tissues

Next to the skin, also the tongue had an increased contribution of EMP-derived mast cells
in mutant compared to wild-type mice both in pups and adults (Figure 12E). Similarly,
mast cells of the peritoneal cavity showed higher labeling efficiency in mutant than in
wild-type adults (Figure 12E). This indicates that the induction of Kit?™" expression
specifically in EMPs in utero dramatically extends the survival of EMP-derived mast cells
not only in the skin as described above, but also in peritoneal cavity, and tongue by

several months.

EMP-derived Kit?®'* mutated mast cells cause ulcerative dermatitis in adult mice

Curiously, around six months of age, mutant but not wild-type mice developed ulcerative
dermatitis in the neck region (5 observations out of 5 mutant mice) (Figure 12F). YFP
labeling efficiencies in all analyzed tissues were similar to 3-month-old mice that had no
signs of ulceration (Figure 12D). Ulcerative dermatitis is a disease in mice caused by an
increase in the numbers and the degranulation of dermal mast cells (De Biase et al., 2019;
Gozalo et al., 2023). Ulceration is thought to be a result of intense scratching caused by

histamine-driven pruritus (itchy skin) (Gozalo et al., 2023). This suggests that Kit?®™"
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mutant mice have elevated histamine levels in the skin, which could be due to an increase
in (EMP-derived) mast cell numbers or heightened degranulation (mast cell activation)

both caused by ligand-independent Kit signaling.

Figure 12
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Figure 12. Kit”®'%V mutation in EMPs causes precocious maturation, prolonged survival of mast
cells, and ulcerative dermatitis in adulthood. Analysis of Csf1rMeriCreMer+ ROEYFP/+ KjttSL-D8I4V/ (Kt
mutant, blue) and Csf1rVericreMer+ R2EYFP+ (Kit wild-type, wt, grey) mice pulsed at E8.5 with 4-OHT.
(A) Bar plots showing the number of mast cells per patch of back skin dermis (BSD, mast cells
gated as Kit* ST2*, left) at P8 (left) or per ear (ESD, mast cells gated as Kit* CD200r") at P8 (middle)
and of 3-6 months (right). (B) Bar plots showing the frequency of FcER1a" cells among mast cells
in BSD at P8, ESD at P8 (middle) or 3 months (right). (C) Bar plots showing the frequency of YFP*
cells among CD45* CD11b* F4/80* microglia in the brian (left) or Lin"*? Kit"'s" Sca-1* hematopoietic
stem and progenitor cells (LSK) in the bone marrow (right) at P8 or 3 to 6 months. (D) Bar plots
showing the frequency of YFP* cells among mast cells in BSD at P8, ESD at P8 (middle) or 3 months
(right). (E) Bar plots showing the frequency of YFP * cells among mast cells in the tongue (left) or
peritoneal cavity (right) at P8 and 3 to 6 months. (F) Photo of 6-month-old wild-type (wt) and Kit?®'#Y
mutant female and male mice. Mutant mice show ulceration in the head and neck region. White
data points highlight 6-month-old mice in contrast to 3-month-old mice. Statistics: Mann-Whitney
test or One-way ANOVA with Tukey’s multiple comparisons. Data are represented as mean = SD.
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Conclusion

The goal of the project was to test whether induction of the mastocytosis driving Kit?®'#”
mutation specifically in EMPs, a transient hematopoietic wave, could mimic the unique
features of cutaneous mastocytosis compared to systemic mastocytosis. Indeed, the
expression of Kit?®'*" led to the precocious maturation of EMP-derived mast cells.
Contrary to what was expected, these mutated mast cells, however, did not disappear
around puberty but remained in the skin until adulthood. In accordance with the
pathology of cutaneous mastocytosis in humans, we did not observe mast cell infiltration
in the bone marrow (data not shown). Nevertheless, we detected increased numbers of

EMP-derived mast cells in the peritoneal cavity which might cause systemic effects.

Even though this means that inducing the mutation Kit?®* in EMPs does not faithfully
mimic pediatric mastocytosis, our study provides a proof of concept that in mice inducing
a mutation specifically in EMPs has adverse effects far beyond the developmental period

even until the age of 6 months.

c. Future perspectives

To further characterize the effect of Kit?®*"* mutation in EMP-derived mast cells in future
experiments we could quantify the number of mast cells in ear skin whole mounts or back
skin sections in histology as well as the tryptase levels in the serum of wild-type and

mutant mice with or without ulcerative dermatitis.

Additionally, functional mast cell assays such as passive systemic or passive cutaneous
anaphylaxis (PCA) could provide insight into the local and systemic effects of mast cell
degranulation in the presence of Kit?®™". In PCA, mice are systemically (intraperitoneally)
or locally (intradermally in the ear) sensitized with IgE anti-DNP-HSA (mouse
dinitrophenylated human serum albumin, Sigma Aldrich D8406) and challenged with
DNP-HAS 24-48 hours later. A systemic anaphylactic reaction is measured by assessing
the rectal temperature every 10 min for one hour (Gouel-Chéron et al., 2023). The speed
and amplitude of temperature drop (hypothermia) would be expected to be steeper and
stronger in Kit?®*" mice compared to control mice. To read out a local reaction in the ear
skin, the swelling of the ear will be measured and the formation of edema will be
quantified by injecting Evans blue and measuring its extravasation from vessels using

spectrometry. These experiments could potentially be done with 6-week-old adult mice.

So far, we only induced the mutation in EMPs by taking advantage of the Csf1MericreMer
model pulsed with 4-OHT at E8.5. It would, however, also be interesting to test whether
inducing the mutation in HSPCs leads to a more systemic phenotype with infiltration of

toLD814Y mice with

mast cells in the bone marrow. This could be achieved by crossing Ki
Cdh5“*ER™2 and pulsing with 4-OHT at E10.5. It will also allow us to elucidate whether
Kit?®'%V in HSPCs drives a later disease onset or whether it causes the same precocious

maturation of mast cells in pups as seen in the EMP wave.

107



Results

d. Materials and Methods

Mice

All mice used in this study have been previously described. Experimental procedures,
housing, and husbandry were in compliance with the regulatory guidelines of the Institut
Pasteur Committee for Ethics and Animal Experimentation (CETEA, dap160091 and
dap190119). Strains included Csf1rVeiceMer (FVB background, MGI:J:186831) (Qian et al.,
2011), Rosa26"**(C57BI/6 background, MGI:J:80963) (Srinivas et al., 2001), and Kits-b814v
(C57Bl/6 background, MGI:4942357) (Gerbaulet et al., 2011). Timed matings were
performed and the date of the vaginal plug was considered EO.5. Embryonic stages were
validated using somite counting and morphological landmarks. Pups were born naturally
or by C-section when necessary at E19.5. Genotypes were determined by PCR of tail

biopsies.

4-OHT preparation and injection

4-hydroxytamoxifen (4-OHT) (Sigma, H7904-25MG) was dissolved in equal parts of
ethanol and Kolliphor (Sigma C5135-500G) using sonication. 10 mg/mL stocks of
progesterone (P3972-5G) were prepared by resuspending in ethanol and sunflower oil
(Sigma S5007-250ML) and co-injected with OHT to reduce the risk of abortion. For pulse-
labeling using the Csf1rVeriCeMer strain, females were weighed on day 8 of pregnancy and
injected with 75 pg/g (body weight) OHT and 37.5 pg/g (body weight) progesterone at
1 pm.

Flow cytometry

Mice were sacrificed by cervical dislocation. The fluid of the peritoneal cavity was
harvested by removing abdominal skin, injecting 5 mL of ice-cold FACS buffer (0.5% BSA
and 2mM EDTA in PBYS) into the peritoneal cavity, massaging the mouse for 1 min,
opening the peritoneum with scissors, and collecting the fluid in a 50 mL Falcon tube. For
ear skin dissection, epidermal sheets were first separated from the dermis after incubation
for 1h at 37°C in 2.4 mg/ml of Dispase Il in PBS and the dermis was further digested for
30 min in PBS containing 1 mg/ml collagenase D, 100 U/ml DNase I, 2.4 mg/ml of Dispase
Il and 3% FBS at 37°C and passed through a 100 pm strainer by mashing with the piston
of a 2mL syringe and then collected in cold filtered FACS buffer. Bone marrow was flushed
from the femur and tibia using a 25G needle. For red blood cell lysis of bone marrow
samples, cells were resuspended in 1 ml of red blood cell lysis buffer (155 mM NH,CI, 10
mM NaHCOs3, and 0.1 mM EDTA). The reaction was terminated after 5 min by adding 3
ml of FACS buffer. Single cell suspensions from all tissues were pelleted by centrifugation
at 320g for 7 minutes. Blocking was performed with 1:50 Fc-block (anti-CD16/32) in FACS
Buffer followed by 30 minutes of antibody staining. Stained cells were passed on the

Cytoflex LX (Beckman Coulter). Results were analyzed and plots generated using FlowJo.
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Single cell liquid culture

Pregnant mice were killed by cervical dislocation and embryos were dissected in cold
PBS. Yolk sacs were dissected and enzymatically dissociated in digestion buffer
composed of PBS with 1 mg/mL collagenase D (Sigma 11088882001), 100 U/mL DNasel
(DN25-100mg), and 3% Fetal Bovine Serum for 30 minutes at 37 °C. Yolk sacs were
passed through 100 pm strainers by mashing with the piston of a 2 mL syringe and then
collected in ice-cold filtered FACS Buffer (0.5% BSA and 2mM EDTA in PBS). Blocking
was performed with 5% FBS and 1:20 mouse IgG (Interchim 015-000-003) in FACS Buffer
followed by 30 minutes of antibody. Single YFP* Kit* CD41* CD34* AA4.1"9 cells were
sorted using a FACSAria Ill (Diva software) into flat-bottom 96-well plates containing pre-
warmed and equilibrated differentiation medium (0.1% pB-mercaptoethanol, 1X
Penicillin/Streptomycin, 10% FBS, 1:125 SCF, 5ng/uL GM-CSF, 5ng/puL M-CSF, 2ng/pL
EPO and 5ng/pL TPO in Opti-MEM with Glutamax). SCF was supplied from myeloma cell
line supernatant. Cells were grown at 37°C with 5% CO, for 7 days. Colonies were
manually scored to detect small megakaryocyte colonies before collecting them by
scratching with a pipette tip for flow cytometry analysis. The overall cloning efficiency was
defined as the number of sorted single cells that give rise to colonies. The colony output
was calculated by dividing the number of colonies of one type, i.e. erythrocytes, by the

number of all colonies grown.

e. Acknowledgment
| want to thank William Worral from the lab of Laurent Reber (Toulouse Institute for
Infectious and Inflammatory Diseases (Infinity)) for insightful discussions about protocols

for mast cell isolation from the back skin and the IgE-mediated anaphylaxis assay.

109



Results

110



Results

3.3 Macrophages - deplete

This project was a collaboration between the lab of Angela Giangrande, a reknown expert
in developmental hematopoiesis in Drosophila melanogaster, and our lab. While Sara
Monticelli, a Postdoc in the lab of Angela conducted experiments in Drosophila, |
designed, managed, and performed experiments in the mouse model. | would like to
express my gratitude for the technical help from Clarisabel Garcia, Kémy Adé, and my

intern Corentin Guichen.
3.3.1 Introduction

Reminiscent of vertebrates, the hematopoietic system of the fly is established by two
successive waves during development (Article Figure 1A-B). In the fly, early-wave
macrophages colonize the fly embryo and are the active immune cells during the larval
stage. They are followed by late-wave macrophages that arise in the lymph glands of the
larva and are released into circulation at the beginning of the pupal stage. The aim of this
project was to identify how the depletion of early-wave (EMP-derived) macrophages can

affect subsequent late-wave (HSC) hematopoiesis in the fly larva and mouse fetus.
3.3.2 Summary and discussion of the results

Sara and her colleagues discovered that the depletion of early-wave macrophages led to
the accelerated development of the lymph glands (Article Figure 2&3) as well as the
precocious release of late-wave macrophages due to defects in the extracellular matrix.
The defects in the ECM in the fly were directly related to the absence of early-wave

macrophages, which express perlecan, an extracellular matrix protein (Article Figure 7).

PLX specifically depletes EMP-derived macrophages

We wondered whether this role of interplay between early and late hematopoiesis
observed in Drosophila was evolutionarily conserved in species with a more complex
hematopoietic system. Therefore, we tested the effect of depletion of EMP-derived (early-
wave) macrophages on HSC-derived (late-wave) macrophages and HSC hematopoiesis in
general. To deplete EMP-derived macrophages, we fed pregnant dams the Csflr-
inhibitor PLX5622 (PLX) (Spangenberg et al., 2019) between E11.5 and E14.5 to avoid
impacting HSC emergence in the AGM (Mariani et al., 2019) (Article Figure 4A-B, C-E
top).

The effect on EMP and HSC-derived cells was probed by using the Cdh5* " fate-
mapping model with the R26“™ reporter line. Pregnant females were pulsed with 4-
hydroxytamoxifen (4-OHT) at either E7.5 (labels mostly EMPs and very few eMPPs) or
E10.5 (labels mostly HSCs and few eMPPs). Usually, we use R26"" reporters in lineage
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tracing experiments. Injecting 4-OHT into pregnant dams led to pregnancy termination
around E15.5 in more than 50 % regardless of the stage of 4-OHT injection. R26tTemat
recombines more efficiently than R26"". Since we were particularly interested in stages
after E15.5, | decided to use the R26™°™® |ine and at the same time reduce the injected
4-OHT dose by half to improve pregnancy outcomes. This however unfortunately did not

affect the rate of fetal survival nor the number of successful births.

Monocytes and neutrophils were barely affected by Csf1r inhibition (Article Figure 4F-H,
S5C-D). Surprisingly, also the numbers of the few HSC-derived macrophages present at
E14.5 remained unchanged. By contrast, EMP-derived macrophages were efficiently
depleted (Article Figure 4C, bottom), reminiscent of the Csf1r*FR#AFRE phenotype (Rojo
et al., 2019). While it is known that macrophage populations in different tissues have
distinct requirements of CSF1 (Cecchini et al., 1994; Percin et al., 2018), this observation

indicates that Csf1r-signaling dependency also is ontogeny-specific.

Depletion of EMP-derived macrophages accelerates HSC myelopoiesis in the fetus
We found that after the depletion of EMP-derived macrophages, HSCs differentiated into
macrophages around 48 h earlier than in control conditions. These HSC-derived
macrophages seeded the brain, skin, and fetal liver (Article Figure 4 C-E, middle and
bottom). More proliferative cells were found among HSC- than EMP-derived
macrophages (Article Figure S5G). Additionally, precocious HSC differentiation was also
accompanied by a transient increase in the numbers of myeloid progenitors (Article
Figure B, C, middle and bottom, S6E).

Long-term fate of Tom* macrophages in PLX-treated mice

Curiously, even though HSCs gave rise to increased numbers of macrophages in the fetus,
the contribution of HSCs to resident macrophage pools in the adult was similar between
PLX-treated and control offspring (Article Figure 4 C-E, middle and bottom). This
indicates that the increased ratio of Tom*" over Tom"™® macrophages in PLX-treated
fetuses is not maintained long-term. Two conceivable scenarios could explain this

observation:

(1) Tom* (HSC-derived) macrophages cannot self-maintain and disappear with time.
Instead, Tom"™¢ (EMP-derived) macrophages with distinct intrinsic features fully
replenish the niche and self-maintain as tissue-resident macrophages. A small
fraction of Tomato labeling is still observed, similar to control mice, since some
macrophages are constantly replaced by Tom* HSC-derived monocytes from the
bone marrow.

(2) Tom* (HSC-derived) macrophages can self-maintain and remain in the tissue long-
term. As the tissue however grows, Tom"® macrophages replenish the niche more
efficiently than the tissue-resident Tom* macrophages. Tom™¢ macrophages

could be EMP-derived or unlabeled HSC-derived macrophages from the bone
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marrow. In the latter case, however, it would be expected that both Tom* and
Tom™¢ bone marrow-derived monocytes equally infiltrate the tissue and
differentiate into tissue macrophages. This would entail an overall increase in

Tomato labeling compared to control mice.

Both scenarios are in line with the notion that EMP- and HSC-derived macrophages are

intrinsically different.

A simple experiment that would shed light on the origin of the replenishing macrophages
would be to repeat the experiments by tracing the EMP instead of the HSC progeny. This
could be achieved by either using the Cdh5“*™ model pulsed at E7.5 or the Csf1MericreMer
pulsed with 4-OHT at E8.5.

Long-lasting effects of PLX depletion on HSC hematopoiesis

Both E16.5 fetal and 8-week adult CMPs gave rise to larger neutrophil and myeloid
colonies in vitro after PLX treatment in utero without affecting the overall proportions of
colony output (Article Figure 4 D, E). Additionally, lymphoid-biased MPPs (MPP4) were
reduced in numbers in the adult bone marrow. Frequencies of B and T cells in the blood
however were unaffected (Article Figure S6D, data not shown). This showed that the

macrophage depletion in utero caused a long-term impact on the HSC hematopoiesis.

In the mouse, it is uncertain how the effect of macrophage depletion in utero affects
HSCs, such that hematopoiesis is impaired in the long term. In line with the results on the
fly, we observed an overall downregulation of ECM molecules in the fetal liver after PLX
treatment (Article Figure 5G) and preliminary data suggested a difference in the collagen
network in the fetal liver (Article Figure 5F).

Other scenarios, however, cannot be excluded. First, the pressure to upregulate
macrophage production might have indirectly caused a “stress-memory” in HSCs that led
to the long-term reduction of lymphoid progenitors and the increased efficiency in
myeloid cell production, reminiscent of the effects on hematopoiesis seen in inflammation
or aging (Li et al., 2023b).

Alternatively, the lack of macrophages might have affected HSC by disrupting a direct
cross-talk between macrophages and HSCs. Macrophages are spatially closely associated
with HSCs both in the AGM macrophages where they support HSC emergence and in the
bone marrow, where they are essential for maintaining hematopoiesis (Winkler et al.,
2010; Manneken & Currie, 2023). As we

Even though the PLX treatment did not cause dramatic inflammation, apoptosis of EMP-

derived macrophages may have released signals that could have been sensed by HSC.
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Finally, the PLX5622 might have also directly affected HSCs, MPPs, or other lymphoid
populations in utero. However, Csf1r expression in HSCs, CLPs or lymphocytes has not
been detected (Grabert et al., 2020). A direct effect of PLX on HSCs is therefore unlikely.

Conclusion

Collectively, our findings show intrinsic differences between EMP- and HSC-derived
macrophages in regard to Csfir-dependency and replenishment speed. Particularly, in
combination with the data in Drosophila our results indicate that late hematopoietic
waves (HSCs) rely and depend on the integrity of earlier hematopoietic waves (EMPs).
Finally, our findings suggest that perturbations during development can have long-term

impact on HSC hematopoiesis.
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SUMMARY

Macrophages constitute the first defense line against the non-self, but their ability to remodel their environ-
ment in organ development/homeostasis is starting to be appreciated. Early-wave macrophages (EMs), pro-
duced from hematopoietic stem cell (HSC)-independent progenitors, seed the mammalian fetal liver niche
wherein HSCs expand and differentiate. The involvement of niche defects in myeloid malignancies led us
to identify the cues controlling HSCs. In Drosophilfa, HSC-independent EMs also colonize the larva when
late hematopoiesis occurs. The evolutionarily conserved immune system allowed us to investigate
whether/how EMs modulate late hematopoiesis in two models. We show that loss of EMs in Drosophila
and mice accelerates late hematopoiesis, which does not correlate with inflammation and does not rely on
macrophage phagocytic ability. Rather, EM-derived extracellular matrix components underlie late hemato-

poiesis acceleration. This demonstrates a developmental role for EMs.

INTRODUCTION

The immune system of adult vertebrates is sustained throughout
life by a classical differentiation cascade from hematopoietic
stem cells (HSCs), which are maintained and regulated through
interactions with their micro-environment or niche. As the pool
of HSCs is established during development, with no de novo
generation during adulthood, embryonic perturbations can
affect the development of HSCs, thereby leading to long-lasting
changes in the capacity of organisms to respond later on to (im-
mune) challenges. It is thus crucial to understand the cellular and
molecular events regulating HSC homeostasis during develop-
ment, and here, we focused on the function of macrophages in
this process. Indeed, before the emergence of HSCs, macro-
phages produced by earlier (HSC-independent) progenitor
waves colonize the embryo and participate to key physiological
processes such as metabolism; development; and tissue re-
modeling by phagocytosing debris/apoptotic cells and by
secreting a wide range of molecules, including extracellular ma-
trix (ECM) components/-modifying enzymes, growth factors,
and cytokines.' They are very abundant in the fetal hematopoiet-
ic niche where HSCs expand and differentiate and are thus ideal
candidates to modulate HSC micro-environment. The establish-
ment of the immune system by successive waves is evolution-
arily conserved. We combined the advantages of two model
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organisms, the invertebrate Drosophila melanogaster and the
mammalian mouse model, for complementary and synergetic
investigation of the contribution of early, HSC-independent mac-
rophages to the establishment of the adult immune system.
Mouse hematopoiesis occurs in at least three distinct waves
during embryogenesis, with macrophages being generated dur-
ing each wave. Macrophages from the first two waves (primitive
and erythro-myeloid progenitors (EMPs) emerging from the ex-
tra-embryonic yolk sac) migrate to the embryo proper and colo-
nize, among other tissues, the nascent fetal liver (FL) starting at
embryonic day (E) 9.7° The third hematopoietic wave starts
intra-embryonically at around E9.5, when embryonic multipotent
progenitors (eMPPs) followed by HSCs emerge from the aorta-
gonado-mesonephros region and major arteries®” and migrate
to the FL to expand and differentiate® (Figure 1A). Contrary to
what was initially thought, fetal HSCs do not contribute to mature
blood cell production until birth.>~ ' Before birth, HSCs migrate
to the bone marrow niche, where they are maintained throughout
adulthood and generate all blood cell types'®'*(Figure 14).
Throughout fetal life, macrophages are generated from
yolk-sac-derived HSC-independent progenitors and are thus
referred to as embryonic or early-wave macrophages (EMs). Mu-
rine H3Cs thus expand in a FL already colonized by EMs,
recently reported to be potentially involved in HSC emergence
in mouse embryos.15 However, whether mouse EMs modulate
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HSC-derived hematopoiesis after HSC emergence is currently
unknown.

The immune system of Drosophila is simpler, with few cell types
accounting for innate immunity only (generally called hemocytes).
Under normal conditions, macrophages (also called plasmato-
cytes) comprise 90%-95% of Drosophila hemocytes, while crys-
tal cells, platelet-like cells helping the wound healing process, ac-
count for 2%-5% of the hemocytes. For the sake of simplicty, we
will refer to hemocytes as macrophages. Drosophila macro-
phages are produced during two distinct waves. Primitive or
Ems differentiate from the procephalic mesoderm of the early em-
bryo and colonize the whole organism. Late-wave macrophages
{LMs) originate from a specialized hematopoietic organ, the lymph
gland, which reaches maturation and releases LMs after the larval
stages. LMs and Ems co-exist in the adult at a 1:2 ratio (for a

recent review, see Banerjee et al.'®) (Figure 1B). The progenitor
cells of the lymph gland are considered as bona fide HSC-like
cells, and their maintenance/differentiation relies on niche-derived
cues that also regulate mammalian HSCs in the FL and bone
marrow niches (e.g., Hh,''® Dpp/BMP,'** Wg/Wnt,”'** Slit/
Robo,”® and Col/Ebf™?° pathways). Whether EMs interact with
the lymph gland and regulate late hematopoiesis is not known.
Nevertheless, EMs are free to circulate in the hemolymph {analo-
gous of the vertebrate blood), bathing all the organs of the
Drosophiia larva, including the developing lymph gland. Moreover,
EMs impact the immune response mounted by the late hemato-
poistic wave,”® calling for homeostatic interactions between the
two waves.

Here, we show that EMs play a key role in modulating late he-
matopoiesis and that this role is evolutionarily conserved. The
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depletion of Drosophila EMs accelerates the maturation of the
lymph gland and LM differentiation. This phenotype does not
rely on inflammation or on EMs’ phagocytic function but rather
on EM-derived ECM molecules ensuring proper architecture of
the lymph gland. Similarly, EM depletion during mouse FL hema-
topoiesis triggers premature differentiation of HSCs not only into
macrophages but also into monocytes and neutrophils in the FL,
whose ECM is defective. Importantly, transient EM depletion in
utero leads to long-lasting changes in adult HSCs, with
increased myeloid potential at the expense of lymphoid-biased
progenitors. Revealing the so far largely unexplored link between
the hematopoisetic waves opens important perspectives in basic
and medical science, with the potential role of HSC-independent
hematopoiesis in shaping the adult immune system, thus influ-
encing the risk of developing diseases after birth.

RESULTS

Fly late hematopoiesis is affected by EM depletion

To assess how late hematopoiesis responds to the loss of EMs in
Drosophita, we depleted the larva of macrophages and exam-
ined the state of the lymph gland.

The lymph gland is a paired organ sitting on the cardiac tube
and consisting of lobes named from primary to tertiary (or
more) by proceeding antero-posteriorly (Figure 1B). Primary
lobes start differentiating at mid second larval instar (midL2),
whereas the posterior lobes mature only at pupal stage, when
the primary lobes undergo histolysis and release LMs.#"*% Under
normal conditions, the primary lobes are fully mature, yet still
intact, at wandering third larval instar (wL3) and mainly consist
of a cortical zone containing differentiated LMs; a medullary
zone containing progenitors; and the posterior signaling center
(PSC), the lymph gland signaling niche'® (Figure 1B).

Previous works have shown that genetic macrophage deple-
tion throughout larval development (from the first larval instar
[L1] to wL3) triggers a severe loss of macrophages in wL3
larvae®®** and precocious rupture of the lymph gland primary
lobes.” To deplete macrophages, we hence used a similar
approach, upon expressing the cell death gene head involution
defective (UAS-hid)™ (together with that of the GFP, (JAS-GFP)
under the control of the macrophage-specific Hemolectin (Hml)
Gald driver (HmiAGal4) (Figures S1A-S1H). Hml4Gal4 is active
from L1 onward, ¢ allowing postembryonic depletion of mac-
rophages and preventing the embryonic lethality induced by
earlier macrophage depletion.*>*” We confirmed the histolysis
of the primary lobes and showed that the lymph gland posterior
lobes are oversized and show increased cell differentiation
(Figures S1E-S1H). This approach, however, does not allow to
disclose the contribution of EMs on Iymph gland development
because by midL2 Hm! starts being expressed in differentiating
LMs.”®* These cells are likely targeted by the depletion strategy
and undergo apoptosis, leading to inflammation, as documented
by the presence of activated immune cells, called lamellocytes
and marked with Atilla*” and L4,*" inwL3 lymph gland and hemo-
lymph (Figures S1H and $11).%"-**

To assess whether the specific loss of EMs affects late hema-
topoiesis, we depleted HmI* macrophages and analyzed midL2
larvae (~65 h after egg laying [AEL]) (Figure 2A) before massive
differentiation of Hml* LMs in the lymph gland (Figure 2G).
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Depleted larvae show no HmI™ EMs (Figure 2B), and the number
of EMs per larva is drastically reduced (~25%, Figure 2C), with
only few cells detected by immunolabeling (Figure 2D). This sug-
gests that EM numbers could be overestimated by brightfield
counting due to the presence of dying cells and cell debris that
are washed out during the labeling protocol. Consistently, the
hemolymph of depleted larvae shows labeling with the apoptotic
marker cleaved caspase Dcp-1 (Dcp1)™(Figure 2E). The few re-
maining cells are labeled by macrophage markers, such as Per-
oxidasin (Pxn) and Hemese (He)*>"*"* and do not express Hm/
(Figures 2D and 2E). However, these cells do not resemble ca-
nonical macrophages, and quantitative reverse-transcription
PCR (RT-gPCR) assays performed at the beginning of the sec-
ond larval instar (earlylL.2, ~48 h AEL) reveal a poor expression
of Pxn and of the phagocytic receptor encoding genes eater
and NimC1°*® (Figure 2F). This suggests that the Pxn signal re-
vealed by immunolabeling at midL2 likely results from a high sta-
bility of the protein, and the cells left after EM depletion lose
macrophage marker expression and possibly phagocytic func-
tion, which is hardly assessable due to the scarce number of
macrophages surviving the depletion.

We next analyzed the midL2 lymph gland, consisting mostly of
the sole primary lobes'® (Figures 1B and 2G). The volume of the
lymph gland from depleted larvae is almost doubled, and the pri-
mary lobe cellularity is significantly higher than in controls
(Figures 2G and 2H). Increased cell proliferation is detected by
earlylL2 using the mitotic marker phosphorylated Ser10 of his-
tone 3 (PH3)*" but not by midL2 (Figures S2A-52D),* suggest-
ing earlyL2 as the phenocritic phase for the over-proliferation
of the larval hematopoietic organ. This phenotype is unlikely to
be caused by the expression of Hid in the few HmI* LMs normally
present inthe earlyL2 lymph gland (14.75 + 3.46 HmI* cells out of
450 + 28 DAPI* nuclei; mean + standard error) (Figure 3C). More-
over, several Hml™ and/or Pxn* LMs are present in the midL2
lymph gland upon EM depletion, and they spread throughout
the primary lobes (Figure 2G), indicating a premature differentia-
tion that overrides the proper patterning of the lymph gland
(Figure 1B).

Extensive cell death occurs in the midlL2 lymph gland of
depleted animals (Figure 2I). This phenotype may have different
origins. The premature appearance of Hml* macrophages in the
lymph gland could induce hid expression in LMs. Dying LMs
could also trigger apoptosis in neighboring cells in a non-cell-
autonomous manner.”® Precocious and strong differentiation
of the organ could also indirectly lead to apoptotic events. In
line with these non-mutually exclusive hypotheses, we detect
Dopl expression in HmI™ and Hml  macrophages, some of
which are close to dying HmI™ macrophages (Figure 21). Finally,
several lamellocytes are detected in the lymph gland of depleted
larvae (Figure 2J), indicating an inflammatory state likely result-
ing from the widespread apoptosis.”’

Overall, these experiments reveal that depleting EMs leads to
overgrowth and premature differentiation of the late hematopoi-
esis organ, which also shows inflammatory phenotypes.

Fly EM depletion accelerates the physioclogical
development of the lymph gland

To formally discriminate whether the observed precocious matu-
ration of the lymph gland is due to inflammation-related
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Figure 2. Fly late hematopoiesis is affected by early-wave macrophage (EM) depletion

{A) Experimental setup adopted in (B)HE) and {G)—{J). The Hm!1Gal4 driver was used to express the cell death gene hid in macrcphages from the beginning of the
larval life until mid-second larval instar {midL2) ~85 h after egg laying {AEL) with animals raised at 25°C. Only in {F}, the depletion was carried out until early second
larval instar (earlyl 2) ~48 h AEL. Both settings ensure specific depletion of early-wave macrophages (EMs) in the larva, A reporter GFP was used to reveal Hm/
expression.

(B) Dorsal view of a control larva and an EM-depleted larva (anterior on the left, posterior on the right). Arowheads paint the lymph gland primary lobes.

{C) Number of macrophages per larva (mean + standard deviation [SD]) assessed by brightfield counting (N = 3).

(Dand E} Immunolabeling of bled macrophages. (D) The anti-Pxn macrophage marker is in red, anti-GFP in green; (E) the anti-He macrophage marker is in red, the
anti-Dcp1 apoptotic marker is in gray. Nuclei are labeled with DAPI in blue.

(F) Top: experimental setup. Bottom: relative expression level (mean + standard error [SE]) of Hml, Pxn, Eater, and NimC1 assessed by RT-gPCR on macrophages
bled from control or EM-depleted larvae (3 independent replicates).

(G) Lymph gland immunolabeling. Anti-Pxn is in red, and anti-GFP in green; nuclei are labeled with DAPI in blue. N = 15.

(H) Lymph gland primary lobes’ volume (top) and number of cells (bottom) (N = 16).

(land J) Lymph gland immunolabeling with {1} anti-Dep1 in red, anti-GFP in green (J) the anti-Atilla lamellocyte marker in gray; nuclei are labeled with DAPI in blue.
{l) White squares define the area shown in the insats as Dep1 and GFP merge. Dashed lines indicate the perimeter of the lymph gland lobes, arrowheads point
HmI"Dep1™ macrophages, asterisks point Hml Depl1™ macrophages (N = 8). Detailed genotypes: w,Hmi 4Gal4, UAS-2XEGFP/+,+ (Hml > GFP), w;UAS-hid/+,+
(hid), w;Hm!4Gald, UAS-2XEGFP/UAS-hid;+ {Hml > GFP, hid), w;HmlAGal4/+;+ (Hml>), w; HmiAGald/UAS-hid;+ (Hml > hid). Confocal images are shown as full-
stack projections for bled macrophages and representative single sections for lymph glands unless otherwise specified. Statistics: two-tailed unpaired t test.
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Figure 3. Fly EM depletion accelerates the physiological development of the lymph gland

(A) Experimental setup adopted in (B)<F). The genetic depletion was restricted to the first larval instar (L1) using a thermosensitive inhibitor of Gal4 (tubu-
fr'nGafSUm)‘ active at 18°C and inactive at higher temperature (=25°C). Embryos and L1 larvae were raised at 25°C to trigger the expression of hid and reporter
GFP under the control of HmlAGal4 and (B-F) analyzed right after depletion at earlylL2 (~48 h AEL) or (H-l) shifted at 18°C at earlyL2 {~48 h AEL) tc avoid further
macrophage depletion and analyzed at wandering third larval instar (wL3) ~120 h AEL.

(B) Number of macrophages per larva (mean + SD) assessed by brightfield counting (N = 3).

{C) Lymph gland primary lobes’ volume, number of cells and Hml" cells (N = 11).

{D-F) Lymph gland immunolabeling with (D) anti-Pxn in red and anti-GFP in green (N = 11), (E) anti-Dep1 in red and anti-GFP in green (N > 6), and (F) anti-Atillain
gray (N = 6); nuclei are labeled with DAPI in blue. In (E), arrowheads point Dep1™ Hml cells, and the asterisk indicates a Dep1™ Hml™ cell.

(G) Experimental setup adopted in (H) and {l).

{fegend continued on next page)
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processes or to accelerated physiological development, we
depleted EMs only before Hml is expressed in the lymph gland
and in a time-restricted fashion, using a thermosensitive Gald in-
hibitor (tubulinGaiSOTS). Animals were raised at 25°C (tubulfin-
Gal80™ not active) throughout L1 to induce cell death in EMs,
then shifted at 18°C (tubu!fnGaiSOTS active) at earlyl2 to avoid
expression of hid in the HmI™ cells that start differentiating in
the lymph gland. Larvae were analyzed at earlylL2 (i.e., before
the temperature shift) (Figures 3A-3F) and at wL3 (Figures 3G—
3l). At earlyL2, the EM pool is reduced to less than 20% (Fig-
ure 3B), and the lymph gland already shows overgrowth
compared with controls (Figures 3C-3F). Enhanced LM differen-
tiation is also observed, with increased HmI* and/or Pxn™ cells
mostly located in the cortical zone (Figures 3C and 3D), indi-
cating preserved lymph gland patterning. Importantly, we do
not detect apoptosis or inflammation in the lymph gland of
depleted larvae (Figures 3E and 3F). With regard to the hemo-
lymph, no lamellocytes were detected upon bleeding and bright-
field counting (3 independent replicates), and RT-gPCR assays
on the bled macrophages did not reveal any increase in the
expression level of the pro-inflammatory cytokines Upd2 and
Upd3*%°Y upon depletion (Figures S2E and S2F). Thus, early
postembryonic EM depletion is sufficient to trigger premature,
yet physiological, lymph gland maturation without inducing
evident inflammation.

Then, we asked whether the accelerated development per-
sists also at a later stage, leading to precocious rupture of the
wL3 lymph gland, or whether it is rescued by compensatory pro-
cesses. Notably, albeit still present, the primary lobes of the wL3
lymph gland are partially histolyzed (therefore smaller) in the
depleted larvae, and the posterior lobes are oversized and
more differentiated (Figures 3H and 3I). In line with the ongoing
histolysis, the deficit of hemolymph macrophages observed at
earlyL2 (Figure 3B) is compensated by wlL3 (Figures S2G
and S2H). These phenotypes resemble those observed upon
constitutive EM depletion (Figures S1C and ST1E-S1H). Yet,
while the latter protocol triggers inflammation, as evidenced
by the presence of lamellocytes (Figures STH and 311), lamello-
cytes are absent in the lymph gland (Figure 3H) and in the
hemolymph (brightfield counting, 3 independent replicates)
upon L1-restricted depletion.

In sum, the lack of EMs during the early maturation period of
the lymph gland accelerates late hematopoiesis.

Murine EM depletion leads to an increased contribution
of HSCs to the macrophage pools

The presence of sequential waves of hematopoistic progenitors
during development from invertebrates to mammals®' prompted
us to ask whether the interaction observed in Drosophila be-
tween hematopoietic waves is an evolutionarily conserved pro-
cess. Hence, we assessed whether murine EMs control HSC-
dependent hematopoiesis (Figure 1A). To achieve EM depletion,
pregnant dams were fed with CSF1R inhibitor Plexxikon 562252
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(PLX)-containing chow between E11.5 (after HSC emerge from
the aorta) and E14.5, when hematopoiesis is active in the mouse
FL (Figure 4A). PLX treatment efficiently depleted EMs by
inducing apoptosis in the E14.5 FL (Figures 4B and S7A), while
the number of lineage-traced HSC-dependent macrophages
(LM) was unaffected (Figures 4C-4E). EM depletion in utero did
not lead to increased inflammation®® (Figure S5A). Rather, key
inflammation pathways were downregulated in the E14.5 FL
(Tnf, Ifn gamma, lI1a/b, 1118, and l110), while negative regulators
of cytokine signaling (Socs1&2) were upregulated.

After withdrawal of CSF1R inhibition, macrophages rebound
to control numbers 48 h after (E16.5) in FL and 96 h after
(E18.5) in brain and skin (Figures 4C—4E, upper panel). The spe-
cific contribution of late-wave (HSC-derived) hemato poiesis was
investigated in Cdh5°®"™2 Rosa267°° embryos pulsed at
E10.5 with 4OHT (Figure 4A), which labels endothelial cells after
E10.5, including the hemogenic endothelium giving rise to
HSCs.** An increased HSC contribution (measured by the label-
ling efficiency of macrophages) was observed as early as E14.5
and maintained throughout development in PLX-treated FL
(Figures 4C and 4D, middle panel). HSC contribution to periph-
eral tissue macrophages increased 2 days later than in FL, at
E16.5. The number of LM in FL and brain increased dramatically
between E14.5 and E16.5 and was stable between E16.5 and
E18.5 (Figures 4C and 4D, lower panel). In contrast to skin and
FL, there was only a transient HSC contribution to brain macro-
phages (microglia), in line with the moderate fetal HSC contribu-
tion to microglia pools.*

The contribution of surviving EMs to the repopulation was
quantified in Cdha®™ ™2 Rosa26'97om e gmbryos pulsed at
E7.5 to distinguish EMs (EMP-derived, Tomato positive) from
LMs (Tomato negative). At E16.5, both EMs and LMs proliferate
and contribute to the repopulation of macrophage pools inthe FL
and brain, albeit at different extents (Figure S5G). This may
explain why macrophage numbers overshot at E18.5, both in
the brain and FL, but returned to normal numbers by 6 weeks af-
ter birth (Figures 4C—4E, upper panel).

Surprisingly, HSC contribution to resident macrophages
decreased over time to return to control levels in adulthood. In
all three organs, the labeling efficiency of liver Kupffer cells, brain
microglia, and epidermal Langerhans cells was not different be-
tween offspring from control and PLX-treated dams. This sug-
gests that although HSC-derived LMs outperform EMs in their
proliferative capacity in the acute recovery phase after PLX,
they are incapable of long-term self-maintenance and are hence
eventually replaced by EMs.

Monocytes, often viewed as macrophage precursors, were
unaffected in FL, brain, and blood at the end of the PLX treatment
(Figures 4F-4H, upper panrel), as were neutrophils, also pro-
duced during both early- and late-wave hematopoiesis
(Figures S5C and S5D). In regard to their ontogeny, HSC contri-
bution to circulating monocytes and neutrophils was barely
detectable at E14.5 in control and PLX-treated embryos

(H) Lymph gland immunclabeling with anti-Pxn in red and the anti-L4 lamellocyte marker in gray; nuclei labeled with DAP! in blue. Brackets indicate the lobes
represented in the blow-up, and dashed lines mark the perimeter of the yimph gland lobes (N > 8).

() Lymph gland Iobes' volume (N = 9. Detailed genotypes: w;Hmi AHm!4Gald UUAS-2XEGFFP/+iubGai80™/+ (HmI™ » GFP), w;UAS-hid/+ (hid), w;Hmi4Ga-
14, UAS-2XEGFP/UAS-hid; tubulinGal80™ /+ (HmI™ = GFP, hid). Confocal images are shown as representative single sections unless ctherwise specified. Sta-

tistics: two-tailed unpaired t test.
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Figure 4. Murine EM depletion leads to an increased contribution of HSCs to macrophage pools

(A) Cdh5CeERT2 Rosa26™97T0male pregnant dams were pulsed with 4OHT at E10.5 to lineage trace hematopoietic progenitors born from endothelium after E10.5 and
placed the next day on control {Ctrl) or CSF1R inhibitor-containing chow (PLX5622, PLX) for 3 days. Hematopoiesis was then assessed on the last day of CSF1R
inhibition (E14.5) and after withdrawal of CSF1R inhibition.

(legend continued on next page)
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(Figures 4F, S5C, and S50, respectively). During the PLX recov-
ery phase, HSC contribution to Ly6C™ monocytes increased at
E16.5inthe blood and FL of PLX-treated embryos and plateaued
at E18.5 with controls (Figures 4F-4H, middle panel), having
reached the maximum efficiency of the system. Thus, HSC pro-
duced larger numbers of monocytes ahead of time after EM
depletion (Figures 4F and 4G, lower panel). Furthermore,
increased monocyte output by HSCs in EM-depleted embryos
was not short lived, and LyBC™ monocytes were increased in
blood at E18.5 and after birth (post-natal day [P] 2) but were
back to control values by 8 weeks (Figure S4E). Notably, the
2-fold increase in FL monocytes was detected 2 days after the
doubling in size of the FL macrophage population (Figures 4C
and 4F), suggesting that the increase in monocyte numbers is
not due to an overcompensation to repopulate macrophage
pools in peripheral tissues or FL but rather the read-out of a
more global change in late-wave hematopoiesis. Similarly, the
contribution of late-wave hematopoiesis to neutrophils was
increased in FL at E16.5, which resulted in increased neutrophil
numbers at E18.5 (Figure S5C), indicating an overproduction of
neutrophils that accumulate in the FL. While blood neutrophils
were unaffected throughout development, in ontogeny and fre-
quency (Figure S5D), neutrophil numbers were increased in
blood after birth and at P2 but were back to control values in
adulthood (Figure S5F).

Altogether, these data suggest enhanced or accelerated HSC
differentiation toward monocytes and neutrophils after transient
depletion of EM macrophages in utero. Thus, murine EM deple-
tion drives an earlier contribution of HSC hematopoiesis to
myeloid cells (neutrophils, monocytes, and macrophages) as in
Drosophila.

Murine EM depletion triggers precocious HSC
commitment and differentiation

To assess how HSC-derived hematopoiesis was affected by the
loss of EMs, we quantified the number of progenitors inthe E14.5
FL after EM depletion. Within the Lin neg Scal+ Kit+ (LSK)
compartment, short-term (ST-) HSCs,”® as well as lymphoid-
biased multi-potent progenitors (MPP4), were not affected. In
contrast, long-term (LT-) HSCs and erythroid-biased MPPs
(MPP2) were upregulated, while myeloid-biased MPPs (MPP3)
were reduced in numbers. These changes were only transient,
and progenitor populations were back to control levels by
E18.5, except for MPP2 (Figures 5A and SB). This demonstrates
that HSC-derived hematopoiesis is altered by EM depletion and
suggests an increased commitment of HSCs into downstream
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progenitors. To investigate this further, we characterized
committed myeloid progenitors. The differentiation cascade in
early-wave (from EMPs) and late-wave (from HSC) hematopoie-
sis toward myeloid cells is summarized in Figure SA. By E14.5,
the progenitors upstream of the myeloid differentiation cascade
(common myeloid progenitors [CMPs] and granulocyte-mono-
cyte progenitor [GMP]) are significantly increased in numbers,
while more committed downstream progenitors (macrophage/
dendritic cell progenitor [MDP], common monocyte progenitor
[cMoP]) are unaffected (Figure 5C). Intriguingly, not only myeloid
progenitors but also megakaryocyte-erythroid progenitors
(MEPs) were increased in numbers at E14.5 (Figure S6C). The
changes in progenitors persisted until E18.5 in the FL. Thus,
PLX treatment does not deplete hematopoietic progenitors,
instead it enhances progenitor production.

Moreover, EM depletion leads to long-lasting changes in HSC-
derived hematopoiesis. Bone marrow (BM) colonization by
HSCs at P2 was unaffected in EM-depleted embryos (Fig-
ure S6D0). While most progenitor cell numbers were unchanged,
lymphoid-biased MPP4 were reduced at P2 and in adulthood
(Figures S6D and S6E). Furthermore, when single CMPs from
adult (6-8 weeks) BM (Figures 5D and SE) were sorted and
cultured for 7 days in liquid culture, they produced larger macro-
phage and neutrophil colonies if they had undergone transient
EM depletion in utero. Although tissue macrophages, circulating
monocytes, and neutrophil numbers in adult mice were normal
(Figures 4C-4E, S5E, and 85F), these results show a long-term
increased myeloid differentiation potential of HSC-derived pro-
genitors after transient macrophage depletion in the develop-
mental period at the expense of lymphoid potential.

The acceleration of late hematopoiesis caused by fly EM
depletion does not rely on inflammation or on EM
phagocytic ability

EM depletion causes acceleration of late hematopoiesis in both
flies and mice, suggesting that layered hematopoiesis plays an
important and conserved function in adjusting immune system
development. Next, we asked what the underlying mechanisms
are, and we first took advantage of the fly model to narrow down
the specific macrophage function at play.

To further exclude the involvement of inflammation, we
reduced the EM number by preventing their proliferation. The
String/Cdc25 (Stg) tyrosine protein phosphatase required for
cell-cycle progression®” was knocked down in EMs by express-
ing a sty RNAF transgene™ under the control of HmlAGal4 until
midL2, when lymph glands were analyzed (Figures 6A-6G).

(B) Representative immunolabeling of E14.5 fetal livers from contrel and PLX-treated embryos. Anti-CD68 (macrophages, magenta); TUNEL (cyan). Scale bar

represents 100 pm.

(C)Number of GD45+ GD11b+ F4/80+ CDG4+ Tim4+ macrophages (top), frequency (middle), and number (botto m) of tdTomato+ fetal liver macrophages per fetal

liver or per mg of 6-week-old adult liver.

(D) Number of GCD45+ CD11b+ F4/80+ CD64+ macrophages (top), frequency (middle), and number (bottom) of tdTemato+ macrephages per fetal brain or per mg

of 6-week-old adult brain.

(E) Number of CD45+ CD11b+ F4/80+ CD64+ macrophages (top), frequency (middle), and number (bottom) of tdTomato+ macrophages per fetal backskin or per

ear skin epidermis of one ear of 6-week-old adults.

(F and G) Number of CD45+ CD11b+ F4/80- Ly6Chi monocytes (top), frequency (middle), and number (bottom) of tdTomato+ monocytes per fetal liver (F) and

brain (G).

(H) Freguency of CD115+ LyBChi monocytes among blood CD11b+ cells {top) and frequency of tdTomato+ blood Ly8Chi monocytes ibottom). (CG-H) Mean +8D;
centrol (Ctrl, blue border) and macrophage-depleted (PLX, blue fill) embryos. Symbols correspond to individual embryos from at least two independent litters per
time point and per treatment group. Tukey multiple comparisons test (embryos) and unpaired t test (adults).
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Figure 5. Murine EM depletion alters fetal liver hematopoiesis and ECM organization
(A) Simplified representation of myeloid commitment and differentiation from definitive multipotent progenitors toward neutrophil and monocyte fates. A 4OHT
pulse at E10.5 in Cah5%°5R™ Rosa26'@™™a" empryos labels hematopoietic stem and progenitor cells emerging after E10.5 (red square) and their progeny.

(legend continued on next page)
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This strategy avoids inducing stg ANAF in lymph gland HmI* cells
and allows the comparison with midL2 lymph glands dissected
after EM depletion (Figures 2G-2J). Upon stg RNAJ, the number
of EMs per larva drops drastically, similar to what observed upon
depletion (Figures 6B and 2C). However, while EMs are barely
detectable by immunolabeling upon depletion (Figures 2D and
2E), EMs from stg RNAI larvae have normal morphology and
are mostly Hml , and their numbers are in accordance with those
obtained by brightfield counting (Figure 6C). This likely accounts
for the milder phenotype induced by stg RNAJ compared with
that induced by cell depletion (see below). No lamellocytes
were detected by brightfield counting (4 independent replicates),
indicating the absence of infammatory states. Even in these
conditions, however, the lymph gland is increased in size and
shows precocious cell differentiation, mostly in the cortical
zone (Figures 6D and 6E), without signs of apoptosis or inflam-
mation (Figures 6F and 6G) as in the L1-restricted depletion
(Figures 3E, 3F, and 3H).

Since the accelerated lymph gland development triggered by
EM loss does not rely on inflammatory mechanisms, a specific
EM function, namely phagocytosis and/or secretion, might be
involved. Downregulating the expression of the phagocytic re-
ceptor Eater in EMs {eater RNA®® expressed under the control
of HmiAGal4) does not impact EM number or accelerate lymph
gland development at midlL2 (Figures 6H-6K), suggesting that
the EM phagocytic function does not underlie the modulation
of late hematopoiesis.

EGM molecules from fly EMs control lymph gland
development
In the lymph gland, cells are interweaved with ECM that also
separate the organ from the hemolymph.?®%#1%% ECM integrity
is crucial for proper cell-cell interactions and to convey homeo-
static signaling regulating progenitor maintenance/differentia-
tion. Animals mutant for the ECM component frof (ortholog of
the mammalian Perlecan) show severe defects in the lymph
gland ECM along with precocious differentiation of the organ.®”
EMs produce and secrete several ECM molecules® % such as
Trol,** the collagen IV subunits Coldalphal® and Viking/
Coldalpha2,’® laminin,’® and SPARC.®?” We hence asked
whether EMs modulate late hematopoiesis through the ECM
pathway

We knocked down the expression of Trolin EMs by expressing
a trol RNAJ (Figure S4A) under the control of HmlAGal4 until
midL2 (before massive differentiation of Hml* cells in the lymph
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gland), and we analyzed the lymph gland phenotype (Figure 7 A).
trol RNAI triggers a significant increase of the lymph gland vol-
ume, along with increased lymph gland cellularity and LM differ-
entiation (Figures 7B and 7C). Similar results were obtained upon
knocking down vkg (vkg RNAI) in EMs (Figures S3A-S3C), further
proving the involvement of the ECM pathway in mediating the
EM-dependent modulation of late hematopoiesis. The enhanced
number of HmI* macrophages observed upon frol RNAI may
trigger trof silencing in loco, causing indirect effects. To avoid
that, lymph glands were also analyzed at an earlier stage
{early-midL2, ~45 h AEL) from larvae raised at 28°C to optimize
RNAi efficiency® (Figures 7D and S3D). At this stage, no in-
crease of HmI* cells was detected in the lymph glands of trof
RNAI/ larvae, yet the organ is already enlarged (Figures 7E, 7F,
S3E, and S3F ). Of note, frol downregulation in EMs does not
impinge on the main patterning of the developing lymph gland.
At early-midL2, a medullary zone populated by Domeless*
{dome) and E-cadherin™ (E-cad) progenitors®>°%%%7% is present
and similar to what observed in controls. Furthermore, the pre-
cociously differentiated LMs are cortically located, and the
P3C, immunolabeled by Antennapedia (Antp),'® does not show
evident defects (Figures fE,7F, and S3G). Importantly, the
patterning is well preserved also at later stages. Upon using
the thermosensitive approach to confine frof knockdown at L1
and early L2 stages (thus avoiding possible cell autonomous ef-
fects) (Figure 7G), in feeding L3 (fL3) lymph glands, we observed
a preserved E-cad*, BPS integrin®,”’ and wingless™ (wg)™ med-
ullary zone as well as a Pxn* cortical zone at the periphery of the
primary lobes (Figures 7H, 71, S3l, and S3J).

We then assessed the status of the lymph gland ECM of early-
midL2 larvae, at the onset of the lymph gland phenotype (Fig-
ure 7d). The ECM of controls is clearly organized in a network
surrounding single macrophages or small groups of cells. By
contrast, this regular architecture is disrupted upon trol RNAI:
ECM filaments are not properly connected, and wide gaps in
the ECM surrounding groups of cells are visible (Figure 7K).
Similar defects were scored by immunolabeling the ECM with
the anti-Coldalphal antibody (Figure S3H). To gain better resclu-
tion on the lymph gland ECM structure, we performed transmis-
sion electron microscopy (Figure 7L). In control lymph glands,
the macrophages appear packed, and the cleft between neigh-
boring cells are generally filled with highly organized ECM fila-
ments. Moreover, the outermost ECM layer coating the lymph
gland lobe tightly adheres to the cells in control lymph gland.
Upon frol downregulation, this external ECM layer is more

LT- and 8T- HSCs, leng-term and short-term H3Cs; MPP, multipotent progenitors; EMP, erythre-myeloid progenitors; CMPs, common myeloid progenitors;
MEPs, megakaryocoyte-erythroid progenitors; GMP, granulocyte-monoeyte progenitor; GP, granulocyte progenitor; MDP, macrophage/dendritic cell progenitor;
cMoP, commen monocyte progenitor.

(B and C) Number (mean + SD) of LT-HSC, ST-HSC and MPP2 (CD150+ CD48+ CD135- L8K, erythroid-biased), MPP3 (CD150- CD48+ CD135- LSK, myeloid-
biased), MMP4 (CD150- CD48+ CD135+ LSK, lymphoid-biased) (B) and of CMP, GMP + GP, MDP, and cMoP {C) per fetal liver at E14.5 {left) and E18.5 (right).
Mean + 8D; control (Ctrl, blue border) and macrophage-depleted (PLX, blue fill) embryos. Symbols correspend to individual embryos from at least two inde-
pendent litters per time point and per treatment group. Statistics: one-way ANOVA.

(D) Stacked bar charts (mean + SD) representing the number and types of colonies in CFG assay of CMP from E16.5 fetal liver (top) and 8-week-cld bone marrow
(bottom). Empty wells, erythrocyte-megakaryocyte- (E/Mk), mast cell- (Mc), mixed- (E/Mk and/or Mc and/cr Mf and/or Nt), macrophage- (Mf), neutrophil- (Nt),
and neutrophil-macrophage- (Nt + Mf) containing colonies.

(E) Scatter dot plot (median) representing the number of cells (macrophages or neutrophils) in single colonies from E16.5 (top) and adult CMP (bottom). Statistics:
Mann-Whitney.

(F) Representative anti-Coll IV (gray) immunclabeling of E14.5 fetal liver from control and PLX-treated embryos. Scale bar represents 100 pm.

(G) Fold gene expression (mean + SD) relative to gadph in E14.5 control and EM-depleted FL.
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Figure 6. The acceleration of late hematopoiesis caused by fly EM depletion does not rely on inflammation or on EM phagocytic ability

{A) Experimental setup adopted in (B)-{G). The Hm/AGald driver was used to knock down (KD) string/cdc25 (stg RNAJ), a positive regulator of cell-cycle pro-
gression, in EMs from the beginning of the larval life until midL2 (~65 h AEL) with animals raised at 25°C. Hmf expression was revealed through a reporter GFP.
{B) Number of macrophages per larva {(mean + SD) assessed by brightfield counting (N = 3).

{C) Immunolabeling of bled macrophages. Anti-Pxn is in red, anti-GFP in green, and nuclei are labeled with DAPI in blue.

{D-F) Lymph gland immunolabeling with (D) anti-Pxn in red and anti-GFP in green (N = 14), (F) anti-Dep1 ingray (N = 8), and (G) anti-Atilla in gray (N = 6); nuclei are
labeled with DAPI in blue. Dashed lines mark the perimeter of the lymph gland lobes. (E) Lymph gland primary lobes’ volume, number of cells, and number of Hml™
cells (N = 13). Both sexes in a 1:1 ratio were used for the lymph gland analysis upon stg RNA/.

{H) Experimental setup adopted in (I)-{K). The phagocytic receptor eater was knocked down (eater RNAJ) in EMs under the control of Hml4Gal4 from the beginning
of the larval life until midL2 {~85 h AEL) with animals raised at 25°C. Hm/ expression was revealed through a reporter GFP.

{l) Number of macrophages per larva (mean + SD) assessed by brightfield counting (N = 3).

{J) Lymph gland immunclabeling with anti-Pxn in red and anti-GFP in green; nuclei are labeled with DAPI in blue (N = 8).

{K) Lymph gland primary lobes’ volume, number of cells and number of Hmi™ cells (N = 8). Detailed genotypes: w;HmlAGal4, UAS-2XEGFP/+;+ (Hml > GFP),
w;stg RNAI/+;+ {stg RNAI), w;HmlAGal4, UAS-2XEGFP/stg RNAI;+ (Hml > GFP, stg RNAI), w;HmlAGal4/+;+ (Hml>), w; HmlAGald/stg RNAi+ (Hml > stg RNAI),
w;+eater ANAI/+ (eater RNAI), w;HmI4Gal, UAS-2XEGFP/+;eater RNAI/+ (Hm| > GFP, eater RNAI), w; HmlAGal4/+;eater RNAI/+ (Hml> eater RNAI). Confocal
images are shown as full-stack projections for bled macrophages and representative single sections for lymph glands unless otherwise specified. Statistics: two-
tailed unpaired t test.
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Figure 7. The downregulation of extracellular matrix (ECM) molecules in fly EMs accelerates the lymph gland development and affects the
lymph gland ECM organization without altering the patterning
{A) Experimental setup adopted in (B) and (C). The Hm/AGal4 driver was used to express a reporter GFP and knock down the ECM molecule Trol {trol RNA#) in EM
from the beginning of the larval life until midL2 (~65 h AEL) with animals raised at 25°C.
{B) Lymph gland immunoclabeling with anti-Pxn in red, anti-GFP in green, and nuclei labeled with DAPI in blue. N > 10.
{C) Lymph gland primary lobes’ volume, number of cells, and number of HmI* cells in control and trol RNA/ larvae. N > 10.
{D) Experimental setup adopted in (E) and (F). The Hml4Gal4 driver was used to knock down trof (trof RNAI) in EMs from the beginning of the larval life until early-
mid second larval instar {early-midl.2) ~45 h AEL, with animals raised at 29°C to increase the UAS-Gal4 system efficiency.
{E) Lymph gland immunolabeling in control and trof RNA/ larvae. A domeless reporter labels the medullary zone in blue (EBFP2), the posterior signaling center
marker Antp {Antennapedia) is in red, and anti-Pxn in green. N = 6. dashed lines: perimeter of the lymph gland primary lobes.
{F) Lymph gland immunolabeling with the medullary zone marker E-cad in red and nuclei labeled in blue with DAPI. N > 11. Despite the presence of a tubu-
linGal80™, no temperature shift was performed to reproduce the conditions used in (E).
(G) Experimental setup adopted in (H) and (I). trof knock down was restricted to L1 and beginning of L2 using a thermosensitive inhibitor of Gal4 (tubulinGal80™),
which is active at low temperature (18°C) and inactive at higher temperature (>25°C). Embryos and larvae were raised at 29°C until early-midL2 (~45 h AEL) to
trigger trol knock down and expression of a GFP reporter under the control of the Hml. Then, animals were shifted at 18°C and analyzed at feeding third larval
instar {fL3).
{H and Iy Lymph gland immunolabeling with anti-Pxn in green, anti-E-cadherin (E-cad) (H) and pPS integrin (BPS) (1) in red, and nuclei labeled in blue with DAPI.
N > 5.

(legend continued on next page)
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convoluted, with gaps between cells or scarce ECM filaments
around them. Similar ECM was detected upon downregulating
EM proliferation (stg RNA{), and it was even more evident upon
EM depletion (Figures 7K and 7L).

Overall, these results demonstrate that the secretion of ECM
molecules such as Trol and collagen IV by EMs contribute to
the integrity of the lymph gland ECM and that the loss of this
ECM source accelerates the physioclogical course of late
hematopoiesis.

Murine EM depletion modifies the ECM of the FL niche
We finally probed whether the modulation of HSC hematopoiesis
by murine EMs also involved changes in ECM remodeling in the
fetal hematopoietic niche, as evidenced in the fly lymph gland.
By E14.5, the FL ECM is mostly composed of laminins, nidogen,
fibronectin, HSPG, and type IV Collagen.” Analysis of E14.5 FL
sections revealed changes to the fine structure of the ECM, with
a reduction of the Collagen IV network in PLX-treated embryos
(Figures 5F and S7B). We thus probed the expression of ECM-
related genes and found that out of 79 tested genes, expression
of only 4 genes is upregulated (>1.2-fold increase; Syti, Vin,
Lamb?2, and Hspg?). In contrast, 40 genes are downregulated
(«0.8-fold change), among them ECM key components (Colla-
gens, Laminins, and Versican) and ECM-modifying enzymes
(Mmp8, 9, 12, and 13; Adamts 1,2 and 5; and Timp2). Further-
more, several genes coding for key adhesion molecules
(belonging to Cadherin, Integrin, and CAM families) are also
downregulated in PLX-treated embryos (Figure 5G).

Thus, macrophage depletion between E11.5 and E14.5 leads
to profound changes in ECM organization in the E14.5 FL,
demonstrating that ECM alteration at the site of late hematopoi-
esis is evolutionarily conserved upon EM depletion.

DISCUSSION

Multiple hematopoietic waves have been observed throughout
evolution, and macrophages from different waves co-exist dur-
ing development and then adult life.” This has sparked a re-
newed interest in macrophage function during tissue repair,
infection, and tumor growth” % in light of their two possible or-
igins and maintenance mechanisms: prenatal EMs that self-
renew versus continuously recruited HSC-derived macro-
phages. Although macrophages from early waves colonize the
embryo including the hematopoietic niches, little is known about
their developmental function in late hematopoietic waves. Since
these macrophages experience varied physiological/patholog-
ical stimuli, we asked whether homeostatic interactions occur
between the different waves as an evolutionarily conserved
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mechanism to adjust late hematopoiesis and ensure a proper
blood cell repertoire. We here identify EMs as key regulators of
late hematopoiesis throughout evolution, and we uncover the
ECM as animportant mediator of the process. Our study demon-
strates that EMs work as signaling hubs for HSC-dependent
hematopoiesis.

EMs control late hematopoiesis

Drosophila LMs are generated in the lymph gland, whose devel-
opment is tightly regulated by well-described signals exchanged
between PSC (the signaling niche), progenitor cells, and mature
LMs ({reviewed in Banerjee et al.'®). Organs outside the lymph
gland, i.e., cardiac tube, brain, and fat body (equivalent to the
mammalian liver), also contribute to the process.®® ® Here, we
reveal EMs as an additional source of cues regulating lymph
gland maturation under physiclogical conditions. The constitu-
tive loss of EMs not only boosts growth and LM differentiation
in the lymph gland but also results in increased cell death and
the presence of activated immune cells. This is due to an indirect
effect rather than being triggered by EM loss, as LMs preco-
ciously expressing Hn in the lymph gland die and trigger the in-
flammatory state. By contrast, the analysis of early-stage lymph
glands upon EM depletion already displays increased cell prolif-
eration and precocious cell differentiation, in the absence of
apoptosis and lamellocytes. Moreover, similar phenotypes are
triggered by decreasing EM proliferation. Thus, the loss of EMs
at the beginning of lymph gland development accelerates a
bona fide physiological maturation of the lymph gland, which
maintains a wild-type-like patterning.

Previous works hint at the involvement of embryonic macro-
phages in modulating vertebrate late hematopoiesis. Zebrafish
embryonic macrophages facilitate the entry of HSCs into circula-
tion from their site of emergence, whereas murine embryonic
macrophages participate to the emergence of HSCs from the
aorta-gonado-mesonephros region.'®*® Here, we reveal the
role of EMs in HSC expansicn and differentiation. Inhibition of
signaling downstream of the main macrophage growth
factor receptor (CSF1R) during embryonic development leads
to macrophage depletion, without affecting CSF1R+ hematopoi-
etic progenitors or monocytes. After withdrawal of CSF1R inhibi-
tion, macrophages returnto normal levels, first in the FL and then
in peripheral tissues (brain and skin). However, EM depletion
profoundly impacts fetal HSC behavior. Macrophage repopula-
tion from HSC-derived cells was driven by the increase in HSC
differentiation into erythro-myeloid cells. Of note, the few LMs
present at E14.5 surviving the treatment could also contribute
to the repopulation through local proliferation. Thus, HSC
commitment and differentiation into myeloid cells, not only

{(J) Experimental setup adopted in (K) and (L. The HmidGald driver was used to knock down ol (frof RNAI) or sig (sig ANAY) or express the cell death gene hidin
EMs from the beginning of the larval life until early-midL2 (~45 h AEL, animals raised at 29°C).
{K) Lymph gland immunclabeling in control (N > 10), irof RNAF (N = 10), stg RNAF (N > 6), or depleted larvae (N = 6). Anti-Trol is in gray, and nuclei are labeled

with DAPI in blue.

(L) Transmission electron microscopy micrographs of lymph glands from control, trof RNAP, stg ANAI, or depleted larvae. Low magnified images are on the left,
and red arrowheads point the fields represented at higher magnification on the right, which are centered on the inner or outer lymph gland ECM. Detailed ge-
notypes: wiHm!AGald, UAS-2XEGFP/+;+ (Hml > GFP), wi+trol RNAi/+ (trel RNAD, wHmidGald, UAS-2XEGFF/+trol RNAI/+ (Hml > GFP, trol RNAI),
w,HmMIAGal4, UAS-2XEGFP/stg RNAI+ (Hml > GFP, stg RNAI), w,HmIAGal4, UAS-2XEGFP/UAS-hid;+ (Hml > GFP, hid), w,domeMeso-EBFP2/+Hm!AG4/ +
(dome-EBFP2, Hml>), w,domeMeso-EBFP2/+;HmiAG4/+irof RNAI/+ (dome-EBFP2, Hml > trol RNAI), w;AHmiAGald, UAS-2XEGFP/+ tubulinGal80TS/+
(HMITS > GFP), w;HmlAGaid, UAS-2XEGFP/+tubulinGal80TS /irol RNA (HMITS > GFP, trol RNAI). Confocal images are shown as representative single sections

unless otherwise specified. Statistics: twe-tailed unpaired t test.
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monocyte/macrophages but also neutrophils, is accelerated. In
contrast to the limited differentiation of HSCs into myeloid cells
at E14.5 in unperturbed development, EM depletion leads to
an earlier contribution of HSCs to upstream multipotent and
myeloid progenitors. 4 days after the withdrawal of CSF1R inhi-
bition, increased myeloid output of HSC is evidenced by the
doubling of myeloid progenitors (GMPs and granulocyte progen-
itors [GP]), monocytes, and neutrophils inthe FL. Importantly, the
increased myeloid-bias of HSCs is still present in the post-natal
and adult bone marrow, raising important questions on the long-
lasting contribution of pre-natal challenges into adult homeosta-
sis, such as how the hematopoietic system of PLX-treated
offspring would respond to secondary challenges.

Despite the different cellular hematopoietic mechanisms
linked to specific developmental schemes and lifespan extent
{lack of extraesmbryonic and adult hematopoiesis in flies) be-
tween flies and vertebrates, our findings strengthen the hypoth-
esis that layered hematopoiesis is a beneficial strategy that the
organism has adopted to face the different environments and
needs encountered during development.

ECM components secreted by EMs regulate late
hematopoiesis

Inflies, the appropriate deposition of the ECM throughout the or-
gan is essential for lymph gland development. It ensures proper
local environments, allowing cell-to-cell interactions and
controlled diffusion of signals that regulate progenitor mainte-
nance/differentiation. trol/Perlecan encodes an heparan sulfate
proteoglycan of the ECM, and its silencing in lymph gland pro-
genitors leads to a mild increase of LM differentiation at late
larval stage. This phenotype is much more severe when trof is
downregulated ubiquitously,?® suggesting that additional sour-
ces of ECM proteins impinge on lymph gland development.
Here, we show that EM-derived ECM molecules contribute to
lymph gland maturation. Knocking down frol or viking (a Collagen
IV subunit) expression in EMs leads to defective ECM organiza-
tion in early-stage lymph gland and accelerates lymph gland
growth and differentiation while preserving organ patteming,
similar to what we observed upon EM loss. These phenotypes
cannot be explained by cell autonomous effects, since trol muta-
tion or downregulation in the lymph gland does not phenccopy
our results.® The involvement of pathways other than the ECM
in the regulation of late hematopoiesis by EMs cannot be
excluded, but the EM function at play is most likely the secretory
one, since reducing the expression of the phagocytic receptors
Eater does not have evident impact on the lymph gland.

Woe did not discriminate between direct and indirect effects on
the lymph gland in this study. Nevertheless, we searched for a
potential role of macrophages in depositing Trol on the fat
body, which is close to the lymph gland and is known to be a
signaling hub. Upon overexpressing Trol in EMs (Figure S4A),
we could observe a more refined Trol pattern in the fat body
compared with controls (Figures S4B and S4C), calling for
possible indirect effects. The fact that the phenotype is not
100% penetrant underlines again the complexity of the process,
which may involve additional tissues. Of note, Trol overexpres-
sion in EMs induced lymph gland phenotypes similar to those
induced by trol knockdown (Figure S4D), indicating that it is
the balance of the Trol molecule that matters.

Results
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The mouse model does not allow dissecting different macro-
phage functions (phagocytosis/secretion). Thus, benefiting
from the hypothesis tested in the fly larva, we could show that
embryonic macrophage depletion in mice also leads to profound
changes in the hematopoietic niche ECM. The FL ECM in
depleted embryos shows downregulation of key ECM compo-
nents {e.g., type IV Collagen, Laminins). In regard to ECM pro-
duction by macrophages, available RNA-seq datasets of embry-
onic liver macrophages’’ show the expression of several
collagen family members (ColTal, Col3al, Coldai-2, Colbal-2,
and Col6ai-2) and other ECM genes (Lama3, Sparc, and
SppT), all of which are downregulated in the E14.5 FL upon
macrophage depletion. In contrast, while embryonic liver macro-
phages do express Hspg2, Vin, and Fni, overall expression of
these genes in EM-depleted FL is upregulated, suggesting
compensatory mechanisms by other liver populations. Vin and
Fn1 are expressed by fetal hepatocytes.™ In addition, embryonic
macrophages express several key ECM-modifying enzymes
during development from the Adamts, Timp, and MMP families,
thus suggesting that depletion of embryonic macrophages could
lead to changes not only in the ECM composition but also in its
organization or ability to present/release growth factors and cy-
tokines. Importantly, there appears to be a global dysregulation
of cell-cell and cell-ECM adhesion, as evidenced by the downre-
gulation of integrin genes, E-cadherin (Cdh?), N-cadherin
(Cdh2), cadherins 3 and 4, and downstream catenins that con-
nect them to the actin cytoskeleton. Thus, whether murine
EMs are a cellular source for ECM components, are involved in
ECM remodeling, or rather have an indirect effect through cross-
talk with other FL cell populations needs to be further explored.

In sum, the acceleration of LM differentiation upon EM deple-
tion is evolutionarily conserved, and we disclose the ECM
pathway as an important mediator of this process. The role of
EMs in controlling late hematopoiesis improves the current
knowledge of the homeostatic function of macrophages, well
beyond immunity. Our findings also open important perspectives
to understand the etiology of pediatric diseases and to design
therapeutic approaches for diseases involving macrophage
dysfunctions.

Limitations of the study

This study discloses the impact of EMs on the late immune
system development. Further experiments are required to
assess whether this is a direct or indirect effect and to charac-
terize additional tissues and pathways possibly regulating late
hematopoiesis.

It is also important to note that two hypotheses still need to be
further investigated, (1) the respective contribution to the repo-
pulation of surviving LMs versus newly differentiated LMs from
monocytes and (2) the contribution of the change of ontogeny
in FL macrophages to the HSC phenotype.
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0.5M EDTA pH 8.0 Invitrogen Cat# AM9260G
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DNase | Sigma Cat# DN25-100MG
Dispase Il Invitrogen Cat# 17105-041
Liberase DL Raoche Cat# 5466202001
Collagenase | Gibco Cat# 17018022
ChromPure Mouse IgG Jackson ImmunoResearch Cat# 015-000-003; RRID:AB 2337188
Sytox™ Green dead cell stain Invitrogen Cat# S34860
RNAprotect Qiagen Cat# 76104
Stainless steel bead Qiagen Cat# 69882
Tissue Lyser Il Qiagen Cat# 85300
Formalin solution, neutral buffered, 10% Sigma Cat# HT5014-1CS
0.CT™ Tissue-Tek® Cat# 4583

Dapi (mouse experiments) Invitrogen Cat# 10116287
NGS (mouse experiments) Gibco Cat# 16210064
RapiClear® 1.52 SUNJin Lab GCat# RC152001
ProLong™ Gold Antifade Mounting Invitrogen Cat# P36930
Stem Cell Factor (Kit ligand) N/A N/A

Mouse Granulocyte Macrophage Gell Signaling Technology Cat# 70343
Colony Stimulating Factor (mGM-CSF)

Mouse Macrophage Colony Cell Signaling Technology Cat# 33444

Stimulating Factor (mM-GSF)
rmEpo (Recombinant Mouse Erythropoietin)
rmTpe (Recombinant Mouse Thrombopoieting

R&D Systems
R&D Systems

Cat# 958-ME-010
Cat# 488-TO-025

OptiMEM-1 W/Glutamax Gibco 51985026
2-Mercaptoethanol Gibco 31350010
Penicillin Streptonmycin Solution Gibco 15070063

Critical commercial assays

DNase | recombinant RNase free Raoche Cat# 04716728001
Super-Seript IV Invitrogen Cat# 18091050
SYBR Green | Master Mix Raoche Cat# 04673492001
RNeasy Plus Mini Kit Qiagen Cat# 74134
PrimeScript™ RT Reagent Kit Takara Cat# RRO27A

TagMan™ Fast Advanced Master Mix
Mouse Immune array

Customized mouse Extracellular
Matrix and Adhesion molecules plates

BD Cytofix/Cytoperm™

In Situ Cell Death Detection Kit, TMR red
Anti-Biotin MicroBeads

MS columns

Applied Biosystems™
Applied Biosystems™
Applied Biosystems™

BD Biosciences
Rache

Miltenyi Biotec
Miltenyi Biotec

Cat# 12634225
Cat# 4418724
N/A

Cat# 554714

Cat# 12156792910
Cat# 130-080-485
Cat# 130-042-201

Expetrimental models: Organisms/strains

Fly: w! 1%

Fly: HmiAGai4, UAS-2XEGFFP
Fly: HmidGal4

Fly: UAS-hid

Fly: stg RNAI

Fly: eater RNAI

Fly: trof RNA{

BDSC
BDSC
BDSC
BDSC
BDSC
BDSC
BDSC
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Continued

REAGENT or RESOURGE SOURGCE IDENTIFIER
Fly: vkg RNAI BDSC 50895

Fly: UAS-trof BDSC 65273

Fly: UbiGal4 BDSC 32551

Fly: domeiMese-EBFP2 gift from Jiwon Shim, N/A

Hanyang University
(Evans etal "%
Mouse: Cdhs®eER™ Gift from Ralf H Adams, MGI:3848082
Max Planck Institute for
Molecular Biormedicine.

Mouse: Rosa26™ omat Institut Pasteur animal facility MGI:3809524

Mouse: C57BL/GJR] Janvier RRID:IMER_RJ.C57BL-6JRJ
Qligonucleotides

ActhC Sigma-Aldrich N/A

(F) GCAAGAGGATCAGGATCGGG

(R) TGCTGCACTCCAAACTTCCA

Rp49 Sigma-Aldrich N/A

(F) GACGCTTCAAGGGAGCAGTA

(R} AAACGCGGTTCTGCATGAG

Hmi Sigma-Aldrich N/A

(F) AATCGAGAGCACCCGGAAAG
(R} GCCACAACTGATGGGACAGA

Pxn Sigma-Aldrich N/A
(F) AACTGCCCCAG GATACAGCAAA

(R} TAAGCCAGCTCGTTGTCGTT

Eater Sigma-Aldrich N/A

(F) ATGGCTGTAGCAACGGAGTTT

(R} CTTGCAAACAGGAGTGCAGAC

NimC1 Sigma-Aldrich N/A
(F) ATCGAGTGGTCAACTGGTGTG

(R} GTCAGGAATGCGTACGTCAGC

Upd2 Sigma-Aldrich N/A
(F) ACAACCTGCGACTCTTCTCC

(R} CAGATTGCCGTACTCCAGGG

Upd3 Sigma-Aldrich N/A
(F) TCTGGACTGGGAGAACACCT

(R} CTCACTGTGGCCAGCTTGT

Trof Sigma-Aldrich N/A
(F) TACTCCTGCGTTGCCGAAAA
(R} AATCTTTACACTCGGCCGCT
Viking Sigma-Aldrich N/A

(F) TTCTGGGCGTCGTTTATCTGT

(R} CTTTGCAGTCGCATAGCGTT

Coldalphal Sigma-Aldrich N/A
(F) AGGCTTAAGTGCATAGGGCAT

R TTGTAGTGTTTCACGGAGTCCT

Software and algorithms

Fiji N/A RRID:SCR_002285;
https://flji.sc/
IMARIS Oxford Instruments RRID:SCR_007370
CytExpert software Beckman Coulter RRID:SCR_017217
BD FACSDiva Software BD (Becton Dickinson) RRID:SCR_0014568
GraphPad Prism v10.1 GraphPad Software Inc. RRID:SCR_002798;

https://www graphpad.com/
scientific-software/prism/

{Continued on next page)
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Continued
REAGENT or RESOURCE SOURGE IDENTIFIER
FlowJo™ v10.10.0 FlowJo Inc. RRID:SCR_008520;
https://www flowjo.com/solutions/
flowjo/downloads
Biorender.com Biorender RRID:SCR_018361;
https://www biorender.com
Adobe lllustrator v27.9 .1 Adobe RRID:SCR_010279;

https://www . adobe.com/products/
illustrator.html

Leica Application Suite X Leica RRID: SCR_013673; https://www.leica-
microsystems.com/products/microscope-
software/details/product/leica-las-x-1s/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents should be directed to and will be fulfilled by corresponding authors E. Gomez Perdi-
guero (elisa.gomez-perdiguero@pasteur.fr) and A. Giangrande (angela@igbmc.fr). The lead contact is A. Giangrande.

Materials availability
This study did not generate new unigue reagents.

Data and code availability
& Data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original codes.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly lines

All flies were raised on standard media at 25°C. The following strains were used: w’’ 3{reference line), HmiAGal4, UAS-2XEGFP
(BDSC #30140), HmiAGal4 (BDSC #30139), UAS-hid (BDSC #65403), stg RNAI (BDSC 36094), eater RNAI (BDSC #25863), trol
RNAI (BDSC 29440), vikg RNAI (BDSC 50895), UAS-trol (BDSC 65273), UbiGal4 (BDSC #32551), domeMeso-EBFP2 (gift from Jiwon
Shim™). Optimized conditions were used to obtain stage-synchronized progeny. Adult flies were let lay on apple juice agar plates for
3 hat25°C. The plates were transferred at 25°C or 29°C according to the experimental set up. L1 larvae were selected 24 h after egg
lay, transferred in batches of 100 larvae on fresh medium and raised at the desired temperature until the stage of the analysis. Unless
otherwise specified, male larvae were used to avoid gender-related variability since males and females show different organs/body
size and macrophage number.

Mouse lines

All mice used in this study have been previously described. Experimental procedures, housing and husbandry were in compliance
with the regulatory guidelines of the Institut Pasteur Committee for Ethics and Animal Experimentation (CETEA, dap160091). Strains
included Cah5“=ER"2 transgenic (C57BI6 background, MG1:3848982) and Rosa26'“°™#° mice. Timed matings were performed and
the date of vaginal plug was considered E0.5. Embryonic stage was validated using morphological landmarks. Genotyping proced-
ures are available upon request. To deplete macrophages, we used the selective CSF1R-inhibitor PLX5622. Control and PLX5622
(1200 ppm formulated in AIN-76A standard chow, Research Diets, Inc.) chows were Kindly provided by Plexxikon Inc (Berkeley,
CA) and administered to pregnant dams.

METHOD DETAILS

Fly macrophage immunoclabeling

Macrophages were collected upon bleeding larvae in cold PBS 1X added with N-Phenylthiourea (Sigma-Aldrich P7629) to avoid cell
melanization. The amount was adjusted according to the stage in analysis: 10 wL3 larvae were bled in 100 ul, 20 midlL2 larvae were
bled in 50 ul. Cells were let decant on the slide for 20 min at room temperature (RT) or cytospinned at 500 rpm for 3 min for lamellocyte
immunolabeling due to the poor adhesion of lamellocytes to the slide by decantation. The cells were then fixed in 4% paraformal-
dehyde (PFA)/PBS 1X for 10 min, washed three times with PTX (0.3% Triton X-100 in PBS 1X) for 10 min, incubated 1 h in PTXN
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(NGS 5% in PTX, Vector Laboratories), incubated CN at 4°C in primary antibodies diluted in PTXN. Cells were then washed with PTX
for 10 min, incubated 1 h in secondary antibodies diluted in PTXN, incubated 1 h with DAPI (1:5000, Sigma-Aldrich), washed with PTX
and then mounted with Vectashield mounting medium. The following primary antibodies were used: chicken anti-GFP (1:500, abcam
ab13970), rabbit anti-Peroxidasin (1:2000, gift from J. Shin®®), mouse anti-Hemese (1:50, gift from I. Ando®), mouse anti-PH3
{1:1000, Millipore 3H10), rabbit ati-Depl (1:200, Cell signaling 9578), mouse anti-Atilla and mouse anti-L4 (1:50, gift from .
Ando®). The donkey anti-chicken FITC (Jackson ImmunoResearch # 703 095 155) and goat anti-mouse Alexa Fluor 647 (Jackson
ImmunoResearch # 115 605 166), donkey anti-rabbit Cy3 (Jackson ImmunoResearch # 711-165-152) secondary antibodies were
used at 1:400. For each marker, at least two independent experiments were performed.

Lymph gland immunolabeling

Lymph glands were dissected in PBS 1X, fixed in 4% PFA/PBS 1X for 30 min, washed three times with PTX for 10 min, incubated 1 h
in PTXN, incubated ON at 4°C in primary antibodies diluted in PTXN. After 3 washes with PTX of 10 min each, lymph glands were
incubated 20 min in PTXN, incubated 2 h in secondary antibodies diluted in PTXN, incubated 30 min with DAPI, washed twice
with PTX, then transferred in PBS 1X and mounted with Vectashield mounting medium. The following primary antibodies were
used in addition to those previously mentioned: rabbit anti trol (1:1000, gift from A, Gonzalez Reyes®, rabbit anti Cg25¢ (1:500,
gift from 8. Noselli®™®), mouse anti-Antp (1:50, DSHB 4C3, DSHB 8C11), Rat anti-E-Cadherin (1:50, DSHB DCAD2), mouse anti-
BPS integrin (1:50, DSHB CF.6G11), mouse anti-Wg (1:5, DSHB 4D4). See above for secondary antibodies.

Image acquisition on fly macrophages and lymph glands

Images were acquired using a Leica SP8 inverted-based confocal microscope equipped with 20, 40 and 63X objectives. AB47/Cy5
was excited at 633 nm and emission signal was collected with 650-700 filters. GFP/FITC was excited at 488 nm and the emission
signal was collected with 500-550 filters. RFP/Cy3 was excited at 561 nm and the emission signal was collected with 570-620 filters.
Z-series images were acquired using a Z-step size between 0.5 and 2um and applying identical settings for control and experimental
genotypes. Confocal images were analyzed with Fiji software (RRID:SCR_002285).%"

Transmission electron microscopy

Samples for transmission electron microscopy were prepared according to published protocols.®® Briefly, early-midL2 larvae (~45 h
after egg laying) raised at 29°C were dissected in 4% PFA/PBS 1X and incubated in a fixative solution of 3.2% EM grade PFA and
3.125% Glutaraldehyde at 4°C for at least 1 day. Post-fixation was carried out in 1% osmium tetroxide. Tissue was dehydrated
through acetone series at 4°C, embedded with a graded series of epon:acetone mixtures at rcom temperature in flexible plastic
mold and finally polymerized at 60 °C for 48 h. Ultra-thin serial sections of 70 nm were picked up on grids, contrasted with uranyl
acetate and lead citrate and examined using a CM12 TEM electron microscope 100Ky (FEI) equipped with a CCD ORIUS 1000 Gatan
Camera.

RNA extraction and RT-qPCR on fly macrophages and larvae
To assess the expression levels of genes of interest in macrophages, at least 30 earlylL2 (~48 h after egg laying) larvae from both
sexes were bled in 100 plof cold PBS 1X added with N-Phenylthiourea. RNA extraction was performed as follows. 1 ml of TRI-reagent
{Molecular Research Center) was added to the collected macrophages, and the samples were left at RT for 5 min to ensure complete
dissociation. 0.2 ml of chloroform was added to each sample followed by centrifugation at 12,000 g for 15 min at 4°C. The upper
aqueous phase containing the RNA was collected and transferred to a fresh autoclaved tube. 0.5 ml of 2-propanol was added,
and the samples were incubated for 10 min at RT. The RNA was precipitated by centrifugation, washed with 1 ml of 75% ethanol,
precipitated again, and air-dried. 20 pl of RNase-free water was used to resuspend the pellet and the samples were incubation at
55°C for 15 min to facilitate the resuspension. The extracted RNA was then treated with DNase | recombinant RNase free (Roche)
and the reverse transcription was done using the Super-Script IV (Invitrogen) with random primers. The cycle program used for
the reverse transcription is 65°C for 10 minutes, 55°C for 20 minutes, 80°C for 10 minutes. The gPCR was performed using SYBR
Green | Master (Roche). ActinbC (ActbC) and Ribosomal protein 49 (Rp49) were used to normalize the data.

To assess the expression levels of the ECM components frof, vkg and Coldalpha upon ubiquitous induction of frof RNAI, total RNA
from 4 control or trol RNAi wandering L3 larvae was extracted and treated as above described.

4O0HT Preparation and Injection

4-hydroxytamoxifen (40HT) (Sigma, H7904-25MG) was dissolved in equal parts of ethanol and Kolliphor EL (Sigma C5135-500G) by
sonication. 10mg/mL stocks of progesterone (P3972-5G) were prepared by resuspending in ethanol and sunflower oil (Sigma §5007-
250ML). For pulse-labeling, females were weighed onday 7 or 10 and 37.5ug/g (body weight) 40HT were co-injected with 18.75ug/g
{body weight) progesterone to reduce the risk of abortion.

Flow Cytometry

Pregnant mice were killed by cervical dislocation and embryos were dissected in cold PBS. Fetal peripheral blood was collected in
2mM EDTA by severing the vitelline and umbilical vessels after removing the placenta and extraesmbryonic membranes. Organs were
enzymatically dissociated in digestion buffer composed of PBS with 1mg/mL collagenase D (Sigma 11088882001), 100 U/mL DNasel
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(DN25-100mg) and 3% Fetal Bovine Serum. Cells were passed through 100um strainers by mashing with the piston of a 2mL syringe
and then collected in cold filtered FACS Buffer (0.5% BSA and 2mM EDTA in PBS). Cells were then pelleted by centrifugation at 320g
for 7 minutes. Blocking was performed with 5% FBS and 1:20 Mouse IgG (Interchim 015-000-003) or in 1:50 Fc-block (anti-CD16/32)
in FACS Buffer followed by 30 minutes of antibody staining. Cells were washed and incubated with fluorescently-conjugated strep-
tavidin for 20 minutes. For experiments with adult mice, blood was collected by retro-orbital bleeding. After sacrificing mice by cer-
vical dislocation perfusion was performed by gentle intracardiac injection of 10 ml prewarmed (37°C) PBS. Adult tissues were minced
with scissors before enzymatical digestion in digestion buffer composed of PBS with 1mg/mL collagenase D (Sigma 11088882001),
100 U/mL DNasel (DN25-100mg), 2.4mg Dispase Il (Invitrogen 17105-041) and 3% Fetal Bovine Serum. For livers, hepatocyte
removal was performed by centrifugation of the whole liver single cell suspension at 50g for 3 minutes. For earskin, epidermal sheets
were first separated from the dermis after incubation for 1h at 37°C in 2.4 mg/ml of Dispase Il in PBS and the epidermis was further
digested for 30 min in PBS containing 1 mg/ml collagenase D, 100 U/ml DNase |, 2.4 mg/ml of Dispase Il and 3% FBS at 37°C. Bone
marrow was flushed from the femur and tibia using a 25G needle. For red blood cell lysis, cells were resuspended in 1 mlof Red blood
cell lysis buffer (155 mM NH,CI, 10 mM NaHCOs, and 0.1 mM EDTA). The reaction was terminated after 5 min by adding 3 ml of FACS
buffer. Lysis was performed once for adult livers and bone marrows and twice for adult blood samples. Stained cells were passed on
the Cytoflex LX (Beckman Coulter). Results were analyzed and plots generated using FlowJo.

RNA extraction and quantitative qPCR on mouse fetal liver

Fetal livers were dissected inice-cold PBS and directly transferred to RNAprotect (Qiagen, 76104) for short term-storage. After trans-
fer of 10mg of fetal liver tissue into RLT buffer (RNeasy Plus Mini Kit, Qiagen, 74134) with 1% beta-Mercaptoethanol, livers were lysed
and homogenized by bead-milling with a 5 mm stainless steel bead (Qiagen, 69989) in the TissuelLyserll (Qiagen) twice for 2 min at
30 Hz. Total RNA was extracted from whole tissue lysate using the RNeasy Plus Mini Kit (Qiagen, 74134), using 50 % ethanol in step 5.
cDNA was reverse transcribed using PrimeScript™ RT Reagent Kit (Perfect Real Time) (Takara, RR037A) and following manufac-
turer’s instructions. Tagman assays (Mouse Immune array- Applied BiosystemsTM, 4418724 or customized mouse Extracellular Ma-
trix and Adhesion molecules plates) were performed on a Quantstudio 3 thermocycler (Applied Biosystems, 50 °C 2 min, 95 °C
20 sec, 40 cycles : 95 °C 3 sec and 60 °C 30 sec, 60 °C 30 sec ) using 20 ng of cDNA in 1x TagMan™ Fast Advanced Master Mix
{Applied Biosystems™, 12634225) per well. Gene expression was normalized to gapdh or hprt1 and relative expression was calcu-
lated using the 2 2™ method.

Fetal liver immunolabeling

Dissected fetal livers were fixed in 5 % Formalin solution containing 2 % formaldehyde (Sigma) in PBS at 4 °C overnight, washed 3
times in PBS, immersed in 30% sucrose overnight, cryoembedded in OCT (Tissue-Tek) and stored at -80 °C. 12um thin sections
were cut on a Leica Cryostat at -25 °C. Sections were washed in PBS for 5 min, permeabilized in PBS-Triton 0.5% (PBS-T) for
5 min, washed in PBS for 5 min and finally blocked in 5 % normal goat serum in 0.1 % PBS-T for 1 hour. Fetal liver sections
were stained with primary antibodies in blocking solution for 1 hour (rabbit anti-mouse Collagen IV 1:200 (Biorad, 2150-1470),
washed 3 times in 0.1 % PBS-T for each 5 min, stained with secondary antibodies (goat anti-rabbit AF555 1:500 (Invitrogen,
A-21429)) and washed 3 times in 0.1 % PBS-T. Permeabilization, blocking and staining were all performed at room temperature.
Stained sections were covered with ProLong™ Gold Antifade Mounting {Invitrogen, P36930). Sections were imaged as z-stacks of
8 um depth (9 planes with a distance of 1 um) in tilescans using an inverted Leica SP8 confocal microscope with a HC PL APO
20x/0,75 CS2 objective (Leica, 11506517) and the LasX software. AF555 was excited at 552 nm and the emission signal was
collected with a HyD detector set at 562-600nm. Final image processing (flipping of images and adding of scale bars) was per-
formed in Fiji."

Fetal Liver TUNEL Assay

Fresh 100um thick fetal liver (FL) sections were prepared as mentioned elsewhere.”® Sections were permeabilized and blocked in
10% Normal Goat Serum in PBS-Triton 0.5% (PBS-T) for 2 hours at room temperature, incubated with rat anti-mouse CD68
{(1:100) in bocking solution overnight at 4C and finally washed 3x 20 min in 0.1% PBS-T. Secondary staining was performed by in-
cubation with goat anti-rat AF555 (1:500) in 0.1 % PBS-T for 2h at room temperature in the dark. FL sections were washed 3x 20 min
in 0.1% PBS-T. Thick sections were incubated in 200uL of TUNEL reaction mix (Roche, Cat. No. 12156792910) for 1h at 37°C,
washed 2x15 min in PBS and cleared in RapiClear (1.52) overnight. Sections were mounted in RapiClear and imaged with a Leica
SP8 confocal microscope with a 63x objective (immersion oil) and a 40um deep z-stack was acquired. Maximum projections
were generated in Fiji°” and CD68 AF555 exposure was enhanced for better visibility of the signal.

Proliferation assay

To assay proliferation, single cell suspensions were stained for cell surface proteins as described above. Following the staining, cells
were fixed and permeabilized in 4% Fixation/Permeabilization buffer (BD, Cat. No. 554714) for 20 minutes on ice, washed, then
stained with intracellular markers (Ki67, 1:50; SYTOX green, 1:1000) in BD Perm/Wash™ for 1 hour on ice, washed in BD Perm/
Wash™ and finally resuspended in FACS buffer. Stained cells were passed on the Cytoflex LX and SYTOX green was recorded in
linear.
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Single cell liquid culture

Single cell suspensions from fetal livers and adult bone marrows were prepared and blocked as described above. Lineage positive
cells (Ter119* CD19* CD3e™ CD4* CDB™ NK1.1* F4/80™ Gr1*) were depleted using magnetic anti-biotin Microbeads (1:5) (Miltenyi
Biotec 130-090-485) and MS columns (Miltenyi Biotec 130-042-201). CMPs (Live (SYTOX green, Thermo Fisher), Lin” Kit* Sca-1"
CD127 CD34" CD16/32™) were sorted using a FACSAria Il (Diva software) and cloned into flat-bottom 96-well plates
(UpcellNUNC) containing pre-warmed and equilibrated differentiation medium (0.1% B-mercaptoethanol, 1X Penicillin/
Streptomycin, 10% FBS, 1:125 SCF, 5ng/uL GM-CSF, 5ng/uL M-CSF, 2ng/uL EPC and Sng/pulL TPO in Opti-MEM with Glutamax).
SCF was supplied from myeloma cell line supernatant. Cells were grown at 37 °C with 5% CO. for 7 days. Colony analysis was per-
formed first by manually scoring wells for the presence of colonies and identification of Megakaryocytes (Mk), centrifugating plates at
320g for 7 minutes at 4 °C and staining each colony for 1 hour at 4 °C with 40 uL of antibody mix containing 1:400 Fec-block (anti-
CD16/32) and 1:400 anti-CD45, -CD11b, -Ly6G, -Ly6C, -IL33Ra(ST2), -Kit, -Ter119, -CD41. Stained colonies were collected for
flow cytometry analysis by scratching. Cells were identified by the following markers: Macrophages: CD45* CD11b*, F4/80%, Mono-
cytes: Neutrophils: CD45%, CD11b™, Ly6G™, Mast cells: CD45" Kit™ IL33Ra (ST2)*, Red blood cells: CD45 Ter119™, Megakaryo-
cytes: CD417.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification

Fly hymph gland’s volume, cellularity (number of DAPI* nuclei) as well as number of PH3*, Hml*, Antp™ cells were measured with
IMARIS software (RRID:SCR_007370) based on confocal images. For fly macrophage counting, 10 larvae were bled in 100 ul
(wL3) or 50 ul (L2) of cold PBS 1X added with few crystals of N-Phenylthiourea. The bleeding was performed by peeling the dorsal
and ventral cuticle of the larva in order to release macrophages. Cells were then counted in brightfield with a hemocytometer (volume
of counting: 1 ul) and the following formula was used to estimate the number of macrophages/larva: (# of macrophages counted in
1 pl) x (bleeding volume)/10. For flow cytometry, the following formula was used to quantify cells: (# of cells acquired) x (volume of
resuspended cells after staining and washingA/olume of cells acquired) x (volume of cell suspension in blocking buffer prior to stain-
ing/volume of cells plated for staining) and divided by the weight of analyzed adult tissue where applicable. Flow data was analyzed
by FlowdJo and plots were generated using Graphpad Prism.

Statistical analysis

Two tailed unpaired t-test was used to estimate p-values for fly macrophage number and gene expression level, lymph gland cellu-
larity, volume and number of PH3*, Hml*, Antp™ cells. Flow cytometry data was quantified in Graphpad Prism using Tukey multiple
comparisons test for time course analysis, Cne-way ANOVA for comparisons of multiple different populations within one sample and
Mann-Whitney test for pairwise comparisons The number of animals used in each experiment and other experimental details are indi-
cated in the figure legends.
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Supplementary Figure S1 - Constitutive macrophage depletion impacts the lymph gland
development in the fly larva, related to Figure 2. (A) Experimental set up. The HmiAGal4 driver was
used to express the cell death gene hid in macrophages throughout the larval life (constitutive
depletion). Animals were raised at 25°C and analyzed at wandering L3 {wlL3) ~120 h AEL (After Egg
Laying). A reporter GFP was used to reveal Hm/ expression. (B) Side view of a control and a macrophage
depleted larva (anterior on the left, posterior on the right). (C) Bar chart (mean + standard deviation
(SD)) representing the number of macrophages per larva assessed by brightfield counting. N > 3. (D)
Immunolabeling of macrophages bled from control and macrophage depleted larvae. The
differentiated macrophage marker Pxn is in red, anti-GFP is in green, the anti-PH3 mitotic marker is in
gray, nuclei are labeled with DAPI in blue. Proliferating cells are pointed by arrowheads. Asterisks
indicate spurious GFP signal from bacteria/cellular debris. (E) Immunolabeling of lymph glands
dissected from control and macrophage depleted larvae. Nuclei are labeled DAPI in gray. N 2 10. (F)
Volume of the lymph gland lobes. N > 10. (G) Example of partial histolysis of the lymph gland secondary
lcbes, sporadically observed in macrophage depleted larvae, that is in line with the bigger size of the
tertiary lobes compared to the secondary ones. Nuclei are labeled DAPI in gray. Arrowheads indicate
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histolyzed parts of the secondary lobes. (H) Immunolabeling of lymph glands dissected from control
and macrophage depleted larvae. Anti-Pxn is in red, anti-GFP in green, the lamellocyte marker Atilla is
in gray, nuclei are labeled with DAPI in blue. Brackets indicate the lobes represented in the blow-up.
Dashed lines indicate the perimeter of the lymph gland lobes. N 2 10. {I) Immunolabeling of
macrophages bled from control and macrophage depleted larvae. The lamellocyte markers Atilla and
L4 are in gray, nuclei are labeled with DAPI in blue. Detailed genotypes: w;HmlAGal4, UAS-2XEGFP/++
(Hml> GFP), w;UAS-hid/+:+ (hid), w:HmMIAGald UAS-2XEGFP/UAS-hid:+ (Hml> GFP, hid),
wHMIAGald/++ (Hml>), w; HmIAGal4/UAS-hid;+ (Hml> hid). Confocal images are shown as full stack
projections for bled macrophages and representative single sections for lymph glands unless otherwise
specified. Statistics: two tailed unpaired t-test.
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Supplementary Figure S2 — Early-wave macrophage depletion does not induce cytokine expression
whereas impacts fly lymph gland cellularity, related to Figure 2 and Figure 3. (A) Experimental set up
used in (B). The cell death gene hid was expressed under the control of the HmlIAGal4 driver in
macrophages from the beginning of the larval life until earlylL2 (~48 h AEL) with animals raised at 25°C.
No temperature shift was performed on these animals. (B) Number of PH3* cells in the lymph gland
primary lobes in control and larvae depleted of early-wave macrophages (EMs). N 2 11. (C)
Experimental set up used in (D). EM depletion was carried out as in (A) but animals were analyzed at
later stage namely midL2 (~65 h AEL). (D) Number of PH3* cells in the lymph gland primary lobes in
control and EM depleted larvae. N = 9. (E) Experimental set up in (F) (see (A)). (F) Bar chart (mean *
standard error (SE)) representing the relative expression level of the Upd2 and Upd3 cytokines
assessed by RT-gPCR on macrophages bled from control or macrophage depleted larvae. N =3. (G)
Experimental set up used in (H). The genetic depletion was restricted to the first larval instar (L1) using
a thermosensitive inhibitor of Gal4 (tubulinGal80™), which is active at low temperature (18°C) and
inactive at higher temperature (225°C). Embryos and L1 larvae were raised at 25°C to trigger expression
of hid under the control of HmlAGal4, shifted at 18°C at earlyl2 (~48 h AEL) and analyzed at wlL3. (H)
Bar chart (mean % SD) representing the number of macrophages per larva assessed by brightfield
counting. N = 3. Detailed genotypes: w;HmMIAGal4, UAS-2XEGFP/+;tubulinGal80"™/+ (HmI™> GFP),
w;UAS-hid/+ (hid), w;HmIAGal4, UAS-2XEGFP/UAS-hid;tubulinGal80"™/+ (HmI™> GFP, hid),
w,HMIAGaI4, UAS-2XEGFR/+;+ (Hml> GFP), w;HmIAGal4, UAS-2XEGFP/UAS-hid;+ (Hml> GFP, hid),
w,HmMIAGal4/+;+ (HmI>), w; HmIAGald/UAS-hid;+ (Hml> hid). Statistics: two tailed unpaired t-test.
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Supplementary Figure S$3 - Knocking down extracellular matrix molecules in early-wave
macrophages accelerates fly lymph gland development, related to Figure 7. (A} Experimental set up
in (B,C). The HmIAGal4 driver was used to knock down (KD) the extracellular matrix {ECM) component
vkg (vkg RNAI) in EMs from the beginning of the larval life until early-midL2 (~45 h AEL) with animals
raised at 29°C to increase the efficiency of the Gal4-UAS system. A reporter GFP was used to reveal
Hml expression. (B} Bar chart (mean + SD) representing the number of macrophages per larva assessed
by brightfield counting. N > 3. (C) Lymph gland primary lobes’ volume, number of cells and number of
Hml* cells (N = 9) in control and vkg RNA/ larvae. (D) Experimental set up used in (E-H). The HmiAGal4
driver was used to knock down the ECM component trol (trol RNAi) in EMs from the beginning of the
larval life until early-midL2 (~45 h AEL) with animals raised at 29°C. A reporter GFP was used to reveal
Hml expression. (E) Bar chart {mean + SD) representing the number of macrophages per larva assessed
by brightfield counting. N = 3. (F) Lymph gland primary lobes’ volume, number of cells and number of
Hml* cells (N> 11) in control and trol RNA/ larvae. (G) Number of Antp* cells per lymph gland in control
and trol RNAJ larvae. N = 6. (H) Immunolabeling of lymph glands dissected from control and trol RNAi



larvae. The ECM is labelled in gray with anti-Col4alphal, nuclei are labeled with DAPI in blue. (N 2 €).
(1) Experimental set up used in (J). trol knock down was restricted to L1 and beginning L2 using the
thermosensitive inhibitor of Gald4 tubulinGal80™. Embryos and larvae were raised at 29°C
(tubulinGal80™ inactive) until early-midL2 (~45 h AEL) to trigger trol knock down and expression of a
GFP reporter under the control of the Hml. Then animals were shifted at 18°C (tubulinGal80™ active)
and analyzed at fL3. (J) Immunolabeling of lymph glands dissected from control and trof RNAI larvae
with anti-Pxn in green, the medullary zone marker wingless (Wg) in gray and nuclei labeled in blue with
DAPI. N =5. Detailed genotypes: w;HmIAGald, UAS-2XEGFP/+;+ (Hml> GFP), yv;+vkg RNAI/+ [vkg RNAI),
wHmMIAGal4, UAS-2XEGFP/+;vkg  RNA/+ (Hml> GFP, vkg RNAi), w;HmIAGal4/++ (Hml>),
wHmMIAGal/+; vkg RNAi/+ (Hml> vkg RNAI), w;+itrol RNAi/+ (trol RNAI), wHmIAGal4,UAS-
Z2XEGFP/+;trol RNAi/+ (Hml> GFP, trol RNAIQ), w;HmIAGal4/+;trol RNAi/+ (Hml> trol RNAI),
w,domeMeso-EBFP2/+;HmIAG4/+ (dome-EBFP2, Hml>), w,domeMeso-EBFP2/+:HmIAGA4/+;trol RNAI/+
(dome-EBFP2, Hml> trol RNAi), w;HmIAGal4,UAS-2XEGFP/+tubulinGal80TS/+ (HmITS> GFP),
W HMIAG a4, UAS-2XEGFP/+ tubulinGal80TS/trol RNAi (HmITS> GFP, trol RNAI). Statistics: two tailed
unpaired t-test.
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Supplementary Figure 54 - Increased expression of Trol in early-wave macrophages affects the fly fat
body and lymph gland, related to Figure 7. (A) Bar chart {mean t SE) representing the relative
expression level of trol, vkg and Coldalphal assessed by RT-gPCR on total RNA extracted from control,
trol RNAI or trol overexpressing wl3 larvae. N =3. (B) Experimental set up in (C,D). The HmiAGal4 driver
was used to overexpress trol in EMs from the beginning of the larval life until early-midL2 (~45 h AEL)
with animals being raised at 29°C to increase the UAS-Gal4 system efficiency. (€} Immunolabeling
performed on fillet with an anti-Trol in gray. FB: dorsal fat body flanking the lymph gland, DV: dorsal
vessel. N > 8. (D) Lymph gland primary lobes” volume and number of cells in control and trol
overexpressing larvae (N > 9). Detailed genotypes: w,UbiGald/+;+ (Ubi>), w;+trol RNAi/+ (trol RNAI),
w;UbiGal4/+;trol RNAi/+ (Ubi> trol RNAI), w;+ UAS-trol/+ (trol), w,UbiGald/+; UAS-trol/+ (Ubi> trol),
w,HMIAGal4, UAS-2XEGFP/+;+ (Hml> GFP), w;HmIAGald, UAS-2XEGFR/+; UAS-trol/+ (Hml> GFP, trol).
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Supplementary Figure §5 - Murine EM depletion does not trigger inflammation and leads to an
increased contribution of hematopoietic stem cells {HSCs) to myeloid cells, related to Figure 4. (A)
Bar chart (mean + SD) representing the fold gene expression relative to hprt1 in E14.5 fetal livers upon
macrophage depletion when compared to control livers. (B) Representative dotplot of F4/80+ Tim4+
macrophages among CD45+ CD11b+ cells in each one control and PLX treated embryo at E14.5. (C) Bar
chart {(mean + SD) representing the number of CD45+ CD11b+ Ly6G+ neutrophils per fetal liver (top)
and the frequency of cells expressing tdTomato among CD45+ CD11b+ Ly6Ghi neutrophils in the fetal
liver (bottom) in control (Ctrl, blue border) and macrophage depleted (PLX, blue fill) embryos analyzed
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at different timepoints after withdrawal of CSF1R inhibition. Symbols correspond to individual embryos
from at least two independent litters per timepoint and per treatment group. Statistics of embryos:
Tukey multiple comparisons test. (D) Bar chart (mean + SD) representing the frequency of CD11b+
Ly6Ghi neutrophils among blood circulating CD11b+ cells {top) and the frequency of cells expressing
tdTomato among CD11b+ Ly6Ghi neutrophils in the blood {(bottom) at different timepoints. Symbols
correspond to individual embryos from at least two independent litters. Statistics: Tukey multiple
comparisons test. (E) Bar chart (mean * SD) representing the number of circulating CD115+ Ly6Chi+
blood monocytes per pup (left) or per ul (right). Symbols correspond to individual pups from at least
two independent litters per timepoint and per treatment group. Statistics: unpaired t-test. (F) Bar chart
(mean t SD) representing the number of circulating CD11b+ Ly6G+ blood neutrophils per pup (left) or
per ul (right). Symbols correspond to individual pups from at least two independent litters per
timepoint and per treatment group. Statistics: unpaired t-test. (G) Bar chart {mean £ SD) representing
the number of Ki67+ CD45+ F4/80+ macrophages per fetal liver (left) or per brain {right) among
tdTomato+ (EM) or tdTomato- (LM, HSC-derived) in control (Ctrl, blue border) or PLX-treated (PLX, blue
fill) E16.5 Cdh5%12 Rosa26tma® embryos that were pulse-labeled with 40HT at E7.5. Symbols
correspond to individual pups from one litter per treatment group. Statistics: 2-way ANOVA.
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Supplementary Figure S6 - Murine EM depletion alters hematopoiesis in the fetal liver and postnatal
bone marrow, related to Figure 5. (A) Gating strategy of hematopoietic progenitors in the fetal liver.
(B) Bar chart {mean * SD) representing the frequency of cells expressing tdTomato among fetal liver
CMP, GMP+GP, MDP and cMoP in control (Ctrl, red border) and macrophage-depleted (PLX, red fill)
embryos analyzed at different timepoints at E14.5. Symbols correspond to individual embryos from at
least two independent litters per timepoint and per treatment group. Statistics: One-way ANOVA. (C)
Bar chart {mean % SD) representing the number of MEP per fetal liver in control (Ctrl, blue border) and
Macrophage-depleted (PLX, blue fill) embryos analyzed at E14.5 (left) and E18.5 (right). Symbols
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correspond to individual embryos from at least two independent litters per treatment group. Statistics:
One-way ANOVA. (D) Bar chart (mean % SD) representing the number of LT-HSC, ST-HSC and MPP2
(erythroid-biased), MPP3 {myeloid-biased), MMP4 (lymphoid-biased) per 2 tibia and 2 femurs in
control (Ctrl, blue border) and Macrophage-depleted (PLX, blue fill) mice analyzed at P2 (left) and 8
weeks (right). Symbols correspond to individual embryos from at least two independent litters per
timepoint and per treatment group. Statistics: One-way ANOVA. (E) Bar chart (mean + SD) representing
the number of CMP, GMP+GP, MDP and cMoP per 2 tibia and 2 femurs in control (Ctrl, blue border)
and macrophage-depleted (PLX, blue fill) mice analyzed at P2 (left) and 8 weeks (right). Symbols
correspond to individual embryos from at least two independent litters per timepoint and per
treatment group. Statistics: One-way ANOVA.
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Supplementary Figure S7 - Murine EM depletion alters fetal liver extracellular matrix (ECM)
organization, related to Figure 4 and Figure 5. (A) Surviving macrophages after EM depletion are filled
with multiples vesicles containing TUNEL+ apoptotic materials. Representative Immunolabeling of fetal
livers dissected from E14.5 control and PLX treated embryos. Anti-CD68 is in magenta. TUNEL staining
is in cyan. Scale bar represents 25um. (B) Representative immunolabeling of fetal livers dissected from
E14.5 control and PLX treated embryos. Anti-Coll IV is in gray. White box represents region shown in
Figure 5. Scale bar represents 250um.
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4 Discussion

4.1 Summary of the results

Both transient abnormal myelopoiesis in Down Syndrome (TAM or DS-TAM) and
cutaneous mastocytosis are diseases that only occur in infants or children, respectively,
and recede spontaneously (Zipursky, 2003; Valent et al., 2017). This dynamic is
reminiscent of the kinetic of transient hematopoietic waves such as EMPs observed in
mice (Gomez Perdiguero et al., 2015; Freyer et al., 2020; Iturri et al., 2021; Soares-da-
Silva et al., 2021; Yokomizo et al., 2022). |, therefore, hypothesized that transient

hematopoietic progenitors such as EMPs could be the cellular source of such diseases.

To elucidate whether progenitors and mature cells from distinct hematopoietic waves can
be differently affected by a perturbation, | performed lineage tracing experiments. |
tested how three different types of perturbations influence erythro-myleoid progenitors
(EMPs), a transient hematopoietic wave, in comparison to hematopoietic stem (and

progenitor) cells (HS(P)Cs) that sustain life-long hematopoiesis.

First, | investigated the effect of the knock-in fusion protein Gata1™™ on EMP- and
HSPC-derived MEGAKARYOCYTES. Gata1m“"™ phenocopies Gatalshort (Gatals). The
Gatals mutation occurs in 10 % of all children with Down syndrome and causes an
abnormal accumulation of immature megakaryocytes and blast cells. This preleukemic
disorder is called transient abnormal myelopoiesis (TAM or DS-TAM), and spontaneously
resolves around 3 months after birth in more than 80 % of all cases (reviewed in Zipursky,
2003). Only if additional mutations occur, TAM progresses to acute megakaryoblastic
leukemia within the first 4 years of life (Labuhn et al., 2019; Wagenblast et al., 2021).
Interestingly, my results suggest that Gata1™*™ has an ontogeny-specific effect as yolk
sac-derived megakaryopoiesis (primitive and EMP) is more severely impaired by
Gatal1m™“™ than megakaryocyte production from the HSPC wave. In addition to
hyperproliferation, Gata1™™ also caused the development of CD244" blast-like
exclusively in yolk sac-derived waves (Figure 13-1).

Next, | induced the gain-of-function Kit?®™" point mutation in EMPs in utero. Kit?®'?", the
human homolog to the murine Kit?®'%V, causes mastocytosis — an abnormal accumulation
and activation of mast cells — with different pathologies in children and adults (Valent et
al., 2017). While in children mastocytosis is limited to the skin and remits by puberty
(cutaneous mastocytosis), in adults Kit?®™®Y causes systemic mastocytosis, a chronic
disease with the involvement of several organs, including for example the gut and the
bone marrow. Indeed, | observed that Kit?®™" extends the survival and activity of EMP-

derived MAST CELLS in the dermis several months into adulthood compared to control
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littermates. However, the mouse model failed to recapitulate the human disease since |
did not observe spontaneous remission. Further experiments will also have to elucidate
whether the same mutation has a more systemic effect and later disease onset when
induced in the HSPC compare to the EMP wave (Figure 13-2).

Finally, | depleted EMP-derived MACROPHAGES in the developmental period which
caused precocious macrophage production by HSCs in development with long-term
consequences for hematopoiesis. This revealed unique Csf1r-dependencies of EMP- and
HSPC-derived macrophages as well as a distinct replenishing dynamic between the two
waves (Figure 13-3).

Collectively, this demonstrates that the integrity of early hematopoietic waves such as
EMPs is required to ensure the proper establishment of HSC hematopoiesis. In addition,
my results show that perturbations such as mutations or the inhibition of signaling
pathways can exert ontogeny-specific effects. Finally, my thesis provides proof of concept
that perturbations in transient hematopoietic progenitor waves can have consequences
beyond the developmental period. Importantly, these observations were not restricted to

one but were consistent between three different cell types.

4.2 Extrinsic and intrinsic factors governing stage-specific

phenotypes

The fate of a cell is determined by both intrinsic (genetic) and extrinsic (environmental)
factors. Each hematopoietic wave has a distinct "biography" since they each emerge at
different times, from different cell types (arterial- versus non-arterial endothelial cells), in
distinct locations (discussed in Commonalities, differences, and interplay between EMPs
and HSCs), and are thereby imprinted in a way that shapes their characteristic identity

and function.

My work focused primarily on the role of the unique molecular (epi-/genetic) regulation
and the lifespan of different hematopoietic waves, which are considered INTRINSIC
factors. However, since the environment changes throughout development, EXTRINSIC
factors could also be drivers of the stage-specific phenotypes that | observed. In the
following, | will therefore discuss possible factors that | did not address in my experimental

work, but that could play a role in influencing stage-specificity, particularly in disease.
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Figure 13. Perturbations cause ontogeny-specific effects in developmental hematopoiesis. (1)
Lineage tracing of megakaryocytes in Gata1m“*™ embryos and fetuses revealed that mutant Gata'
drives hyperproliferation and blast-like cell development specifically in yolk sac hematopoiesis
(incl. primitive and EMP-derived megakaryocytes). (2) Inducing the mutation KitD814V specifically
in EMPs provided proof of concept that EMPs can drive disease beyond the developmental period.
(3) Treating embryos with the Csf1r inhibitor PLX5622 from E11.5 to E14.5 demonstrated that EMP
but not HSPC-derived macrophages depend on Csf1r-signaling for their survival. Created with
biorender.com.
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4.2.1 Ontogeny-specific cytokine dependency of macrophages

CSF1 (Colony Stimulating Factor 1) — also termed Macrophage Colony-Stimulating Factor
(M-CSF) - is a ligand of the CSF1 receptor (CSF1r). As its name says, it is essential for the
induction and maintenance of myeloid fate as well as the proliferation and function of

monocytes and macrophages (reviewed by Mun et al., 2020).

| discovered an ontogeny-specific dependency of Csflr-signaling at the level of
macrophage survival, as EMP- but not HSC-derived macrophages were depleted in the
fetal liver at E14.5 after blocking Csf1r-signaling (Monticelli et al., 2024). This correlated
with the different macrophage-differentiation pathways of EMPs and HSCs. EMP-derived
macrophages directly differentiate in situ in the yolk sac, whereas HSC-derived
macrophages differentiate through an intermediate monocyte stage in the fetal liver
(Geissmann et al., 2010; Schulz et al., 2012; Gomez Perdiguero et al., 2015; Hoeffel et al.,
2015). Indeed, the number of HSC-derived monocytes nearly doubled, concurrent with
the increase in HSC-derived macrophages after PLX removal (Monticelli et al., 2024). This
is consistent with previous studies showing that yolk sac-derived macrophages, but not
monocytes, depend on Csf1r-signaling (Ginhoux et al., 2010; Hoeffel et al., 2015; Rojo et
al., 2019). However, in the study of Hoeffel and colleagues, it was monocytes were
ascribed an EMP origin, contrary to recent findings (Lazarov et al., 2024). Therefore they
linked the discrepancy in Csf1r-dependency to the differentiation pathway but not to the
progenitor origin (Hoeffel et al., 2015).

The yolk sac expresses no or only little Csfl but maternal CSF1 may be present
(Regenstreif & Rossant, 1989; Gorivodsky et al., 1999). By contrast, endothelial cells,
hepatoblasts, mesothelial, and mesenchymal cells in the fetal liver stroma express
increasing levels of Csf1 from E12.5 and E18.5 (Peixoto et al., 2024). Interestingly, the
macrophages developing in the lower cytokine environment (EMP-derived macrophages
in the yolk sac) are more Csflr-dependent than the HSC-derived macrophages that
differentiate in the fetal liver. This could indicate that HSC-derived macrophages and
monocytes can resort to cytokines driving receptor-signaling pathways other than Csf1r.
One candidate could be GM-CSF which binds to CSF2R but not to CSF1R and is
particularly important for alveolar macrophages. However, at least at E12.5, | did not
detect any GM-CSF expression in the fetal liver (preliminary data) when using the Csf2«
wfemate reporter (Gschwend et al., 2021).

Further investigation is therefore necessary to elucidate the differences in the molecular
regulation of macrophage maintenance derived from the two hematopoietic waves (EMPs
versus HSCs). Thanks to fate mapping, this could be done in unperturbed conditions. It
would be interesting to not only understand which cytokines regulate HSC-derived

macrophage survival in the fetal liver but also whether they depend on different cellular
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sources and isoforms of cytokines compared to EMPs. For instance, CSF1 can either be

presented on the cell surface or it can be secreted (Pixley & Stanley, 2004).
4.2.2 Extrinsic and intrinsic factors underlying cutaneous and systemic mastocytosis

The same mutation, Kit?®'¢", can drive mastocytosis both in children and adults, but results
in distinct pathology, namely cutaneous or systemic mastocytosis, respectively. These
differ in two key aspects: (1) the kinetic of the disease and (2) the tissues involved. In
children, mastocytosis primarily affects the skin and resolves spontaneously by
adolescence. By contrast in adults, mastocytosis is systemic, and multiple organs can be
infiltrated, including the gastrointestinal (Gl) tract, bone marrow, and skin.

The turnover of mast cells has been extensively studied in both the skin and gut. In steady-
state conditions, mast cells in the skin mostly self-maintain and they receive barely any

input from circulation.

Studies in mice indicate that the first skin mast cells originate from an early progenitor
wave, EMPs, and are replaced by HSPC during the first weeksafter birth (Gentek et al.,
2018a). Indeed, the first mature mast cells in humans appear in the fetus around 10-12
weeks post-conception (Suo et al., 2022). As the human hematopoietic system develops
in sequential waves reminiscent of mouse hematopoiesis, a similar ontogeny switch could
be possible in the human skin. However, the exact stage when early-wave mast cells

would disappear in humans is unknown.

In contrast, gut mast cells undergo continuous replacement by bone marrow-derived
progenitors (Kitamura et al., 1979). Mouse fate-mapping studies showed that these gut
mast cells are not derived from EMPs but only receive input from later hematopoietic
waves (Li et al., 2018).

Several hypotheses may explain why pediatric mastocytosis is transient and confined to
the skin: (1) The Kit?'®V mutation may occur specifically in mature mast cells within the
dermis and not in circulating mast cell progenitors or precursors. (2) Mutated mast cells
might derive from a transient progenitor wave (like EMPs). Due to the unique slow
turnover of mast cells in the skin, these mutated cells persist longer, while in other tissues,
they are replaced more quickly by later hematopoietic waves (Kitamura et al., 1979;
Weitzmann et al., 2020). This would explain the absence of mutated cells in other tissues
as well as the spontaneous resolution around adolescence. (3) There may be inherent
transcriptional differences between mast cells derived from early and late progenitor
waves (Gentek et al., 2018a), influencing how fast they are replaced by cells from
circulation. (4) Shifts in the skin microenvironment between childhood and adulthood

might contribute to the resolution of the disease as children grow older.

In addition, several hypotheses may explain why adults instead develop a systemic

disease. Instead of the Kit?'®V mutation occurring locally in the skin, potentially, a
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proliferative and self-renewing stem cell or mast cell precursor/progenitor that is located
outside of the skin might be mutated. This mutated progenitor pool could reside in the
bone marrow and continuously replenish different organs such as the gastrointestinal
tract, thereby causing systemic effects leading to inflammation. In fact, during
inflammation, a higher contribution from the circulation to dermal mast cells is observed
compared to steady-state conditions (Weitzmann et al., 2020). This could explain why in
systemic mastocytosis the skin is affected, even though skin mast cells usually do not

receive contribution from the bone marrow.

Collectively, while the origin of cutaneous mastocytosis is not fully understood, the
ontogeny or progenitor origin of mast cells appears to be a critical factor in the stage-
specific nature of cutaneous mastocytosis, while extrinsic factors most likely play a minor

role.

Mimicking cutaneous mastocytosis in the mouse model

Surprisingly, in the mouse model where | sought to induce cutaneous mastocytosis by
inducing Kit?®'* in EMPs, mast cell accumulation, and activation did not spontaneously
resolve, unlike cutaneous mastocytosis in humans. Several explanations could be

conceivable:

(1) The mutation might have not only been induced in EMPs but also in life-long HSPCs.
However, as there was no YFP labeling in progenitors in the bone marrow, this hypothesis

can be excluded.

(2) Fetal mast cells in mice express lower levels of FCER1, higher levels of ltgb7, and have
a distinct transcriptional profile compared to adult mast cells (Gentek et al., 2018a;
Msallam et al., 2020). Inducing the Kit mutation in mice caused an upregulation of FCER1.
This precocious maturation of EMP-derived mast cells might have extended their capacity

to persist in tissues and prevented them from disappearing from the skin after birth.

(3) Finally, mature cells remain longer in the mouse than in humans in relation to the
overall lifespan of the organism. For example, in mice, which can reach a maximum age
of 2 years, a red blood cell has a lifespan of about 45 days (ratio of 1:16 in days). In
comparison, in a human who can reach at least 90 years of age, a red blood cell circulates
up to 120 days (ratio of 1:275 in days). While the lifespan of each cell type is different and
this cannot be directly translated to mast cells, it exemplifies that in proportion to the
speed of aging, a cell can potentially stay around 17 times longer in the mouse than in
the human. Perhaps if the mice had been analyzed even later than 6 months the mutated

EMP-derived mast cells would have disappeared.
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4.2.3 Extrinsic and intrinsic factors driving the spontaneous remossion of DS-TAM

Compared to mastocytosis, where the same mutation drives a pediatric and adult disease,
DS-TAM exclusively occurs in newborns and not in adults, even in people with Down
syndrome. It is thus more likely, that extrinsic factors are involved in the stage-specificity
of this disease compared to mastocytosis. Indeed, it has been postulated that the switch
from the fetal liver environment to the bone marrow may be a key factor driving
spontaneous remission in DS-TAM (Miyauchi, 2024).

In the human fetus, at least during the end of the first and during the second trimester,
fetal liver and bone marrow hematopoiesis are active simultaneously (Fanni et al., 2018;
Ranzoni et al., 2021; Marderstein et al., 2024). In mice, liver hematopoiesis ends during
the first postnatal week which is linked to hemodynamic changes at the onset of adult
circulation (Khan et al., 2016).

Even though it is unknown, when exactly fetal liver hematopoeisis ends in healthy
development, intriguingly, abnormal megakaryocyte infiltration was detected only in the
fetal liver and not in the bone marrow in neonates as well as in stillborn fetuses (20 cases
reviewed in Miyauchi, 2024). This indicates that at least in pathological conditions, the

fetal liver could be a site of hematopoiesis until birth in humans.

Indeed, the fetal liver stroma reinforces TAM-blast development and growth by providing
cytokines and growth factors such as SCF, IL-3, and GM-CSF (Miyauchi et al., 2010;
Miyauchi & Kawaguchi, 2014, 2021). In contrast to the fetal liver, the bone marrow has
been proposed to inhibit the proliferation of megakaryocytes and blasts via interferon-a
(Woo et al.,, 2013). This is in line with the finding that HSPCs in the healthy and
pathological human fetal bone marrow express fewer cell cycle genes than in the fetal
liver (Ranzoni et al., 2021; Marderstein et al., 2024). This implies that instead of providing
particular enhancing cues, the fetal liver might simply be more permissive for proliferation

than the bone marrow.

At least in mice, compared to the bone marrow, the fetal liver is a relatively low-cytokine
environment (Peixoto et al., 2024) but is richer in cytokines than the yolk sac. Interestingly,
this gradient of cytokine expression from the yolk sac to the fetal liver to the bone marrow
niche is inversely correlated with cytokine dependency and the decreasing proliferative
capacities of EMPs to adult HSC-derived progenitors (McGrath et al., 2015; Freyer et al.,
2020). This illustrates that extrinsic (cytokine availability) and intrinsic factors (cytokine

dependency) are not mutually exclusive, but intertwined.

For instance, EMP-derived erythropoiesis requires less erythropoietin (EPO) than HSCs
(Soares-da-Silva et al., 2021). Similarly, the development of yolk sac-derived
megakaryocytes is less dependent on thrombopoietin (TPO) than HSC-derived
megakaryocytes (Xu et al., 2001) which correlates with my observation that EMP- in
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contrast to HSPC-derived megakaryocytes hyperproliferate in the presence of
Gata1m"™. Collectively, these examples indicate that EMPs respond very little to and are

mostly independent of extrinsic factors such as cytokines compared to HSCs.

Potentially, the low cytokine levels in fetal hematopoietic niches are important to prevent
differentiation of HSCs and to instead allow their proper expansion and maturation. Since
the developing embryo, however, also requires mature blood and immune cells, the first
hematopoietic waves have to be able to develop in a low-cytokine environment. This is
in line with the observation that fewer signaling cues and transcription factors regulate
the emergence of EMPs, and especially of primitive erythroblasts, compared to

intraembryonic waves (elaborated in the introduction).

The low cytokine levels during development correlate with the high proliferative capacity
of early hematopoietic waves. This indicates a level of autonomy, however, might also
make them susceptible to abnormal hyperproliferation. Since most of the early blood cells
are transient, it seems like an acceptable risk the organism takes that in the case of
mutations, these cells might transform and drive transient diseases. By contrast, in the
case of HSCs which sustain the organism throughout the entire life, proper establishment
of the HSC pool is far more consequential and thus needs much tighter regulation. The
Gata1m“"™ project of this thesis is a great example for this phenomenon. Even though
Gata1m™™ embryos and fetuses transiently develop a “disease”, HSCs are barely

affected and adults show no overt signs of sickness.

The notion that fetal hematopoietic progenitors are more autonomous regarding extrinsic
cues is in line with the finding that the mutation threshold to develop infant acute
lymphoblastic leukemia (ALL) with MLL rearrangements (MLL-R) in infants 1 year and
younger is very low (1.3 mutation per case). This is in stark contrast not only to MLL-R
leukemia in older children (7-19 years) in which more mutations occur per case (6.5

mutations per case) but also to most other human cancer types (Andersson et al., 2015).

4.3 Comparability of early transient hematopoietic waves in mice

and humans

Two of my projects, involving megakaryocytes and mast cells, focused on mutations that
drive human diseases.

| specifically investigated the contribution of yolk sac-derived EMPs (Csf1rVercreMer pysed
with 4-OHT at E8.5) to disease and compared it to HSPCs that emerge in the
intraembryonic AGM (Cdh5°t"™ pulsed with 4-OHT at E10.5) (Gomez Perdiguero et al.,
2015; Gentek et al., 2018a). As in mice, the first hematopoietic cells in human
development arise in the yolk sac around Carnegie Stage 7 (CS7) which is primarily

endowed with erythrocyte, megakaryocyte, and macrophage potential (Bloom &
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Bartelmez, 1940; Tavian, Hallais & Peault, 1999; Tyser et al., 2021; Bian et al., 2021).
Reminiscent, of transient lymphoid-primed multipotent progenitors (eMPPs, LMPs,
drHSCs) in mice, a distinct lymphoid progenitor wave has been described in humans that
emerges around CS14 (Boiers et al., 2013; Beaudin et al., 2016; Zhu et al., 2020; Patel et
al., 2022; Calvanese et al., 2022).

As in mice, human transient EMPs and lymphoid progenitors sequentially seed the fetal
liver, followed by HSCs that emerge in the AGM around CS14 to CS16 (4-5 weeks) (Tavian,
Hallais & Peault, 1999). HSCs take over blood cell production around CS17 (6 weeks)
when the first transient hematopoietic waves exhaust. Finally, HSCs seed the developing
bone marrow around 12-14 weeks of gestation where they adapt a more quiescent
phenotype (Charbord et al., 1996; Ranzoni et al., 2021; Zheng et al., 2022; Marderstein
et al., 2024).

In contrast to mice, however, transient yolk sac-derived cells such as erythroblasts and
megakaryocytes (except for macrophages) as well as transient lymphoid cells are only
temporarily present during the first trimester in humans, due to the longer gestation
period (Calvanese et al.,, 2022). In comparison, EMP-derived erythrocytes circulate
through the bloodstream until around birth (Soares-da-Silva et al., 2021) and eMPP-
derived cells are present even beyond birth (Patel et al., 2022; Yokomizo et al., 2022).

Therefore, the conclusions regarding EMPs from my studies in mice, especially in the
assessment of postnatal effects, cannot be directly transferred to humans. Instead, rather
the fact that the same mutation exerts different effects in distinct hematopoietic waves,
particularly transient hematopoietic waves compared to adult bona fide HSCs, could be

translated to humans.

In line with this notion, other studies in the mouse model suggested that pediatric acute
lymphoid leukemias (ALLs) might originate from distinct cellular origins than adult ALL.
For example, Sinha and colleagues demonstrated that MLL-ENL translocation causes a
more aggressive disease when induced at E12.5 than in the adult bone marrow (Sinha et
al., 2020). Furthermore, another study showed that the expression of the MLL-AF4 fusion
gene causes a stronger effect between E12.5 and E14.5 than at later stages (Barrett et
al., 2016). This effect was associated with lymphoid-primed multipotent progenitors
(LMPPs) (Boiers et al., 2013) which correspond to eMPPs. In fact, there is increasing data
that eMPPs may also be intrinsically regulated by different molecular mechanisms. For
example, a currently unpublished study shows that the lack of Smad7 impairs the
maturation and repopulating potential of HSCs without affecting eMPP numbers (poster
at ISEH 2024: Bennett et al., 2024). It is therefore plausible that a mutation might not only
drive different phenotypes between EMPs and HSCs, but also between eMPPs and HSCs.
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4.4 Conclusion

In summary, my PhD work provides evidence that even though embryonic hematopoietic
waves such as EMPs are transient and only contribute little to mature cells after birth,
perturbations in the developmental period can have long-lasting effects. The
establishment of life-long hematopoiesis by HSCs relies on the integrity of previous
transient waves. Additionally, if mutations occur in transient progenitor waves, this could
significantly extend the lifespan of a cell derived from such a transient lineage and carry
diseases to postnatal life. Furthermore, due to intrinsic differences between
hematopoietic waves, mutations can drive ontogeny-specific effects causing stage-

specific disease pathology.

For these reasons, it is important to gain an even further understanding of the complexity
of developmental hematopoiesis and particularly the differences between hematopoietic

waves as this has the potential to develop better treatments for diseases.

With technology evolving it will thus be exciting to further uncover the landscape of the

developing hematopoietic system not only in mice but particularly in humans.
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Abstract

Abstract

4.7 English

The layered blood and immune system is built by the sequential emergence of
hematopoietic waves. Initially, transient progenitors, such as erythro-myeloid progenitors
(EMPs), supply all blood and immune cells of the fetus. Before birth, however, these are
superseded by cells derived from hematopoietic stem and progenitor cells (HSPCs). The
short-lived nature of the first blood and immune cells is reminiscent of the spontaneous
resolution of some childhood blood disorders. This raises the question, of whether
transient hematopoietic progenitors could be the cellular origin of pediatric diseases.
Thus, the objective of my PhD thesis was to decipher how perturbations in different

hematopoietic waves impact perinatal disease development.

First, | discovered that the integrity of early hematopoietic waves is essential to ensure
proper development of life-long hematopoiesis. Further, | showed that mutations can
significantly prolong the persistence of EMP-derived cells in the organism. Finally, lineage
tracing experiments revealed that each hematopoietic wave is governed by unique
molecular mechanisms resulting in ontogeny-specific effects of mutations. Consequently,
the variations between pediatric and adult blood disorders could indeed stem from

distinct progenitor origins as initially hypothesized.

This illustrates that despite being transient, early hematopoietic waves can potentially
cause disease after birth. A deeper understanding of developmental hematopoiesis is
thus key to unraveling the unique features of childhood blood disorders and developing

tailored therapies.
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Abstract

4.8 Francais

Le systéme sanguin et immunitaire est construit par |'émergence successive de vagues
hématopoiétiques. Au départ, des progéniteurs transitoires, tels que les progéniteurs
érythro-myéloides (EMP), fournissent toutes les cellules sanguines et immunitaires du
foetus. Toutefois, avant la naissance, ces cellules sont remplacés par des cellules dérivées
des cellules souches et progénitrices hématopoiétiques (HSPCs). La nature transitoire des
premiéres cellules sanguines et immunitaires pourrait étre liée a la guérison spontanée
de certains troubles sanguins de |'enfance ; ceci souléve la question de savoir si les
progéniteurs hématopoiétiques transitoires pourraient étre |'origine cellulaire de
certaines maladies pédiatriques. L'objectif de ma thése de doctorat a donc été de
comprendre comment les perturbations des différentes vagues hématopoiétiques

influent sur le développement des maladies périnatales.

Tout d'abord, j'ai découvert que l'intégrité des premiéres vagues hématopoiétiques est
essentielle pour assurer le bon développement de I'hématopoiese tout au long de la vie.
En outre, j'ai montré que certaines mutations peuvent prolonger significativement la
persistance des cellules dérivées des EMP dans |'organisme. Enfin, des expériences de
tracage génétique ont révélé que chaque vague hématopoiétique est régie par des
mécanismes moléculaires uniques qui entrainent, pour chaque mutation, des effets
spécifiques liés a I'ontogénese. Par conséquent, les variations entre les troubles sanguins
de I'enfant et de I'adulte pourraient effectivement provenir des origines distinctes des

progéniteurs hématopoiétiques, comme on l'avait initialement supposé.

Cela montre qu'en dépit de leur caractéere transitoire, les premiéres vagues
hématopoiétiques peuvent potentiellement étre a l|'origine de maladies apres la
naissance. Une compréhension plus approfondie de I'hématopoiese développementale
est donc essentielle pour déméler les caractéristiques uniques des troubles sanguins

infantiles et développer des thérapies adaptées.
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