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1 INTRODUCTION



Objective and Organization of the thesis

Transcription factors, such as SCL/Tal-1, Lmo2, Runx1 and GATA-2, are proved to control
hematopoietic cells fate decision, cellular phenotypes, and differentiation. Lyl-1 is a bHLH
transcription factor that is closely related to SCL/Tal-1, which is required for hematopoietic

LacZ strain that

development in the embryo. Moreover, we previously showed using the Ly/-1
Lyl-1 expression pattern during ontogeny largely overlaps with that of SCL/Tal-1, indicating
that Lyl-1 may play a role during developmental hematopoiesis. My thesis mainly focuses on

the Lyl-1 function in developmental hematopoiesis, which is still unknown.

Two transgenic mouse models, Lyl-1*“ and Cx3cr1°"", in the laboratory contributed to the
studies. The key points of the studies are: (1) the effects of Lyl-1 inactivation in
hematopoiesis during early embryonic development; (2) Lyl-1 expression pattern in yolk
sac-derived primitive and definitive macrophage lineage; (3) the contribution of yolk
sac-derived Lyl-1 positive M® population to microglia development; (4) the defects of
macrophage/microglia development in Lyl-1 mutants; (5) the characterization of

neurogenesis and behavior in adult Ly/-/ mutants.

During the course of my thesis, I had to gather information on different fields, developmental
biology, hematopoiesis and its regulation by transcription factors, macrophage and microglia

development and neuro-development.

I will first give a general background about part of these fields related to my research in the

introduction. I will then summarize the experiments design and the results I obtained.

Altogether, I expect that this work will contribute to a better understanding of the functions

of Lyl-1 in developmental hematopoiesis and neurogenesis.



1.1. Ontogeny of the hematopoietic system

1.1.1 Hematopoietic stem cells

In adult mammals, blood cells are constantly produced from progenitors in the bone marrow
(BM) to replenish short-lived mature blood cells throughout life (Cumano and Godin, 2007).
This constant process initiates from a rare population of progenitors, the hematopoietic stem
cells (HSCs). HSCs reside in the BM in adult mammals and can produce a series of
multi-lineage progenitors, then to lineage-committed precursors. This progressive
differentiation process ultimately gives rise to all types of mature blood cells, including
erythrocytes, megakaryocytes, myeloid cells (monocyte/macrophage and granulocytes),
dendritic cells (DCs), B and T lymphocytes and natural Killer cells (Fig 1) (Clements and
Traver, 2013; Orkin, 2000; Weissman, 2000). Analysis of blood system regeneration in vivo
revealed that HSCs possess two main properties, multi-potency and self-renewal, which are
also the only hematopoietic cells that contain both potential (Ema et al., 2005; Hock, 2010;
Morita et al., 2010; Osawa et al., 1996; Wagers et al., 2002). Multi-potency makes HSCs
able to produce a differentiated progeny comprising all the different blood cell types.
Self-renewal allows the maintenance of the HSC pool without cell differentiation through
asymmetric cell division (Jones et al., 2015; Wilson et al.,, 2004). After committed
differentiation, the progeny of HSCs progressively loose self-renewal capacity and becomes
restricted to single lineages. BM transplantation has shown that a single HSC is capable of
repopulating the entire hematopoietic system of a recipient (Dyksta et al., 2007; Kiel et al.,

2005; Osawa et al., 1996; Sieburg et al., 2006; Smith et al., 1991).
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Figure 1: The hierarchy of hematopoietic cells.

Abbreviations: LT-HSC, long-term repopulating HSC; ST-HSC, short-term repopulating
HSC; MPP, multi-potent progenitor; CMP, common myeloid progenitor; CLP, common
lymphoid progenitor; MEP, megakaryocyte/erythroid progenitor; GMP,
granulocyte-macrophage progenitor. The encircled pluripotent population, LT-HSC,

ST-HSC and MPP are Lin"Sca-1"c-kit+ as shown (Larsson et al., 2005).



1.1.2. Hierarchical structure of mouse hematopoietic system

Progress in investigating phenotypic and functional characterization of HSCs and other
precursors has made the hematopoietic system a paradigm in stem cell biology (Orkin and
Zon, 2008; Rowe et al., 2016). Experimental evidences showed that HSCs can be isolated
from multi-committed progenitors and BM cells by fluorescence-activated cell sorting
(FACS) based on specific phenotypic markers (Table 1) (Adolfsson et al., 2001; Christensen
and Weissman, 2001; Kiel et al., 2005). In the mouse, HSCs have been initially extensively
purified from BM by utilizing cell-surface markers, Lin'Sca-1'c-Kit" (LSK) (Lin®
corresponding to the fraction that does not express markers specific for mature cells for the
various lineages, such as CD11b for macrophage, Grl for granulocyte, etc). But it was later
shown that this fraction also contain restricted progenitors. The self-renewal has been better
defined though in vivo functional assay named long-term reconstitution assay (LTR). This
experimental approach makes use of congenic cell surface markers that differ between donor
and host (e.g. CD45.1/CD45.2) to follow the progeny of multi-potential hematopoietic cells
in vivo after transferring the HSCs into the irradiated recipient over six months. HSCs are
now defined phenotypically as Flk2°"CD34" LSK cells, also named Long-Term (LT)-HSCs
(Yang et al., 2005). In vitro and in vivo assays performed to determine the differentiation
potential of HSCs and of other progenitors have suggested a hierarchical structure in
hematopoietic development in which self-renewal is maintained by particular subsets and
multi-potency is progressively restricted (Fig 1) (Akashi et al., 2000; Kondo et al., 1997;
Nakorn et al., 2003). It is generally accepted that LT-HSCs partially lose their self-renewal
potential and transit to Short-Term (ST)-HSCs (FIk2'CD34") (Akashi, 2005; Hock and
Orkin, 2005). Then ST-HSCs give rise to the multi-potent progenitors (MPPs), which no
longer possess self-renewal ability yet keeping full-lineage differentiation potential. Recent
evidences showed that MPPs are still heterogeneous, which is considered as a fully
multi-potent but lineage-biased population (Pietras et al., 2015). Different phenotypic MPP
subsets are produced in parallel by ST-HSCs at variable levels depending on hematopoietic

demands. MMPs further advance to myeloid lineage by generating common myeloid
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progenitors (CMPs) or lymphoid lineage by generating common lymphoid progenitors
(CLPs). Collectively these committed progenitors then give rise to all the mature cells of the
hematopoietic system, such as CMPs produce megakaryocyte/erythrocyte progenitors
(MEPs) to  follow the  megakaryocyte/erythrocyte  lineage  or  produce
granulocyte-macrophage progenitors (GMPs) to follow the granulocyte/macrophage lineage.
Interestingly, the major subsets of DCs can be derived either form CMP and CLP

(Geissmann et al., 2010).

Table 1: Surface marker phenotypes to separate mouse stem and progenitor cell

subsets (Galen et al., 2014)

Population Surface phenotype

LSK Lin"Sca-1"c-Kit"

LT-HSC Lin"Sca-1"c-Kit'FIk2"CD34~
ST-HSC Lin"Sca-1"c-Kit'FIk2"CD34"
MPP Lin"Sca-1"c-Kit'FIk2'CD34"
Progenitor Lin"Sca-1"c-Kit"

CMP Lin"Sca-1"c-Kit"Feyll/IIIR°CD34"
GMP Lin"Sca-1"c-Kit'Feyll/IIR"CD34"
MEP Lin"Sca-17c-Kit'Feyll/IIIR"CD34"

1.1.3. The regulation of hematopoiesis

Hematopoietic progenitors features, such as cell fate decision, progenitor maintenance and
differentiation, etc. are regulated by a transcription factor network that comprises, amongst
others, Stem Cell Leukemia/T-ALL 1 (Scl/Tal-1), Runt-related transcription factor 1
(Runx1), LIM domain only 2 (Lmo2), which are the major regulators of hematopoietic
progenitors development during ontogeny (Pina and Enver, 2007; Wilson et al., 2010).
Scl/Tal-1, Lmo2 and Runx1 are believed to orchestrate the formation of the HSC pool during
embryonic development. Either Scl/Tal-1 or Lmo2 (Shivdasani et al., 1995; Wilson et al.,
2009) were shown to be essential for hematopoietic cell fate specification since knock out

embryos exhibited early lethality due to a complete absence of blood cells. The initial step of



hematopoietic development (yolk sac hematopoiesis, see chapter 1.5) is occurring normally
in RunxI knock out mice, but the generation of fetal HSCs is blocked in this model (Speck,
2001). However, conditional deletion of these factors in adult hematopoietic cells showed
that they are not required for the maintenance of HSCs in the BM. Instead, more
lineage-specific defects were seen. Conditional Runx/ ablation inhibited CLP production,
blocked B-cell and T-cell maturation, and reduced platelet formation. Similarly, conditional
deletion of Sc//Tal-1 in adult HSCs did not affect HSC engraftment, self-renewal and
differentiation into myeloid and lymphoid lineages. However, differentiation into erythroid
and megakaryocytic precursors was perturbed. Taken together, such comparative findings
from conventional and conditional transcription factor knockout mice indicate that there is a
clear difference in the requirement for different factors in the establishment versus
maintenance of the HSC pool. In addition, regarding the macrophage (M®) lineage central to
this work, the formation of the earliest myeloid transcriptional network essentially depends
on Pu.1 (also called Spil). Pu.1 deletion in mice resulted in a fatal defect in fetal liver (FL)
and/or newborn hematopoiesis, including the complete absence of B cells and M®
(Lichanska et al., 1999; Olson et al., 1995). The expression of Pu.l is regulated by other
hematopoietic transcription factors (e.g., Runxl). Runx1 directly binds to the upstream
regulatory element of the Pu./ gene and modulates its expression during embryonic and

adult hematopoiesis (Imperato et al., 2015).

Combining transcription factor gene expression data in HSCs with genome-wide ChIP-seq
analysis using the hematopoietic progenitor cell line HPC-7 revealed that Scl/Tal-1, Runx1
and Lmo2 belong to a heptad transcriptional complex, which also includes the
Lymphoblastic leukemia 1 (Lyl-1) (Wilson et al., 2010) (Fig 2), suggesting that Lyl-1 may
play roles in regulation of HSCs function. Sequence analyses showed that Lyl-1 protein
closely relates to Scl/Tal-1 that is mandatory for numerous decisions in embryonic and adult
hematopoiesis (Curtis et al., 2012), as they share 82% of amino acid identity in the basic
helix-loop-helix (bHLH) regions, providing the possibilities that these two proteins might
bind to some common target genes and share partial biologic functions. However, sequences
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outside the bHLH region of Lyl-1 and Scl/Tal-1 are largely divergent (Chan et al., 2007;
San-Marina et al., 2008). Moreover, single-cell expression analysis of HSCs displayed a
distinct expression pattern in HSCs between these two transcription factors (Ramos et al.,
2007), and ChIP-seq analysis demonstrated that Lyl-1 has a very different pattern of
transcription factor binding with Scl/Tal-1, with the majority of binding peaks over
intragenic or intergenic sites rather than within 61 kb of transcription start sites, suggesting
that Lyl-1 may exert specific functions during hematopoiesis (Wilson et al., 2010). The
evidence pointing to Lyl-1 function during developmental hematopoiesis will be developed

latter.

Figure 2: Schematic of the heptad transcription factor complexes bound to DNA.

The links between RUNX1 and SCL/LYL1/GATA2/ERG are indicated by green arrows. The
order of proteins shown is for illustrative purposes rather than reflecting a particularly

common arrangement of binding sites (adapted from Wilson et al, 2010).

1.1.4. Development of hematopoietic system

1.1.4.1. The main steps

Hematopoietic cells are generated during embryonic development and sequentially colonize
the FL, the thymus, then the spleen, and finally the BM (Fig 3) (Cumano and Godin, 2007).

The first hematopoietic site is the yolk sac (YS) blood islands, where the hematopoietic
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activity initiates from early organogenesis (soon after gastrulation) and hematopoietic
progenitors are generated in situ (Haar and Ackerman, 1971). Because of this early
generation, for years researchers considered the YS to be the source of HSCs that colonize
further hematopoietic sites. However, the YS origin of HSCs was challenged by chick/quail
chimeras construction experiments (quail embryo body grafted into a chicken YS) that
showed Y S-derived cells are not able either to produce hematopoietic cells sustainably or to
give rise to lymphoid cells (Beaupain et al., 1979; Dieterlen-Lievre, 1975; Lassila et al.,
1982). Hence, YS progenitors lack of multipotential and long-term maintenance, therefore,
the YS is not the initial source of HSCs. In addition, similar chick/quail chimeras
experiments showed that HSCs come from the embryo body, precisely the aorta region. In
the mouse, Godin et al demonstrated that at embryonic day 9 (E9), the region that contains
the developing aorta, known as the paraaortic splanchnopleura (P-Sp), was able to give rise
to B cells upon transfer into irradiated mice, whereas the YS precursors could not (Godin et
al., 1995). Other groups pointed to the same region named the aorta-gonad-mesonephros
(AGM) at slightly later stage (E10.5) as containing stem cells capable of long-term
multilineage repopulation in adult recipients (Medvinsky et al., 1996; Muller et al., 1994).
The P-Sp and AGM are identical regions at two different development time points and can

be referred to as P-Sp/AGM.

The in situ origin of HSCs in the mouse dorsal aorta was established through organ culture of
the embryonic site that will give rise to the P-Sp/AGM. This part of the embryo (called
Splanchnopleura) was isolated at E8, before any hematopoietic cells are generated in the
embryo body, and also before blood cells circulate from the YS to the embryo (a connection
that occurs at the 4-5 somite [S] stage) (McGrath et al, 2003). I vitro and in vivo analyses of
the hematopoietic cells grown for the Sp-explants and from the corresponding YS showed
that hematopoietic progenitors with multilineage potential (including lymphoid) and
LTR-activity could develop after organ culture from the Sp region that will later give rise to
the P-Sp/AGM, indicating in situ generation of HSCs. In contrast, the corresponding Y'S,
similarly treated, only gave rise to erythro-myeloid cells, and had short term (up to 2 month)

9



erythro-myeloid reconstitution potential in vivo (Cumano et al., 1996, 2001). The model of
HSCs development during embryonic life is the same in human embryos (Ivanovs et al.,

2014; Tavian et al., 2001).

These findings together established the fundamental notion that embryonic hematopoiesis
initiates in two independent sites, first in the YS and later in the P-Sp/AGM that is the first
place for HSCs emerge (Cumano and Godin, 2007; Cumano et al., 2001; Godin et al., 1999).
As a consequence, the YS-derived hematopoiesis is independent on HSCs, and it does not
follow the same differentiation processes as in the adult hierarchy (Fig 1). I will first give the
information about HSCs development, then describe later the details of the development of

Y S-derived hematopoiesis, which is more related to my thesis project.
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Figure 3: Schematic representation of the successive hematopoietic sites during mouse

ontogeny.

An illustration of a mouse shows the hematopoietic sites and organs during embryonic
development (two independent hematopoietic sites: yolk sac and P-Sp/AGM; intermediate
site: fetal liver; hematopoietic organs: the first being the thymus, then the spleen and, finally,
the bone marrow; the placenta has not been considered to be a hematopoietic organ,).

P-Sp/AGM: paraaortic splanchnopleura/aorta-gonad-mesonephros region.

1.1.4.2. HSCs generation and further contribution to hematopoietic development

HSCs are generated in the P-Sp/AGM region but do not differentiate in situ (Godin et al.,
1999; de Brujin et al., 2000; Kumaravelu et al., 2002; Lancrin et al., 2009). In vitro assays

revealed that the vast majority of hematopoietic cells in this region remain multipotent
11



(Godin et al., 1999). In addition, the circulating blood is found to contain multipotent
hematopoietic progenitors as early as E10 when the production of HSCs has not reached the
maximum level (Delassus and Cumano, 1996). These observations suggest that P-Sp/AGM
should be considered as a generation site of HSCs but not a site of hematopoietic
differentiation. Moreover, beside the aorta, other arterial regions (vitelline and umbilical
vessels) were found to be sites for HSCs emergence (de Brujin et al., 2000; Inman and
Downs, 2007), suggesting a close relationship between the developing hematopoietic and

vascular systems.

Intraembryonic HSCs were phenotypically characterized as c-Kit high, CD41 medium,
CD45 low to undetectable (Bertrand et al., 2005a). They also share a large number of
markers with endothelial cells, such as CD31, CD34, AA4.1, VE-Cadherin, Tie2, etc.
Because of the close physical relationship between developing HSCs and the artery wall, and
also because HSCs and endothelial cells share so many surface markers and transcription
factors (Scl/Tal-1, Lmo2 Runxl, GATA-2) that are important for the production of
hematopoietic progenitors, a common progenitors for both lineages was considered
(hemangioblast for the YS and hemogenic endothelium for the P-Sp/AGM). The model
considered now for HSCs generation, following evidences gathered in zebrafish (Bertrand et
al., 2010; Kissa and Herbomel, 2010), chicken (Jaffredo et al., 1998) and mouse (Boisset et
al., 2010) models, is that they develop from already differentiated endothelial cells through a

mechanism called endothelia to hematopoietic transition.

Once HSCs are generated, they rapidly enter circulation and reach the different
hematopoietic organs (Fig 4). HSCs activity was found in the mouse placenta starting at
E10.5-E11.0 and the placental HSCs pool rapid expands between E11.5 and 12.5 (Gekas et
al., 2005). As a result, the placenta harbors significant numbers of HSCs that is over 15-fold
more than does the AGM region or the YS, suggesting that the placenta may provide a
unique microenvironment for HSC development. Placental HSCs could be generated in situ
or be colonized by AGM- or FL-HSCs though circulation, or both, which still needs to be

comprehensively studied.
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The properties of HSCs in each site vary in function, most probably depending on diverse
niches that modulate HSCs expansion and/or differentiation and ensure intrinsic
characteristics of HSCs at each stage (Cordeiro Gomes et al., 2016; Martinez-Agosto et al.,
2007; Wang and Wagers, 2011). The FL is considered as the major site of hematopoietic site
during embryonic development, where the size of hematopoietic cell pool largely amplifies
to fulfill the requirement of embryonic development (Godin and Cumano, 2002; Mikkola
and Orkin, 2006). Exogenous hematopoietic cells colonize the FL to initiate hematopoiesis
(Miiller et al., 1994; Sanchez et al., 1996; Kieusseian et al., 2012). Considering the limited
number of HSCs produced in the P-Sp/AGM (500-1000 cells) (Godin et al., 1999) and the
extent of hematopoietic activity observed at early stages in FL, it is likely that the majority of
cells that initially colonize the FL are erythroid/myeloid cells from the YS, which has
generated numerous hematopoietic cells and establishes the first vascular connections to the
FL through vitelline vessels (Cumano and Godin, 2007). HSCs are detected in the FL at E10
(Kieusseian et al., 2012). In contrast to adult BM, where HSCs are largely quiescent (Oguro
et al., 2013; Reagan and Rosen, 2016), in the FL, HSCs are actively cycling. Indeed, FL
provides an unique microenvironment that allows the rapid expansion of HSCs. HSCs
expand in numbers from E12.5 to E16.5 and acquire the final characteristic phenotypic
makers that define them in the adult BM around E15 (Morrison et al., 1995). In addition to
supporting HSCs expansion, the FL is also the main hematopoietic site for the differentiation
of erythrocytes, myeloid cells and lymphocytes (Kieusseian et al., 2012). It is generally
stated that FL. HSCs migrate to the BM and become the main contributors to adult
hematopoiesis. Transplantation assays in mice have demonstrated that FL HSCs start to

colonize the BM during late period of gestation (Medvinsky et al., 2011).
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Figure 4: Migratory and circulatory routes of hematopoietic cells in the murine embryo

over developmental time.

The first hematopoietic progenitors are found in the YS blood islands at E8.0-E8.5. Once
circulation is established, blood cells colonize other developing hematopoietic organs
through vitelline artery. Around E9.5, the P-Sp/AGM initiate the generation of blood
precursors that, together with YS cells, colonize to the FL rudiment. The FL is the major
hematopoietic site where blood progenitors expand and/or mature. Finally, the BM is
colonized by precursors from the FL before birth and remains the main hematopoietic niche

throughout adult life (from Costa et al., 2012).
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1.1.5. Distinct waves of embryonic hematopoiesis

1.1.5.1. The three waves

During embryonic development, the hematopoietic system is established in three successive
waves that are temporally and spatially restricted, with each producing specific blood
progenitors (Fig 5) (McGrath et al., 2016; Palis, 2016; Yoder, 2014). The first wave of blood
production is termed “primitive” and initially arises in the blood islands of the developing
YS at E7.5 (Palis, 2014). The initial primitive hematopoiesis process is considered to be
unilineage, while the adult-type hematopoiesis that is termed “definitive” is multilineage.
Studies in the spatial and temporal kinetics of early embryonic hematopoiesis potential
indicate that primitive hematopoiesis is restricted to the erythroid, megakaryocyte, and M®
lineages and does not produce lymphoid cells or HSCs (Palis et al., 1999; Tober et al., 2006,
2008; Yoshimoto et al., 2011). I will give more information on this wave in the following

chapter.

The second wave of hematopoiesis occurs in the YS between E8.0 and E8.5 with the
appearance of “erythro-myeloid progenitors” (EMp) that continue to be formed until E10.5
(Frame et al., 2013, 2015; Lux et al., 2008; McGrath et al., 2015a). Clonogenic analysis has
confirmed that EMp are able to give rise to definitive erythroid cells and megakaryocyte, and
to broad myeloid lineage (M®, and various types of granulocytes, as well as their common
granulo-monocytic [GM] progenitors), but do not contain lymphoid potential (McGrath et
al., 2015b), meaning that the primitive and EMp-derived definitive hematopoiesis share
erythro-myeloid potential. Contrary to EMp that give rise to the mature cells through a
progressive differentiation process with intermediate progenitors (GM and EMKk), mature

M® in the first primitive wave appear to lack of the intermediate progenitors.

Because EMp-derived hematopoiesis wave lacks the long-term repopulating potential and
produces mature cells in a differentiation pathway similar to the adult, this wave has been

called the ‘‘transient definitive’” wave, distinguishing it from the earlier primitive
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hematopoiesis that is composed of transient wave of monopotent hematopoietic progenitors
and the third which is the HSCs-derived definitive wave of hematopoiesis (McGrath et al.,
2016). McGrath et al showed that YS-derived EMp have a unique immune-phenotype
(McGrath et al., 2015a): at E8.5, EMp express significant c-Kit and CD41 on their cell
surface, while primitive erythroid progenitors (primitive erythroid colony-forming cells
[EryP-CFCs]) reside in the ¢-Kit'°CD41" population. By E9.5, EMp can be prospectively
identified as the surface marker of c-Kit'CD41'CD16/32", distinguishing from maturing
populations of c-Kit"® CD16/32" CD45" primitive M® and c-Kit"¢ CD41™ Gplbp"
primitive megakaryocytes. At E10.5, EMp are found to remain present in the YS and the
blood circulation, but are more highly enriched in the FL, where they expand and

differentiate into multiple cell lineages (McGrath et al., 2015a).

Recent evidences showed that during the second wave of hematopoiesis, B and T lymphoid
progenitors also arise from the YS, as well as in the embryo proper around E9.0 (Boiers et
al., 2013; Cumano et al., 1996; Yoshimoto et al., 2012). These B or T lymphocyte-restricted
progenitors migrate to and differentiate in the early FL, and are thought to provide unique
subsets of lymphoid cells that persist in the adult. However, although this wave of
hematopoiesis contains erythro-myeloid and lymphoid potential, it is not involved in

adult-type HSCs.

The third wave begins at E10.5 with the emergence of HSCs in the AGM regions and in
other embryonic arterial vessels (Cumano and Godin, 2007). As mentioned above, these
precursors then colonize the FL where they begin to expand in numbers and establish

definitive hematopoiesis.
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Figure 5: Different hematopoietic waves during ontogeny.
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The first wave originates primarily in the YS to produce primitive erythrocyte, M® and

megakaryocytes. A second wave consists of erythroid-myeloid progenitors (EMp) and

lymphoid-biased progenitors that can reconstitute lethally irradiated recipients after

experimental transplantation, but spontaneously disappear before adulthood in their native

environment. The third wave is that conventional fetal HSCs give rise to the quiescent adult

HSCs that sustain post-natal hematopoiesis (Yoder, 2014).
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1.1.5.2. YS-derived waves: erythropoiesis in the primitive and transient definitive waves

Studies of adult hematopoiesis provide an assumption that all circulating blood cells are
ultimately generated by HSCs. This paradigm was also applied to the embryonic
hematopoiesis in early studies. However, as mentioned above, while the emergence of HSCs
begins at E10 in the AGM region of the embryo proper, a functional hematopoietic
circulatory system, involving embryonic (primitive) erythroid cells, definitive erythrocytes,
as well as platelets and hematopoietic progenitors, has already established in the murine
embryo (Palis, 2016). In fact, early erythropoiesis is essential for survival and growth of the
murine embryo, as the newly forming bloodstream need to be filled by hemoglobinizing
primitive erythroblasts (Baron et al, 2012, 2013; Ferkowicz et al, 2003; Palis et al., 2001).
The first few EryP-CFCs appear in the YS blood island of the late streak mouse embryo at
E7.25 and produce large, nucleated PHI-globin-expressing erythroid cells. EryP-CFCs
transiently expand in numbers by ES8.5, and subsequently differentiate into a cohort of
primitive erythroblasts in the bloodstream with the onset of the cardiac contractions at E8.25
(Kingsley et al., 2004). Just soon after the appearance of EryP-CFCs, the overlapping wave
of definitive erythroid progenitors (burst-forming units-erythroid [BFU-Es]) begins to
emerge, also in the YS, accompanied temporally and spatially by megakaryocyte and
myeloid cells (Ferkowicz et al, 2003). In contrast with primitive erythroblasts, definitive
erythroblasts are smaller, anucleate and express adult globin genes, which are similar to
those found later in the FL and adult BM (Fig 6) (Baron et al, 2012). BFU-Es increase in
numbers by E9.5 within the YS, then transit to the newly forming liver, prior to the HSCs
colonization, and rapidly set up the definitive erythropoiesis (McGrath et al., 2011). Thus,
continuous production of erythrocytes derived by BFU-Es ensures the requirement of the
dramatically growing mid-gestation mouse embryo and provides an essential bridge between
transient primitive erythropoiesis and HSC-derived definitive erythropoiesis. Though the
primitive and definitive erythropoiesis have been well characterized, little is known about the
differences between primitive and definitive megakaryocytes, as well as primitive and

definitive M® in terms of specific function for embryonic development.
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Figure 6: Comparison between primitive and definitive erythropoiesis.

(A) Morphology of primitive and definitive erythroblasts. EryP-CFCs (E10.5) were mixed
with fetal (E17.5) or (B) maternal peripheral blood erythrocytes. Cytospun cells stained with
Giemsa stain. Scale bar: 20 um (Baron et al, 2012); (C) Colony morphology and analysis of
hemoglobin mRNA expression. Photomicrograph of an E8.5 yolk sac primitive EryP and a
definitive BFU-E. Panels to the right of the photomicrographs depict the results of RT-PCR
analysis of plucked erythroid colonies and reveal that EryP contain mRNA for BHI1
(embryonic hemoglobin) and B globin major (adult hemoglobin) while BFU-E express
mRNA for only B globin major. Negative control samples were tested using no reverse

transcriptase (Ferkowicz et al, 2003).
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1.1.5.3. Early ontogeny of YS-derived M®

CX3CR1 is the receptor for chemokine CX3CL1/fractalkine and is prominently expressed in
the mononuclear myeloid compartment (Jung et al., 2000). By using a mouse strain model in
which the CX3CR1 chemokine receptor gene was replaced by a green fluorescent protein
(GFP) reporter gene (referred to as CX3CR1°™" mice), Bertrand et al described three
different pathways leading to the establishment of M® populations in the YS during early
embryonic development, according to the correlation of progenitor phenotypes and
differentiation potentials (Fig 7) (Bertrand et al., 2005b). The first M® population detected
in the YS is maternally derived-M® that colonize the mesoderm layer from E7.5 on and
display a mature phenotype (CD45'CDI11b'F4/80"). These maternally derived cells
transiently contribute to the M® population pool and cannot be detected in the YS after E9.5.
A first wave of YS-derived M® is produced by monopotent M® progenitors (YS-M®),
which appear slightly later at E8 (from the first somite stage). These YS-M® display a
CD45¢c-Kit" phenotype and generate primitive M® population through a differentiation
pathway (Al, CD45'c-Kit'CD11b"; A2, CD45 ¢c-Kit®CD11b"CX3CR1"; A3,
CD45"¢c-Kit CD11b"CX3CR1'F4/80"), which is similar to that found in the adult. Later,
progenitors displaying erythro-myeloid potential (YS-EMp) give rise to the second
Y S-derived M® wave, which is a transient definitive population, as well as granulocytes and
monocytes. These YS-EMp-derived M® progenitors arise independently in the Y'S at around
the 5S stage and share a similar phenotype (CD45¢c-Kit") and M® differentiation pathway to
the previous one. Consistent with these observations, utilizing the M® lineage-tracing
approaches, Hoeffel et al (Hoeffel et al., 2015) recently identified two independent
YS-derived M® waves during the transient definitive stage. A first wave of called “early”
EMp-like cells mainly generates M® population at E7.5, which might represent primitive
M®, and the second wave of “late” EMp at E8.25 gives rise to YS M® in situ. Then these
precursors migrate to the FL through blood circulation at E9.5, where they generate
progenitors with broader myeloid cell potential, including FL monocytes. Both of these
successive YS-derived M® populations have potential to contribute to the establishment of

20



resident tissue M® and participate in embryonic developmental events by their phagocytic
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Figure 7: Developmental stages followed by the 3 distinct M® waves, characterized by

their phenotype, origin, differentiation potential, and lineage relationship.

Ery indicates erythrocytes; Gr, granulocytes (adapted from Bertrand et al., 2005b).
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1.1.6. The macrophage lineage

M® are multifunctional cell types that are found in most tissues in mice and play a central
role in tissue homeostasis and repair, as well as immunity (Okabe and Medzhitov, 2016;
Wynn et al., 2013; Wynn and Vannella, 2016). During embryonic development, they have
mainly been involved in the clearing of dead cell through their phagocytic activity, which
make them important for the shaping of the developing embryo (Mosser et al., 2017;
Veiga-Fernandes and Pachnis, 2017). But now, they appear to play more specialized
functions during development since recent genetic lineage-tracing experiments demonstrated
that early HSC-independent hematopoiesis contributes to long-lived tissue-resident M®
populations such as brain microglia, skin Langerhans cells as well as liver Kupffer and lungs
alveolar M®, that persist into adulthood (Davies et al., 2012; Gomez Perdiguero and
Geissmann, 2015). Most of them are maintained by local self-renewal, without
replenishment by adult HSCs, under healthy condition. Thus, both HSC-derived and
HSC-independent M® compartments are co-existing in the adult blood system.
Understanding the unique features of fetal-derived M® cells will be necessary to fully

decode the intrinsic disease processes involving these M®.

1.1.6.1. Tissue-resident macrophages

Tissue-resident M® include spleen red-pulp M®, lung alveolar M®, epidermal Langerhans

cells, brain microglia, liver Kupffer cells, large peritoneal M®, and F4/80"en

pancreatic,
kidney and cardiac M®, etc (Fig 8). For ages, it was believed that tissue-resident M® were
continuously repopulated by blood-circulating monocytes that are produced by
HSCs-derived myeloid progenitors in the adult BM. However, in recent years, the
knowledge for the origin and maintenance of tissue-resident M® has changed dramatically.

Several studies have now revealed that except for the mucosal/border tissues such as the

intestine, the dermis and the heart, in which circulating monocytes are constantly

22



replenishing the aging tissue-resident M® pool, the majority of tissue-resident MO
populations are embryonically derived and can be self-maintained by local proliferation
throughout adulthood, without a contribution from BM-derived precursors in the steady state
(Bain et al., 2016; Ensan et al., 2016; Epelman et al., 2014; Gibbings et al., 2017; Hashimoto
et al., 2013; Hoeftel et al., 2012; Sheng et al., 2015; van de Laar et al., 2016). The current
understanding of tissue-resident M® ontogeny is largely depended on lineage tracing
approaches in vivo driven by genes generally involved in myeloid differentiation (Csf1r or
Cx3crl) or hematopoietic emergence (RunxI or Tie2), which provide strong evidences for

the source of tissue-resident M® populations from the different hematopoietic waves.
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Figure 8: Localization and functions of macrophage and monocyte subpopulations.

AM, alveolar macrophage; KC, Kupffer cell; LC, Langerhans cell; LPM, large peritoneal
macrophage; M®, macrophage; MG, microglia; Mo, monocyte (Kurotaki et al., 2017).
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1.1.6.2. Strategies for the fate-mapping system

Despite several shortages for temporal restriction and promoter usage in different
hematopoietic waves and their progeny, lineage tracing approach is still a very powerful tool
to assess the fate of progenitor cells in vivo. Generally, in conditional gene targeting mouse
model, Cre is inserted by site-specific homologous recombination into the selected locus
through genetic manipulations. The principle of target gene selection is that its expression in
mice should be restricted to a particular developmental stage or certain cell lineage, or both.
Conditional gene expression has been achieved by engineering loxP-flanked stop sequences
located between the promoter and a ¢cDNA gene encoding a fluorescent marker, such as
EGFP, tdRFP, EYFP, LacZ, TomatoRed, or another spectral variant (Fig 9). The expression
of selected target gene is simultaneously activating the Cre-recombinase protein expression
that irreversibly removes the loxP-flanked stop codon, resulting in turning on the permanent
expression of fluorescent protein. The Rosa26 locus is one of the commonest targets to be
used as a reporter gene driver because of its strong and ubiquitous expression pattern
(Zambrowicz et al., 1997). In addition, some specific signature genes of cell type are also
widely used as a target reporter, such as Cx3crl in the MO lineage (Wolf et al., 2013),
FMS-like tyrosine kinase 3 (Flt3) in stem cells (Boyer et al., 2011), etc. Because
Cre-recombinase is constitutively active, once it is expressed at a particular stage, or in a
lineage, all daughter cells will be continuously labelled. For example, because BM LSK
precursors have high-level Flt3 expression, the majority of myeloid and lymphoid lineages

progenies are marked in FI£3 knock-in adult mice (Boyer et al., 2012).

Moreover, in order to temporally control Cre activity to study different hematopoietic waves
of developing cells, or to be able to study the effects of gene deletion at late development
stages or in the adult when the mutant dies at early stage of embryonic development,
inducible gene targeting mice model has been created by fusing the ligand-binding domains
of steroid hormone receptors, such as estrogen receptor (ER) and modified ER (Mer), to
chimeric recombinases (Metzger et al., 1995; Metzger and Feil, 1999). Specifically, in the

absence of the inducing agent (tamoxifen; metabolized to 4-hydroxytamoxifen, the active
24



compound), the heat shock protein Hsp90 forms heterodimers with Cre-recombinase protein
in the cytoplasm and prevents Cre from removing the loxP-flanked stop codon to activate
reporter gene expression. Under injection of tamoxifen, Cre-recombinase protein is released
from the inhibitory complex and translocated into the nucleus, finally leading to heritable

labeling of the targeted cell (Fig 9).
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Figure 9: A Schema of the constitutive and inducible conditional gene targeting

approaches.

(adapted from Hofer et al., 2016)
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1.1.6.3. Lineage tracing of the origin of macrophage in different tissues

Several transgene mouse models of inducible gene targeting, such as the
Runx1-Mer-Cre-Mer, the Tie2-Mer-Cre-Mer (Tie2-iCre) and the c-Kit-Mer-Cre-Mer
(c-Kit-iCre) mice, have been exploited for the M® lineage tracing studies, as well as other
hematopoietic cells (Fig 10) (Ginhoux et al., 2010; Gomez Perdiguero et al., 2015; Sheng et
al., 2015). Runxl plays a pivotal role for the emergence of embryonic hematopoiesis and
loss-of-function Runx1 1is lethal to the embryo (Hirschi, 2012). Runx! is first expressed in
hematopoietic cells as they emerge in the YS. Therefore, in Runx1"*" "M mice (Ginhoux et
al., 2010), in which Mer-Cre-Mer recombinase is induced by tamoxifen under the control of
Runxl1, cells labeled in the YS at E7.5, a time when Runx/ expression is limited to the
primitive hematopoiesis, will only give rise to primitive M®, as well as primitive EryP-CFC
and megakaryocytes, and tamoxifen application at few hours later can lead to either
EMp-derived definitive M® (at E8.5) or HSCs-derived definitive M® (at E9.5) labeling in
this system (Fig 10A).

In contrast, Tie2 is expressed on all the endothelial-like precursors of hematopoiesis by E7.5
and then is turned off in hematopoietic cells after they differentiation (McGrath et al.,
2015b). Thus, all endothelial cells and their progeny (both non-hematopoietic and
hematopoietic cells) will be labeled after tamoxifen injection in the Tie2-iCre model.
Consequently, an early tamoxifen injection (at E7.5) will target all hematopoietic
waves-derived M® that are produced before the time of analysis, whereas a late injection (at
E10.5) will only target the latest HSCs-derived definitive M® (Gomez Perdiguero et al.,
2015) (Fig 10B).

Moreover, all hematopoietic progenitors, but not endothelial cells, express c-Kit (Ivanova et
al., 2002). Thus, an early tamoxifen injection (at E7.5) in the c-Kit-iCre model will restrict
the labeling to primitive wave (Sheng et al., 2015). However, progenitors produced by each
hematopoietic wave coexist in the embryo after E8.5 and these progenitors still express c-kit.

A later tamoxifen injection (at E8.5 and E9.5) might thus result in the cumulative labeling of
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undifferentiated primitive M® progenitors and EMp-derived M® precursors, as well as both

EMp- and HSCs-derived M® precursors, and their mature progenies (Fig 10C).
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Figure 10: Fate-mapping systems of macrophages and other hematopoietic cell.

Green color represents labeling cells (Hoeffel and Ginhoux, 2015).

1.1.6.4. The three models on the origin of tissue resident macrophages

Only recently, by using the fate-mapping system, researchers have proposed three different
models for the contribution of embryonic progenitors to adult tissue resident M® populations
(Fig 11). Using Tie2-dependent inducible mice models, Gomez Perdiguero et al (Gomez
Perdiguero et al., 2015) suggested that YS-derived EMp are a common origin for the
majority of tissue resident M® in liver, brain, epidermis and lung (Fig 11, Model 1). The
authors found that there is a higher proportion of adult tissue resident M® YFP labeling than

YFP

that of leukocytes when tamoxifen is injected upon Tie2-iCre:Rosa26 " mice at E7.5; a

similar YFP labeling proportions of both cell types at E8.5 injection; and a relatively more
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frequently YFP labeled in leukocyte populations than tissue resident M® from E9.5
injection. These findings, thus, indicated that a progenitor cell type that expresses Tie2 at
E7.5 but not after E9.5, gives rise to the majority of fetal and adult M®, and the authors

proposed this progenitor to be YS EMp.

In another model, researchers (Hoeffel et al., 2015) proposed that except for brain microglia,
which derives from YS M®, the most other adult tissue resident M®, including skin, liver,
kidney, lung, gut and spleen, derive predominantly from fetal monocytes generated by YS
c-myb” EMp (Fig 11, Model 2). Using RunxI- and CsfIr-dependent inducible mice models,
as well as Rosa2@R*CFYFPRICEYFP - Hooffel et al (Hoeffel et al., 2015) identified two
temporally and functionally distinct waves of EMPs emerging in the YS between E7.5 and
E8.5. The first wave of “early” CSF-IRhic-Myb' "EMp" emerges in the YS from E7.5 and
gives rise mostly to brain microglia. The “late” CSF-1R"°c-Myb" EMp are produced in the
YS from E8.5 and most of these cells migrate into the FL through the blood circulation at
E9.5. After colonized the FL, these cells differentiate into multiple lineages, including FL

monocytes that give rise to most tissue resident M® through a monocytic intermediate.

In the third Model, Sheng et al recently concluded that all adult tissue resident M®, such as
Kuppffer cell, alveolar MO, red pulp MO, kidney F4/80" M®, dermis MHCIIF4/80" M®,
as well as colon F4/80™ M® and peritoneum F4/80" M®, are progenies of fetal classical
HSCs with the exception of microglia and partially epidermal Langerhans cells, which
originate from YS progenitors (Fig 11, Model 3) (Sheng et al., 2015). The authors have
generated a c-Kit-iCre:Rosa26-loxP-STOP-loxP-eYFP mice model in which the
administration of tamoxifen induces irreversible tagging of c-Kit expressing cells, as well as
their progenies. In this fate-mapping system, researchers found that adult microglia and
partial epidermal Langerhans cells can be robustly labeled when tamoxifen is injected at
E7.5, but other tissue resident M®, as well as peripheral hematopoietic cells, are labeled very
poorly. In contrast, tamoxifen injection at E8.5 or E9.5 efficiently labels all adult peripheral
hematopoietic cells including adult tissue resident M® (about 40%-60%). These results

therefore led to the hypothesis that definitive fetal HSCs give rise to all the adult tissue
28



resident M®, with the exception of microglia and, partially, epidermal Langerhans cells,

which arise from YS-derived primitive M® progenitors.
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Figure 11: Three Different Models of Fetal Macrophage Ontogeny.

The Model 1 corresponds to the work of Gomez Perdiguero et al. (2015), the Model 2 to the
work of Hoeffel et al. (2015), and the Model 3 to Sheng et al. (2015). Red arrow indicates
the proposed major path of ontogeny and differentiation in each model. Cell colors are

matched to their proposed origins (Ginhoux and Guilliams, 2016).
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1.1.6.5. The origin of embryonic microglia

Microglia are CNS resident M® that play pleiotropic functions in the normal and
pathological brain. Impaired microglial development and function are thought to be involved
in the onset and development of various neurodevelopmental and neurodegenerative diseases
(Colonna and Butovsky, 2017; Prinz and Priller, 2014). Thus, understanding of the origin of
microglia may provide new therapeutic approaches for the treatment of these diseases. In
fact, studies in the past decades have been carried out to dissect the origin of microglia
(Alliot et al., 1999; Epelman et al., 2014; Ginhoux et al., 2010; Gomez Perdiguero et al.,
2015; Hashimoto et al., 2013; Hoeffel et al., 2015; Kierdorf et al., 2013; Schulz et al., 2012).
As stated above, although there is a controversy for the origin of some tissue M®, all fate
mapping experiments agreed that microglia originates from early YS-derived M®. Similarly,
by combining vital staining with in situ hybridization, Herbomel et al found that, in zebrafish
embryos, early M® (equivalent to primitive M® in mice [Herbomel et al., 1999]; for a
review on hematopoietic cell development in the zebrafish embryo, see Bertrand and Traver,
2009) colonize the brain and differentiate into microglia through a CSF1R-dependent
invasive process (Herbomel et al., 2001). Rossi et al further demonstrated that in the
zebrafish, it is the slc7a7" primitive M® subset produced early during development in the
anterior lateral plate mesoderm region that will give rise to embryonic microglia (Rossi et al.,

2015).

However, in contrast to zebrafish embryos, in which primitive and definitive hematopoiesis
are separated by temporally and spatially (Bertrand and Traver, 2009), in mice, primitive and
EMp-derived M® subsets appear overlapped and coexist in the YS so that their respective
contribution to microglia was naturally questioned. Primitive hematopoietic populations have
been characterized as independent of c-Myb-expression for their development, contrary to
their definitive counterpart (McGrath et al., 2015b; Gomez Perdiguero and Geissmann, 2013;
Tober et al., 2008). The normal amount of microglial cells found in mice lacking the c-Myb
transcription factor argues for a primitive origin of microglia progenitors (Kierdorf et al.,

2013; Schulz et al., 2012). Additionally, Ginhoux et al. reached a similar conclusion because
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the induction of Rumnx/ expression at E7.25-7.5 that leads to microglia labeling, targets
progenitors present at the latest E8.5 (Ginhoux et al., 2010), when EMp-derived
M® progenitors are not yet produced. However, this protocol leads to 30-40 % microglia
labeling, and although this level is likely to be underestimated, an additional contribution
from a slightly later source, namely EMp-derived M® progenitors, might be considered
(Ginhoux et al., 2010). Conversely, two sets of investigations suggested that EMp-derived
definitive M® population provide microglia (Gomez Perdiguero et al., 2015; Kierdorf et al.,
2013). Sorted c-Kit'CD45"" progenitors from E8-YS were shown to give rise to
erythro-myeloid cells in vitro and to microglial cells upon culture on microglia-depleted
hippocampal slice cultures (Kierdorf et al., 2013). In the second study (Gomez Perdiguero et
al., 2015), the induction of csf-1r"* at E8.5 resulted in the labeling of c-Kit'CD45""
M® progenitors in E9.5 YS and of head M® at E10.5. However, EMp and primitive M®

low

progenitors share the same c-Kit' CD45°" phenotype and are both present in the YS at the
stages analyzed (Bertrand et al., 2005b), so that in both instances, the identification of the
M®/microglia progenitors is still unclear (McGrath et al., 2015b). The question of the

respective contribution of primitive and EMp-derived definitive M® progenitors to the

developing microglia thus remained open.
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1.2. Development and function of microglia in mice

1.2.1 Myeloid cell types in the central nervous system

The central nervous system (CNS) contains a heterogeneous class of myeloid populations
that play distinct roles in maintaining tissue homeostasis and pathological response in
different tissue compartments during development and adulthood (Prinz et al., 2011;
Ransohoff and Cardona, 2010). According to their localization, morphology, as well as
surface-marker expression and in vitro responses, the myeloid cells of the CNS have been
characterized and classified into five groups: parenchymal microglia, non-parenchymal
meningeal M® (mM®), CNS perivascular MO (pvM®), MO of the choroid plexus (cpM®)
and disease-associated monocytes (Fig 12) (Prinz et al., 2017). Specifically, microglia are
the only myeloid cell type present in the CNS parenchyma where they are surrounded by
neurons, astrocytes and oligodendrocytes; subdural mM® are in close proximity to
meningeal fibroblasts; pvM® are located between the laminin® endothelial and glial
basement membranes; cpM® are mainly found on the apical side of the choroid plexus
epithelium facing the cerebrospinal fluid and in the stroma (Prinz and Priller, 2014;

Ransohoff and Cardona, 2010).

In addition, CNS M® have been recently shown to possess a unique feature: In most organs,
such as the heart, spleen, lungs and intestine, tissue M® are regularly replaced by
blood-derived monocytes (Goldmann et al., 2016). In contrast, except cpM®, other CNS
M®, including microglia, mM® and pvM®, have been shown to originate entirely from
embryonic Y S-precursors without any significant input from the circulating blood cells or
BM-derived monocytes during adulthood (Goldmann et al., 2016). In these locations, M®
are maintained by their longevity and capacity of self-renewal (Soucie et al., 2016).
Interestingly, these M® have unique phenotypes in the healthy CNS, in addition to
M®-related surface markers common among the resident M®, such as Iba-1, F4/80, CD11b,
CX3CR1 and MERTK. Microglia display a down-regulated phenotype with a low expression

of the transmembrane tyrosine phosphatase CD45, of Fc receptors and major
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histocompatibility complex class II (MHC class 1I) compared to other CNS M®. Several
microglia-specific genes such as P2ry12, Fcrls, Hexb, Tmem119, Tgfbrl and Salll have also
been identified in large gene-expression studies (Bennett et al., 2016; Buttgereit et al., 2016;
Gautier et al., 2012; Gosselin, et al., 2014; Lavin et al., 2014). Furthermore, mM® and
pvM® selectively express the endocytic pattern-recognition receptor CD206 (Goldmann et
al., 2016). Moreover, pvM®, as well as part of mM® and cpM®, were found to express the
scavenger receptor CD163 (Goldmann et al., 2016). Recent single-cell RNA-sequencing
studies further showed that pvM® specifically express Cdl163, Hpgd, Mrcl, Slc40al and
Fi13al (Goldmann et al., 2016; Mass et al., 2016; Zeisel et al., 2015). The discovery of
specific expression signatures in the various M® subsets in the CNS may be due to the
profound effect of the local microenvironment, pointing to the different roles of CNS M® in
homeostasis and defence. In this part, I will focus on recent findings in regulation of

microglia development and the role of microglia during neurodegenerative disease.
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Figure 12: The localization and genetic signature of CNS macrophages.

CNS M® can be distinguished from monocytes by the expression of Ly6C, a marker present
on monocytes but not on CNS M® (Prinz et al., 2017).
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1.2.2. The development of microglia

The population of parenchymal microglia in the adult murine CNS accounts for 5% to 12%
of the total number of glial cells and varies the different brain regions analyzed (from 22 to
165 cells/mm?) (Aguzzi et al., 2013). Contrary to neurons and glia that derive from the
neuroectoderm, microglial cells originate from the YS mesoderm. By crossing the Runx 1™
mice with floxed Rosa26 reporter mice and performing tamoxifen-mediated induction at
different time points Ginhoux et al (Ginhoux et al., 2010) strongly demonstrated that the
Y S-derived primitive M® population that initially present at E7.5 is the major source of the
resident adult microglia (Fig 13). The transcription factor c-Myb is required for the
development of definitive hematopoiesis (Tober et al., 2008), and for the maintenance and
renewal of HSC-derived myeloid cells (Schulz et al., 2012). Nevertheless, microglial pool is
unaffected in c-Myb-deficient embryos, confirming that they derive from the earlier YS
population (Schulz et al., 2012). It was further proved that the development of
c-Myb-independent microglia requires the transcription factor Pu.l, as well as Csfir

(Ginhoux et al., 2010; Kierdorf et al., 2013).

Microglia populate the CNS during early embryogenesis: M® progenitors are initially found
in the neuroepithelium of mice at E8.5-10, with substantial numbers being detected in the
fourth ventricle at E10.5. From E11.5, they start to invade the cortex (Swinnen et al., 2013).
Specifically, M®/microglia cells cluster in the pial surface of the cortex and within the
lateral ventricles at E12.5, the onset of this migration process. Afterwards, they become
randomly distributed throughout the cortical wall, except for the cortical plate region in later
embryonic ages (Swinnen et al., 2013). However, to date, little is known about how
microglial migration, recruitment and positioning into the cortex are regulated during
embryonic CNS development. Recent studies showed that the ablation of the basal
progenitors that express the chemokine SDF1/Cxcl12" in the subventricular zone affects
CX3CR1" microglia recruitment into the ventricular/subventricular zone (Ao et al., 2014),

suggesting that neural progenitor cells may orchestrate the migration and positioning of
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microglia into the cortex during embryonic development. Moreover, researchers recently
found that in zebrafish, neuronal apoptosis attracts committed microglial precursors into the
brain via specific routes in a blood circulation-independent fashion (Casano et al., 2016; Xu

et al., 2016), further confirmed the regulatory roles of neural cells in microglial colonization.

Following migration, the number of microglial cells present in the cortex significantly
increased up to E17.5 and they continuously proliferate until postnatal (P) days P14
(Nikodemova et al., 2015; Swinnen et al., 2013). It has been reported that the number of
microglia increase 20-fold during the period extending from PO to P11 (Prinz and Priller,
2014). Interestingly, after an initial increase during the first two weeks, microglial numbers
in mouse brain were found to decline from P15 and the pool of microglia was reduced by
half by 6 weeks of age (Nikodemova et al., 2015). During this period, microglia also undergo
morphological transformation, characterized by the transition from an amoeboid to a
ramified morphology (Zusso et al., 2012). In general, ramified cells have small somas and
extensive arborized processes that are necessary for the active surveillance function of
microglia. Following this step, the density of microglial cells remained remarkably stable in
the vast majority of brains areas by the spatial and temporal coupling of proliferation and
apoptosis, with little change from the young (4-6 months) to the aged (18-24 months) mice
(Askew et al., 2017). The adult microglia population was found to possess the potential for
efficient self-renewal without the contribution of peripheral myeloid cells (Askew et al.,
2017). Using a new Cx3crI“"*®-based system to conditionally deplete the microglial cells in
adult mice, Bruttger et al. recently found that the microglial compartment could reconstitute
within 1 week following depletion. This restorative processes, which was independent from
BM-derived precursors, relied on the proliferation of CNS-resident microglia, mediated by

the interleukin-1 receptor (IL-1R) signaling pathway (Bruttger et al., 2015).
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Figure 13: Microglial origin and development.

Microglia originate from primitive M® progenitors that are generated by the embryonic YS
during development (prior to E8.5) and enter the brain rudiment via the circulatory system.
These progenitors surround the neuroepithelium of the developing brain around E9.5 and one
day later enter the neuroepithelium and begin to colonize the CNS parenchyma. Microglia at
this stage of development have an amoeboid rather than a ramified morphology. Microglia
become completely ramified throughout the brain by postnatal day 28. c-Myb-independent
microglia are Pu.l and CsfI-r dependent (Nayak et al., 2014).
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1.2.3. Factors that regulate the development of microglia

During embryonic development, Y S-derived M® progenitors colonize to the brain and give
rise to parenchymal microglia. The developmental program of microglial cells has been
shown to be controlled by various molecules, including transcription factors, growth factors,
and chemokines, among others (Table 2). For example, signaling via CSF1R plays essential
roles in microglial development. CSF1R (Colony Stimulating Factor 1 Receptor) is a
tyrosine kinase transmembrane receptor that is expressed on mononuclear myeloid cells
throughout the body (Chitu and Stanley, 2006). The deficiency of CsfI or Csf1r results in the
dramatic reduction in the number of microglia (Ginhoux et al., 2010). Moreover, microglial
pool is more profoundly affected by the absence of CSF1R than by the absence of CSFI,
suggesting the presence of the complementary ligand for CSFIR. Of note, IL-34, which is
principally produced by neurons, has recently been identified as a second ligand for CSF1R.
Wang et al showed that the mutation of IL-34 results in a 20% of reduction of brain
microglia. Interestingly, the most notable reduction of microglia populations was observed in
the cerebral cortex, hippocampus, and corpus callosum, suggesting a regional heterogeneity
of CSF1 and IL-34 expression (Wang et al., 2012). RUNXI1 interacts with the CCAAT
enhancer-binding protein to regulate the expression of Csfir, promoting the development of
M®, including microglia (Zhang et al., 1996). Besides this, a recent study uncovered a novel
function of RUNXI1 in postnatal microglia by showing that it not only controls the
proliferation but also the activation and maturation of postnatal microglia (Zusso et al.,

2012).

The transcription factor Interferon Regulatory Factor 8 (IRF8) also has a direct impact on
microglial development. A recent study linked IRF8 to microglia development, finding that
the number of microglia is strongly reduced during adulthood in IRF8” mice due to a defect
in the survival and maturation of YS-derived myeloid progenitors during embryonic
development (Kierdorf et al., 2013). Thus, it is conceivable that IRF8 participates in the

development of microglia, at least partly, by regulating apoptosis-related genes.
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The transcription factor PU.1 is also an indispensable regulator of microglial development
during ontogeny in mice. Indeed, the differentiation and maturation of YS-derived
progenitors were found to be dependent on the presence of PU.1, since mice deficient in

PU.1 completely lack M®, including the microglia population (Kierdorf et al., 2013).

Table 2: Microglia phenotypes in animals lacking specific molecules (Prinz and Priller,

2014)

Absent molecule Microglia morphology Microglia number
CSF1 ) \J

CSF1 receptor U 4

DAP12 ND \J

Interleukin-34 ND {2

IRF8 J —orl
Transcription factor NA !

PU.1

RUNX1 ) ND

! indicates a either dysmorphic or reduced number of microglia; — indicates no change.
CSF1, colony-stimulating factor 1; DAP12, DNAX-activation protein 12; IRF8, interferon
regulatory factor 8; NA, non-applicable; ND, not determined; RUNX1, runt-related
transcription factor 1.

1.2.4. Physiological roles of microglia

As the resident M® of the CNS, microglial cells are known to be indispensable for normal
brain development and defects in microglia function is thought to play a roles in the
development of neuropathologies. In addition, major recent discoveries have revealed that
microglia actively interact with neurons during both embryonic and postnatal development
and can modulate the fate and functions of synapses in the adult CNS (Colonna and
Butovsky, 2017; Wake et al., 2013; Wu et al., 2015). Disruption of the interactions between
microglia and neurons has been shown to result in a severe negative impact on CNS

development and function. Thus, microglial cells originating from YS-derived myeloid
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precursors contribute to the establishment and maintenance of the normal nervous system by
phagocytosis, removing dying or dead neuronal cells, as well as potentially influencing the

formation and maturation of neuronal networks (Fig 14).

1.2.4.1 Phagocytosis

During both embryonic and postnatal development, the CNS undergoes a massive
programmed cell death, which is necessary for the maintenance of tissue homeostasis and for
the formation of proper neuronal circuits. The clearance of apoptotic neural cells is achieved
by microglia, which englulf the cells debris. Importantly, during neurogenesis, this process
occurs without initiating an inflammatory response (Hristova et al., 2010; Marin-Teva et al.,
2004; Takahashi et al., 2005). This phagocytosis process is mediated by so-called “find-me”
and “eat-me” signals (Fig 14A). Apoptotic neurons release several “find-me” signals,
including the lipid lysophosphatidylcholine, CXCL12, sphingosine 1 phosphate, as well as
the nucleotides ATP and UTP, to recruit microglia to actively participate in phagocytosis.
Once microglia cells have migrated to the source of the “find-me” signals, they are
stimulated by “eat-me” signals that are usually exposed ligands on apoptotic cells. The
phosphatidylserine is the most evolutionary conserved ‘“eat-me” signal, which prompts
phagocytes to engulf the cells. Other “eat-me” signals for microglia have been well described
in details such as soluble fractalkine (CX3CL1) and lysophosphatidylcholine. Moreover, the
hydrolyzate of UTP, UDP, was shown to directly bind P2Y6 microglial receptors and
facilitate phagocytosis. Microglia were also found to induce the programmed cell death of
neuronal cell by releasing mediators during development (Fig 14A). An example of this was
observed in the retina of the developing chick eye, where retinal nerve cells became
apoptotic due to microglia-induced release of nerve growth factor (Frade and Barde, 1998).
Additionally, programmed cell death of neurons in the developing murine hippocampus was

found to be triggered by microglia. In this region, microglia released reactive oxygen species
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in a CD11b-dependent and DNAX activation protein of 12 kDa (DAP12)-dependent manner

that induces neuronal death (Wakselman et al., 2008).

1.2.4.2 Maintenance of neuron survival

In addition to the elimination of dying or dead cells, microglia also contribute to promotion
of neuronal survival by releasing neurotrophic factors to the surrounding cellular milieu. By
using Cd11b-DTR mice and CX3CR1 knockout mice, Ueno et al (Ueno et al., 2013) recently
evidenced that insulin-like growth factor-1 (IGF-1) released by activated microglia promotes
the survival of cortical neurons (layer V) at early postnatal stages (Fig 14D).
Immunohistochemical analyses revealed that early after birth (postnatal days 1 to 7),
microglia accumulate along subcerebral and callosal axon fibers and that either IGF-1
inhibition or the depletion of microglia promoted cell death of cortical neurons on the
trajectory of layer V pyramidal cell axons (Ueno et al., 2013). In addition, CX3CR1
deficiency or IGF-1 inhibition in microglial cells similarly led to death of layer V cortical
neurons (Ueno et al., 2013), suggesting that the supportive role of microglia for neural
survival may be mediated partly by fractalkine signaling (i.e., CX3CL1-CX3CRI) and IGF-1

release.

1.2.4.3 Control of synaptic function

Other trophic factors secreted by microglia including basic fibroblast growth factor,
hepatocyte growth factor, epidermal growth factor, platelet-derived growth factor, nerve
growth factor, and brain-derived neurotrophic factor (BDNF). These factors were shown to
play significant roles in neuronal development, maintenance, and function throughout life
(Coull et al., 2005; Tong et al., 2012). For example, the formation and functional maturation
of synapses function depends on trophic factors and synaptogenic signals derived from

microglia (Fig 14C). Lim et al (Lim et al., 2013) found that microglial IL-10 can promote
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the formation of new synapses in cultures. Moreover, under conditional removal of BDNF

specifically in microglial of CX3CRI“ R

mice, Parkhurst et al (Parkhurst et al., 2013)
evidenced that microglial BDNF facilitates learning-related synapse formation, increases
neuronal tropomyosin-related kinase receptor B phosphorylation and controls the expression

of synaptic proteins, suggesting an important role for microglial BDNF in regulation of

synaptic plasticity and function.

1.2.4.4 Synaptic pruning

During postnatal development, microglial phagocytic activity is also crucial for synaptic
homeostasis. The stripping of neuronal synapses by microglia is achieved through several
mechanisms. The complement system appears to be involved in the processes of synaptic
pruning by microglial cells (Fig 14B). The complement protein cascade, Clq and C3, are
expressed in neurons and localizes to unused synapses for microglia recognition via C3
receptors (CR3; a heterodimer of CD11b and CD18) or for direct lysis via the complement
cascade. Mice lacking CR3 or C3 showed defects in synaptic elimination, resulting in
sustained synaptic connectivity (Stevens et al., 2007). The fractalkine signaling
(CX3CR1-CX3CL) also plays important roles in microglia-mediated synaptic pruning
(Rogers et al., 2011; Zhan et al., 2014). CX3CL is a transmembrane glycoprotein expressed
on the neuronal surface that can also be released as a soluble molecule after proteolytic
cleavage. By following the fate of representative pre- and postsynaptic proteins, Paolicelli et
al found that the engulfment of PSD95-immunoreactive postsynaptic densities was

significant decreased in CX3CRI1 deficient mice (Paolicelli et al., 2011).
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Figure 14: Main microglial functions during CNS development.

(A) Phagocytosis of apoptotic neurons expressing “eat-me” signals (red) and induction of
neuronal apoptosis through different signaling pathways (blue). (B) Pruning of
supernumerary weak synapses tagged by proteins of the complement cascade. (C) Formation
of new synapses mediated by BDNF or IL-10 signaling. (D) Survival of layer 5 pyramidal
neurons through the release of IGF-1 in the white matter (adapted from Mosser et al., 2017).
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1.2.5 Microglial dysfunction is involved in neurodevelopmental defects

Owing to the fact that microglial cells actively contribute to the establishment and functional
maturation of neuronal networks during development, microglia dysfunction may have
long-term consequences on the structure and function of these networks, and thereby
contribute to the risk for neurodevelopmental disorders. Neurodevelopmental disorders are a
group of behavioral disorders whose onset occurs early in life. These disorders mainly
comprise autism and schizophrenia spectrum disorders, intellectual disability, and attention

deficit hyperactivity and obsessional compulsive disorders.

1.2.5.1 Autism spectrum disorders

Autism spectrum disorder (ASD) arises during the early childhood with a heterogeneous
presentation that is typically associated with repetitive behaviour and significant lifelong
cognitive, social skills and communication impairments for the individual. The deficiency in
the synaptic pruning during synaptic maturation has been investigated and may explain some
of the behavioural and circuit-level deficits found in autism. Mice lacking the CX3CR1
receptor displayed a superabundance of weak excitatory synapses due to impaired
elimination of immature synaptic connections during the second and third postnatal weeks
(Paolicelli et al., 2011). CX3CRI1 deficiency in adult mice also affected synaptic multiplicity,
functional long-range connectivity, social behavior, together with increased
repetitive-behavior phenotypes, suggesting that primary defects in the microglial cells may
result in circuit-level deficits across neurodevelopmental disorders, including autism (Zhan

etal., 2014).
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1.2.5.2 Rett syndrome

Rett syndrome is an X-linked ASD that caused by mutations in the X chromosomal gene
methyl-CpG-binding protein 2 (MeCP2). Loss of function of MeCP2 increased the
production and release of glutamate in microglia, resulting in the neurotoxicity in vitro. In
the Rett syndrome mouse model, Derecki et al (Derecki et al.,, 2012) reported that
transplantation of wild-type bone marrow into lethally irradiated Mecp2-null mice led to the
arrestment of disease progression, due to the restoration of microglial phagocytic activity
against apoptotic targets. The reduction of Rett syndrome pathology mediated by wild-type
microglia was attenuated when the phagocytic activity was inhibited, suggesting the
important role of microglial phagocytic activity in Rett syndrome. However, whether BM
transplantation is a potentially effective therapeutic approach for patients with autism is a
matter of debate. Wang et al (Wang et al., 2013) replicated and extended the BM
transplantation experiments in three different Rett syndrome mouse models, but found that
despite robust microglial engraftment, BM transplantation from wild-type donors failed to

arrest early death or ameliorate neurological deficits.

1.2.5.3 Obsessional compulsive disorders

Obsessional compulsive disorders (OCD) are characterized by persistent thoughts and
repetitive behaviors. In the mouse, OCD can be studied by examining grooming behavior
that serves diverse physiological functions (Weingarden and Renshaw, 2015). The gene
Hoxb8 was first found to be necessary for normal grooming behavior in mice (Greer and
Capecchi, 2002). By specifically deleting the Hoxb8 gene, Greer and Capecchi found that the
resultant knockout mice display excessive (pathological) grooming behavior in an
obsessive-compulsive behavioral pattern that lead to hair loss and self-inflicted skin lesions
(Greer and Capecchi, 2002). In addition, they further demonstrated that, within the CNS,
Hoxb8 1s expressed only by a subset of microglia (or their progenitors). Moreover, this

aberrant behavioral pattern could be partially corrects by a reconstitution therapy involving
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the transplantation of wild type bone marrow cells into irradiated Hoxb8” mice (Chen et al.,
2010). These results pointed to a crucial role for microglia in the development of
neuro-behavioural defects and to the existence of microglia subsets controlling specific
neuronal circuits. It also confirmed the capacity of bone marrow-derived progenitors to

complement the microglia pool under pathological conditions.
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1.3. Transcription factor Lyl-1 in hematopoiesis

1.3.1 Lyl-1 function in leukemia

The Lyll gene, which encodes a bHLH transcription factor, was originally identified at
chromosomal translocation loci [t(7;19)(q35;p13)] from some cases of T-cell acute
lymphoblastic leukemia (T-ALL) (Mellentin et al 1989). Lyl-1 is a Class II bHLH protein
that is expressed in a tissue-specific manner. Its homologous bHLH motif is shared with
other family members and it is responsible for protein-protein, as well as protein-DNA
interactions (Jones, 2004). Unlike Class I bHLH proteins, Class II bHLH transcription
factors activate or repress transcription by binding to target gene sequences as heterodimers
with E-proteins (Wang and Baker, 2015). Lyll has been shown to form heterodimers with

the E-protein E2A/TCF3 (Miyamoto et al, 1996).

The involvement of Lyl-1 in leukemia has been extensively documented. 30% of Lyl-1
overexpressing transgenic mice displayed a T- or B-cell malignant lymphomas after an
average latent period of 352 days, providing direct evidence that an aberrant expression of
Lyll plays a role in lymphomagenesis (Zhong et al., 2007). Moreover, the fact that
overexpression of Ly/l in mouse BM cells resulted in T-cell expansion in the peripheral
blood further evidenced that Ly// has the potential to induce leukemia development (Lukov
et al.,, 2011). Lmo2 protein is an oncogenic transcription factor that is frequently
overexpressed in T-ALL and its binding capacity to DNA sequences depends on the
recruitment of Lyl-1 (Wadman et al., 1994). By using the Lmo2-transgenic mice lacking
Lyl-1 in the thymus, McCormack et al (McCormack et al., 2013) found that Lyl-1 is required
for the leukemic activity of Lmo2, including aberrant self-renewal of thymocytes, and
subsequent generation of T-cell leukemia, suggesting that Lyl-1 is the critical bHLH cofactor
for Lmo2 in leukemia. Additionally, Zohren et al (Zohren et al., 2012) indicated a distinct
mechanism for the involvement of Lyl-1 in T-ALL, via the control of the T-progenitor pool.
The production of lymphoid-primed multipotent progenitors (LMPP), CLPs and early T

lineage progenitors (ETPs) were severely inhibited in Lyl-1 knockout adult mice.
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Lyl-1-deficient ETPs and thymocyte progenitors at the CD4-CD8-double-negative 2 stage
displayed more apoptosis, blocked differentiation and impaired population expansion. ChIP
assays performed in the mouse HPC-7 hematopoietic progenitor cell line, further showed
that Lyl-1 directly binds to an enhancer located 35 kilobases upstream of Gfil. Lyl-1
regulation of Gfil expression at the LMPP and ETP stages was shown to promote T cell

lymphopoiesis (Zohren et al., 2012).

In addition to its involvement in T-ALL induction, Lyl-1 was also found to be a potential
oncogenic factor for acute myeloblastic leukemia (AML) formation. Ly/-/ was highly
expressed in most AML cell lines and in CD34+ AML cells. Moreover, overexpressing Ly!/-1
in K562 and U937 cell lines led to an increased growth rate and clonogenic potential (Meng
et al., 2005). In addition, forced expression of Lyl-1 in K562 cells resulted in enhanced
spontaneous and hemin-induced erythroid differentiation but blocked spontaneous as well as
PMA-induced megakaryocytic differentiation. By performing the antibody supershifting
experiments, San-Marina et al (San-Marina et al., 2007) found that Lyl-1 indirectly interacts
with the cyclic AMP receptor element binding protein 1(CREB1) that is a widely-expressed
transcription factor and a suspected oncogene in AML. Lyl-1 can alters the expression of
CREBI target genes, suggesting a direct role in the malignant phenotype by occupying
different promoters. San-Marina et al (San-Marina et al., 2012) further identified that those
two suspected oncoproteins, CREB1 and Lyl-1, can co-regulate the expression of Stathmin
(STMNI1) by directly binding to its promoter regions. STMNI1 is a microtubule destabilizing
protein with a key role in cell cycle progression and cell migration that is over-expressed in
AML. It is therefore suggested that the interactions between CREBI-LYL1-STMNI1 may

contribute to the malignant phenotype.
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1.3.2 Functional roles of Lyl-1 in hematopoiesis

So far, two Lyl-1 allele mutant transgenic mice models have been generated to investigate
the role of Lyl-1 in hematopoiesis (Fig 15). The first Lyl-I knockout mouse model
(Lyl-1"*%) was generated through homologous recombination (Capron et al., 2006). In these
mice, part of Lyl-1 coding region was replaced by the LacZ reporter gene. The LacZ gene
was inserted within the sequence encoding the first helix of Lyl-1 HLH domain, in exon

LacZ allele encodes a C-terminally truncated Lyl-1 protein fused

four. Consequently, this Ly/-1
to B-Galactosidase (B-Gal) (Capron et al., 2006). As Lyl-1"““ keeps all the 5° cis-regulatory
region of Lyl-1, the detection of B-Gal expression and/or activity in any cells is likely to
reveal the transcriptional activation of the Ly/-1 locus in wild-type mice. The second Lyl-1

knockout mouse model was generated by replacing the entire coding region of Lyl-1 with a

lox-P-flanked Neo cassette (refer to as Lyl-1"¢) (Souroullas and Goodell, 2011).

Lyl1 acZ
—{__—{IE-E—u lacZ [ _Neo }=
i _________ -—
WT locus 5 e
‘\‘~ l/
‘\\ ’/
Lyl1 M N~ 4

Figure 15: Schematic comparison of the two targeted alleles of Lyl1.

The Lyl-1"““ mouse model has a LacZ/Neo cassette inserted into the fourth exon of the gene,
disrupting the HLH and C-terminus, whereas the Lyl-1"¢ allele eliminates the entire coding

region (Souroullas and Goodell, 2011).

As stated above (§1.3), the loss-of-function of Scl/Tal-1, Lyl-1 paralogous transcription

factor, resulted in the embryonic lethality at E9.5 due to the absence of hematopoietic cell
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generation. In contrast, both Lyl- JlaczilacZ

null homozygous (targeting HLH domain) mice
and Lyl-1"¥™2 (targeting full coding sequence) mice were viable and fertile, with no obvious
developmental defects. However, adult HSCs from both strains displayed a defective
self-renewal, as well as a block in B cells differentiation (Capron et al., 2006; Souroullas and
Goodell, 2011). By using the Lyl-7*“ knockout mice, Capron et al (Capron et al., 2006)
found that Lyl-1 is not involved in the specification of HSCs. However, both FL- and adult
BM-HSCs from Lyl-1"**"“* animals displayed a severely impaired long-term reconstitution
capacity, an observation that was further confirmed in Lyl-1 Me/Me knockout mice (Souroullas
and Goodell, 2011). Furthermore, although Lyl-1 does not compensate for Scl/Tal-1 in HSC
specification processes, Souroullas et al (Souroullas et al., 2009) showed, using Scl/Lyl-1
conditional double knockout mouse models, that lyl-1 and Scl/Tal-1 shares some level of

functional redundancy in HSC survival and that Lyl-1 plays a critical role in adult HSC

maintenance.

Lyl-1 was also shown to play definite, but distinct, roles in BM- and spleen-derived
erythropoiesis (Capron et al., 2011). The BM and spleen erythroblasts had a quite different
Lyl-1 expression pattern. In the spleen, Lyl-1 was expressed at a very high level in immature
erythroblasts, but its expression level was decreased during differentiation, whereas in the
BM, erythroblasts expressed low level of Ly/-1 gene in immature erythroblasts, while this
expression increased during differentiation. Moreover, in the BM, Lyl-1 deficiency resulted
in decreased erythropoiesis with a partial block in the differentiation, and an enhanced
apoptosis associated with decreased Bcl-x; expression. In contrast, erythroid progenitor and

LacZ/LacZ

precursor cells were significantly increased in the spleen of Lyl-1 mice.

1.3.3 The expression pattern of Lyl-1 during hematopoietic ontogeny

During ontogeny, Scl/Tal-1 is required for hematopoietic cell generation, both in the YS and

in the intra-embryonic compartment. Considering the similarities between Lyl-1 and
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Scl/Tal-1, our group investigated the expression pattern of Ly/-/ in mouse embryos from E7
to E14 using in situ hybridization, as well as p-Gal expression in Lyl-1**“ knock-in embryos
and meanwhile compared Lyl-1 expression pattern with that of Sc//Tal-1, with particular

emphasis given to developmental hematopoiesis (Giroux et al., 2007).

Overall, Lyl-1 was shown to be specifically expressed by derivatives of the hemangioblastic
mesoderm, as it is only expressed by endothelial, endocardial and hematopoietic cells during
embryonic development. Additionally, a comparison between the expression patterns of
Lyl-1 and Scl/Tal-1 revealed a largely overlapping pattern, in the developing vasculature and
endocardium and, within the developing hematopoietic system, in the sites of emergence of
intra-embryonic HSCs, in the FL and spleen, and the absent expression in the thymus..
However, the expression patterns of these two genes differed in several instances: (1) unlike
Scl/Tal-1, the Lyl-1/B-Gal protein was not expressed in YS-blood islands during
vasculogenesis and primitive erythropoiesis, so that the endothelial expression of the
Lyl-1/B-Gal protein was restricted to the intra-embryonic compartment and allantois; (2)
Lyl-1 did not share Scl/Tal-1 neuronal expression (van Eekelen et al., 2003). Altogether,
these data suggested that Lyl-1 most probably plays roles in the development of
hematopoiesis that was further investigated in our team. My research project focused on the
first steps of this hematopoietic development, investigating Lyl-1 function in YS

hematopoiesis.
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2 RESULTS

Functions of the transcription factor Lyl-1 in

the development of the macrophage lineage
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2.1. Summary

The majority of the results presented here are developed and illustrated in the paper to be
submitted. The data that are not presented in this article will be detailed in the second part of

the result section and are referred to as additional data.

2.1.1. Lyl-1 expression characterizes primitive macrophage progenitors

from the first of YS-derived wave.

During embryogenesis, there is a conserved program of HSC-independent hematopoiesis that
precedes HSC function and is required for embryonic survival. This early, HSC-independent,
hematopoiesis consists of two waves to produce hematopoietic cells. The first wave of
hematopoiesis contains primitive erythroid, megakaryocyte and M® progenitors that arise in
the YS at E7-7.5, well before HSC formation. A second wave of multi-potential EMp also
arises in the YS. EMp first emerge at E8.25-E8.5 and increase in numbers in the YS by E9.
Because progenitors from these two waves are mixed in the systemic circulation, their
relative contribution to embryonic hematopoiesis remains elusive. Lyl-1 is a bHLH
transcription factor that is closely related to Scl/Tal-1. Scl/Tal-1 is proved to be required for
specification of YS hematopoiesis, as well as definitive HSCs. Moreover, by using the
Lyl-1"““ strain, we previously showed that Lyl-1 expression pattern during ontogeny largely
overlaps with that of SCL/Tal-1, indicating that Lyl-1 may play a role during developmental

hematopoiesis.

To investigate this hypothesis, we first assessed whether Lyl-1 plays a role in YS
hematopoietic cells development. We submitted to clonogenic assay Lyl-1-*“"
Lyl-1 WIkacZ and wild type E8-YS, which were organ cultured for 1 day (OrgD1). Because the
YS is dissected before circulation is established, this culture system also to specifically

analyze progenitors originating from the YS. Moreover, the organ culture step allows the
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development of progenitors from the two YS waves, making this culture system adapted for
initial investigation on gene deletion effect. We found that Lyl-1 disruption significantly
increased the production of M® progenitors, while the yield of other progenitors types,
including GM progenitors and EMp, was not modified. The size of Lyl-1"*“"** and
Lyl—]WT/ LacZ M@ colonies as well as the cell morphology was similar to those observed in

wild type colonies.

We next investigated whether Lyl-1 invalidation similarly affected the M® population
derived from the differentiation of intra-embryonic HSC. At E10-10.5, the AGM contains
newly generated HSC and YS-derived hematopoietic cells that have colonized the
intra-embryonic compartment through the blood flow. These YS-derived cells include
mature M®, as well as progenitors endowed with M® potential, such as committed M®, GM
and EMp progenitors. To specifically assess the differentiation potential toward the M®
lineage from AGM-HSC, wild type, Lyl-1""**? and Lyl-1******* AGM cells were cultured
on OP9 to allow their differentiation. After 4 days of culture, the number and type of
progenitors produced was further characterized through clonogenic assays. Contrary to what
was observed for E8-OrgD1-YS, wild type and Lyl-1 mutant AGM gave rise to similar
numbers of M® progenitors, as well as GM and EMp. Moreover, the amount of CD11b" and
F4/80" M® produced was similar in the three genotypes at various time points of the culture.
These data together suggested that Lyl-1 does not regulate M® production from

intra-embryonic HSC, as it does in the early YS (See additional data).

During YS development, M® develop from c-Kit'CD31'CD45  progenitors (C subset),
which subsequently acquire CDI11b and CD45 expression (Al subset). Further MO
differentiation is characterized first by c-Kit down-regulation (A2 subset), then by the
concomitant down-regulation of CD31 and up-regulation of CX3CR1 and F4/80 (A3 subset).
Because of the effects on YS-M® production we found in Lyl-/**“ mice, I analyzed the
phenotype and relative distribution of the M® subsets in WT and Lyl-1 mutant E8-OrgD1
and in E9-YS by cytometry analysis. I also used FACS-Gal assay, as a reporter for Lyl-1

expression, this assay allows the flow cytometry characterization of cells that display a B-Gal
53



activity using its fluorescent substrate (FDG). I showed that mutant E8-OrgD1 or E9-YS
harbored a large CD45™¢™ subset within the CDI11b'CD31° (A1-A2 progenitors)
population. This subset was absent from WT E9-YS and was no longer observed after E9.5
in the three Lyl-1 genotypes. Importantly, this transient C to Al intermediate subset was

demonstrated to be 100% Lyl-1 positive.

Previous results showed that YS generates two M® waves: the first YS-derived M® wave,
also called primitive M®, originates from monopotent M® progenitors that appear at
E7.5-E8, in the absence of upstream progenitors, such as GM and EMp, and the second wave
of YS-derived M® is that EMp give rise to the definitive M®. M® from the first and second
Y S-derived waves cannot be distinguished by their phenotype. Moreover, they rapidly mix
within the Y'S, and soon after within the systemic blood flow. Consequently, the specific
features of primitive M® have not yet been characterized in detail. So I first assessed Lyl-1
expression in M® progenitors at E9, a few hours before EMp emerge, using FACS-Gal
assay. 1 found that the vast majority of c-Kit'CD45'CD11b" primitive M® progenitors
expressed Lyl-1. Interestingly, few hours later (E9-9.5), Lyl-1 negative M® progenitors were
also detected in the YS, suggesting that two distinct M® progenitors pool can be

discriminated by Lyl/-1 expression.

As stated above, Lyl-1 deficiency only affects M® production in the early YS (E8 OrgDl1
and E9), but does not do that in the intra-embryonic HSC population. Moreover, the YS
generates two M® waves, so that E9-9.5 YS harbors both primitive M® progenitors from the
first wave and M® progenitors from the second wave, which originate from the myeloid
differentiation of GM and EMp. A substantial Lyl-1/FDG expression in M® progenitors was
detected from Lyl-1"““**? E8-OrgD1-YS (C-Al) or E9-YS (C-A1-A2), whereas only a
subset of M® progenitors from E9-E9.5 YS expressed Lyl-1. Therefore, we proposed that
these Lyl-1 positive M® progenitors might represent the primitive ones that are present at
earlier stages. Unfortunately, M® progenitors of the first and second YS waves cannot be
discriminated by their phenotype, so that the only possible way to assess whether Lyl-1 HLH

deletion specifically targets one M® progenitors population was to use their different
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kinetics of appearance, despite the reduced number of progenitors present. The first GM and
EMp appear in the YS at the 3-5S-stage. We therefore analyzed B-Gal activity in Lyl-1 Wilkacz
E8-YS, at the 0-5S stage. We found that at a stage when the YS only harbors primitive M®
progenitors within the myeloid lineage, all CD11b'CD31" primitive M® progenitors
expressed Lyl-1. Additionally, we also sorted the Lyl-1/FDG positive and negative fractions

from Lyl—l WT/LacZ

E8-YS and submitted to clonogenic assays. We found that most
hematopoietic progenitors were included in the FDG negative fraction. However, nearly all
M® progenitors were consistently present in the FDG positive fraction. The clonogenic
assays also showed that less than one GM and EMp progenitor per YS were detected at the
0-5S-stage, in both wild type and mutant YS, confirming that the assay was performed at a
time when it is possible to discriminate primitive M® progenitors from M® progenitors
derived from the second, EMp-derived, YS wave. We also observed in each experiment a

2-3-fold increase in the percentage (and absolute number per YS) of primitive M® colonies

obtained from both Lyl-1""**% and Lyl-1**“"*? YS compared to wild type.

To get stronger evidence, I tested the hematopoietic potential of Lyl-1 positive progenitors
versus that of negative progenitors from later developmental stage. Specifically,
FDG'/Lyl-1" and FDG7/Lyl-1" c¢-Kit'CD45'CD11b" progenitors were sorted from
Lyl-1 WILacZ £10-Y'S and submitted to clonogenic assay. Their progeny was compared to that
of E9 WT and Lyl-1""**“? YS that only harbors primitive M® progenitors. I found that
progenitors from E9-YS nearly exclusively produced M® colonies, while E10 YS also
generated GM and G colonies. Moreover, the majority of FDG/Lyl-1" progenitors only gave
rise to M® colonies, whereas FDG'/Lyl-1" progenitors also produced GM or granulocyte

colonies, which characterize their definitive type.

The results of the three approaches undertaken here correlate to show that Lyl-1 expression
discriminates the YS-derived primitive and definitive M® progenitors. Moreover, we find
that Lyl-1 function during normal development seems to negatively regulate the generation
and expansion of the primitive M® lineage, as shown by the increased production of C to Al

transition subset as well as the increased recovery of M® progenitors in Lyl-1““***YS,
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To further develop the results I gained from the in vifro and flow cytometry analyzes
mentioned above, we decided to perform RNA-Seq analyses to (1) determine the specific
features of primitive M®, compared to definitive M® from older embryos; (2) assess what is
the effect of Lyl-1 inactivation on the poorly known primitive M® population. The
information gathered from this RNA-Seq assay might provide long sought after information
on primitive M® population, and might shed a new light on the regulation of the properties
of embryonic hematopoietic progenitors. The overall experimental strategy and aims of this

ongoing RNA-Seq are shown in additional data.

2.1.2. Lyl-1 expressing primitive M® give rise to embryonic microglia.

The progeny of Lyl-1-expressing primitive M® progenitors may contribute to various MO
populations of the developing embryo. So I next questioned the contribution of Lyl-1
positive M® progenitors to the mature M® compartment, focusing on E10.5-YS, E10.5-FL,

as well as developing brain.

The relative contribution of primitive and transient definitive YS waves to the first steps of
FL development is still unclear. Using facs-Gal assay, I found that the E10.5-FL contain two
distinct M® progenitors discriminated by their Lyl-1 expression, confirming that primitive
M® population also colonize the FL during early embryonic development (See additional

data).

It was recently established through fate mapping experiments that microglia originates from
early YS-derived M®. However, as stated above, primitive and EMp-derived M® lineages
coexist in the YS so that their respective contribution to microglia was naturally questioned.

low

However, EMp and primitive M® progenitors share the same c-Kit'CD45°" phenotype and
are both present in the YS at the stages when fate map experiments were performed, so that
the respective contribution of primitive and EMp-derived definitive M® progenitors to the

developing microglia remains unclear. Using FACS-gal assay, I found that compared to
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E10.5-YS that comprised both FDG'/Lyl-1" and FDG/Lyl-1" M® progenitors, the brain
rudiment from the same embryos harbored mostly FDG'/Lyl-1" M® progenitors Moreover,
F4/80" M® from E10.5-YS also contained both FDG'/Lyl-1" and FDG7/Lyl-1" population,
while in E10.5 brain at, mature M® were exclusively FDG'/Lyl-1". These data strongly
suggest that the initial source for microglia development is YS-derived Lyl-1 positive

primitive M®.

As mentioned before, primitive hematopoiesis is preserved in embryos lacking the
expression of c-Myb, and the primitive wave is considered as c-Myb-independent for its
development. Moreover, the expression of c-Myb has been shown to be dispensable for the
development of microglia. Thus, to strengthen our conclusion about the primitive origin for
microglia, I performed qRT-PCR analyses to detect whether there is a discrepancy in c-Myb
transcript between Lyl-1 positive and negative M® progenitors population. The results
showed that YS-FDG'/Lyl-1-myeloid progenitors displays similar c-Myb levels as FL
definitive progenitors. In contrast, c-Myb levels in YS-FDG'/Lyl-1" and brain/head M®
progenitors were similar to that of E9-YS primitive M® progenitors, strengthening their

primitive status and lineage relationship.

2.1.3. Lyl-1 inactivation impairs M® maturation at early embryonic stage.

To obtain information on Lyl-1 function during M® development, I first used Cx3crl WI/GFP

mice to sort Al, A2 and A3 M® subsets from both E10.5-YS and brain and analyze Lyl-1
transcript levels during M® differentiation. I found that Lyl-/ mRNA levels were similar in
the YS and brain for each M® subset. The expression of Lyl-1 is maintained throughout
differentiation with a reduction from Al to A3, implying different Lyl-1 requirement during

M® maturation.

I also built up Cx3crlFLyl-1““ double mutant strain mice to more accurately check the

influence of Lyl-1 inactivation during M® differentiation. I had initially observed that the
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size of the whole M® population appeared similar in the three genotypes. But, using the
newly developed strains (Cx3er 1Lyl 7TV, Cx3cr1 TPy - Rac?IT,
Cx3cr1 MMyl jRae#tacz) T observed a reverse distribution of A1, A2 and A3 subsets in the
YS and brain, the YS containing mainly Al and A2 progenitors, while the brain contains
mostly mature M®. This suggests that the early brain is a favorable environment for M®

1Tyl 1"PT mice, there

maturation. The data also revealed that compared to Cx3cr
were more Al progenitor and less A3 mature M® in both YS and brain of
Cx3er1" "Lyl 14412 mutant mice. Thus, the results together suggest that Lyl-1

inactivation impairs M® maturation.

2.1.4. Lyl-1 controls embryonic microglia pool at two developmental

stages.

Previous evidence showed that the microglia compartment is established at around E11.5 and
maintained by local proliferation without circulating monocyte input under health condition.
So to detect whether Ly/-1 expression was maintained in microglia development, I measured

LacZ/LacZ .
acZ/LacZ 1 utant mice, as well

Lyl-1 mRNA levels in sorted microglia from wild type and Ly/-1
as LacZ activity by FACS-gal assay, at 6 time points (E12, 14, 16, PO, 15 and 42). Lyl-1
expression level increased following embryonic development and was highly enriched at P15
and 42 in wild type microglia. Lyl-1 expression was also maintained in microglia throughout

] LacZ/LacZ

embryonic development in Lyl- mutant mice. However, LacZ activity significantly

decreased at P15 and was only barely detected at P42 in mutant microglia.

To assess the effect of Lyl-1 on microglia development, I next investigated the kinetics of
microglia in wild type, Lyl-1""*% and Lyl-1"*“"*? mice from E9.5 to E14.5. Specifically,
the total number of brain cells was counted. Then the percentage of microglia was further
characterized through FACS analysis. Finally, the number of microglia per brain was

estimated by using the total numbers and percentages. I found that wild type and Lyl-1 Wilkacz
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mice show similar trend of microglia growth. Contrary to what was observed for wild type
and Lyl-1"""% Lyl-1"M%Z prajns  initially (E10.5-11.5) displayed an excess
(CD31°CD45'CD11b") microglia progenitors population, but these progenitors rapidly
resumed a normal distribution afterwards and steadily decreased after E14.5. In terms of
mature microglia, I found a significant reduction of F4/80" microglia in the brain of
Lyl-1"“"4Z mutant mice at E12 (See additional data), whereas the amount of microglia was
not influenced before E11, suggesting again that Lyl-1 inactivation impairs the proliferation
of microglia, but not of brain colonization. Although reduced microglia numbers were still
present in the mutants at E14, the population pool seemed to recover by itself. By using the

similar method, a reduced number of microglia in Lyl-1 mutants was also found at P0O-3.

To better understand the regulation mechanism of Lyl-1 in microglia development, 1 then
assessed microglia survival and expansion in wild type and mutant brain at these defective
time points. Analysis of the incorporation of the thymidine analog BrdU into microglia at
E12 showed more such incorporation in wild type subsets examined than in their mutants
counterparts, suggesting a lower proliferation rate in mutant microglia. In addition, analysis
of the binding of AnnexinV to microglia showed a similar frequency of apoptosis between
wild type and mutant cells at E12 and P0-3. Interestingly, the frequency of apoptotic cells
was lower in Lyl-1"*“"** mutants at E14. This finding might be one of explanations for

recovery of microglia pool in mutants after E12.

Combination of genetic depletion strategy and transcriptomic analysis suggested that
microgliogenesis is tightly regulated during development. As mentioned before, the
differentiation and proliferation of microglia are required for the CSF-1 receptor, which
plays roles through two ligands, CSF-1 and IL-34. Also, evidences have also showed that the
development of microglia is dependent on the transcription Pu.l and Irf8, etc. To further
define the Lyl-1 function during microglia development, I performed qRT-PCR on
embryonic (E12, 14, 16), postnatal (P0-3, 15) and adult microglia (P42). 1 quantified
transcripts from genes that are known to be involved in M®/microglia development and

differentiation (Cx3crl, Irf8, Csfl-r, Mafb, RunxI, Pu.l), as well as regulators of
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developmental hematopoiesis (Sc//Tal-1, Lmo?2) and related factors (7cf3/E2A, Tcf4/E2.2).
By analyzing genes regulated differentially in Lyl-/-deficient microglia compared to control
wild type, I found that several of the previously described microglia development-dependent
genes were down-regulated at specific stage following Lyl-1 deletion, such as Cx3crl at
E12, Imo2, Csfl-r and Irf8 at both E12 and P0O. More interestingly, I found that the
expression level of Mafb, which controls microglia self-renewal in the adult, was
significantly decreased in mutant cells around birth. One possible explanation is that
microenvironment drives activation of microglia self-renewal through down-regulation of
Mafb to compensate the microglia defects around birth. Notably, the stages which genes

were modified were consistent to the stages of impaired number of microglia.

2.1.5. Lyl-1-defective microglia induce social anxiety disorders

Microglia are thought to play key roles in brain development, homeostasis and function.
During development, they monitor and scavenge dying cells, pathogens and molecules,
engulf synaptic material to shape the synapse network through a pruning mechanism. So
that, impaired microglia function is considered to be involved in many neurodegenerative
diseases such as autism, schizophrenia or obsessive-compulsive disorders. Knockout of
chemokine receptor Cx3crl in mice leads to a transient reduction of microglia during the
early postnatal period and a disruption in microglia -mediated synaptic pruning, resulting in
impaired functional brain connectivity and social behaviour. Considering that microglia play
key roles in neurogenesis, we wanted to know whether Lyl-1 disruption in microglia could

impair neurodevelopmental processes.

It is well documented that microglia produce and secrete cytokines, including ILs, tumor
necrosis factors (TNFs) and so on, that are involved in cellular communication, regulate
inflammation and immune responses, and cell growth, survival and differentiation. I checked

the transcript levels of three important cytokines genes (IL-1f, IL-6 and TNF-a) in
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microglial cells from wild type and Lyl-1 mutants mice at PO and P15. The qPCR results
showed that the gene expression levels of these three cytokines are much lower in the Lyl-1
mutants at P15, suggesting impaired functions in Lyl-1 deficiency microglia (See additional

data).

We also set collaboration with Marco Prinz’s group in University of Freiburg, Germany, to
further understand the consequence of Lyl-1 inactivation in adult mouse. My part in this
collaboration was to prepare the tissue samples for the analyses performed in Marco Prinz’s
group. The counting iba+ microglia cell number on brain slices correlated with our
quantification by cytometry analysis to show a reduced microglia number in the newborn,
but not in E14.5 and adult mutants. Moreover, they evidenced that newborn microglia is
dysmorphic. Their major discovery came from behaviour analyses of adult mutants that
evidenced impaired social behaviour. Lyl-1 implication in autism syndrome disorder was
further confirmed by functional magnetic resonance imaging experiments, showing that

Lyl-1 mutant show hyperactivity in the various brain area involved in social anxiety.

2.1.6. Possible involvement of Lyl-1 defects in other neurologic diseases

We have been collecting information from bibliographic and database to assess whether
Lyl-1 is also involved in human microglia in normal and pathological condition. The
information so far obtained confirmed the expression of Lyl-1 in human microglia, but did
not so far provide clear-cut evidences for Lyl-1 involvement in autism syndrome disorders,
as well as in Alzeimer's disease. It however points to Lyl-1 implication in

neuro-inflammatory processes (See additional data).
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2.2. Result 1: Lyl-1 links microglia development to

neuropsychiatric disease (Article in preparation)

Shoutang Wangl*, Thomas Blank4*, Anna-Lila Kaushikl’*, Katrin Kierdorf3, Deshan Ren],
Gabriel Matheratl, Yann Léclusez, Hana Rasloval, Isabelle Plol, Marco Prinz3#, Isabelle
Godin'*

* # Equal contributions; # Corresponding Author

Summary

Microglia are tissue macrophages of the central nervous system that control tissue
homeostasis, and are crucially important for organ integrity. Neuropsychiatric diseases are
hallmarked by neuronal dysfunction and associated glial activation. Whether microglial
activation is causative or secondary in neurodevelopmental disorders is currently unclear.
Microglia are long-living cells entirely acquired during ontogeny from HSC-independent yolk
sac progenitors. Factors impairing YS development may thus eventually lead to
neuropsychiatric abnormalities. We show that the transcription factor Lyl-1 marks Y S-derived
primitive macrophages progenitors that produce the entire microglia pool. Lyl-1 disruption
alters the development of primitive macrophage and microglia, resulting in a functionally
impaired adult microglia. The synaptic pruning is disrupted leading to neuronal
disconnectivity, causing impaired social interactions with anxiety like behavior. We thus
identify Lyl-1 as a novel and critical regulator of primitive macrophage development, which
disruption impacts microglia development and functionality, leading to the development of a

distinct neuropsychiatric phenotype.
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INTRODUCTION

Microglial cells play pleiotropic functions in the normal and pathological brain. During
development, they are involved in the shaping of the synapse network through a pruning
mechanism, so that impaired microglial function is thought to be involved in the development
of disorders such as autism, schizophrenia or obsessive-compulsive disorders (Frinz and
Priller, 2014, Zhan et al., 2014). Fate map studies from several groups including ours
demonstrated that microglia develops from progenitors originating from the YS (Ginhoux et
al., 2010; Schulz et al., 2012, Kierdorf et al., 2013, Gomez Perdiguero et al., 2015), thus
confirming a developmental model that we had previously put forward (A//iot et al., 1999)

Blood cell production in the developing embryo results from the contribution of sequential
waves of haematopoietic progenitors, independently generated (Cumano and Godin, 2007).
Blood cells arise first from the yolk sac (YS) that rapidly supplies the embryo with erythroid
and myeloid cells from embryonic day (E) 7-7.5. The generation of progenitors for these
lineages occurs prior to the production of haematopoietic stem cells (HSC) in two distinct
waves.

Considering the macrophage (M®) lineage, the first YS-derived M® wave, called

Prim

primitive (M® ), originates from monopotent M® progenitors that appear at E7.5-E8, in the
absence of upstream progenitors as defined in the adult haematopoietic hierarchy (Palis et al.,
1999 Bertrand et al, 2005b), mnamely erythro-myeloid progenitors (EMp), then
granulo-monocytic progenitors (GM) that later constitute the forefathers of MF progenitors.
These EMp and GM progenitors emerge slightly later (E8.25) and give rise to the second

Pefy " as well as
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granulocytes (McGrath et al., 2015). M® from the first and second YS waves, which cannot
be distinguished by phenotype, rapidly mix within the Y'S, and soon after within the systemic

Prim

blood flow, so that the specific features of M® " remain poorly characterized. Consequently,
whereas it is now clearly established that microglia entirely derives from YS-derived M®
progenitors, the contribution of primitive vs. EMp-derived MF progenitors remains a matter of
debate.

Haematopoietic progenitors features, such as cell fate decision, progenitor maintenance
and differentiation, etc. are regulated by a transcription factor network that comprises
Tal-1/SCL, Lmo2, Runx1 and GATA-2, the major regulators of haematopoietic progenitors
development during ontogeny (FPina and Enver, 2007; Wilson et al., 2010). Tal-1/scl, Imo2
and gata-2 belong to a transcriptional complex, which also includes the basic helix-loop-helix
(bHLH) transcription factor lymphoblastic leukaemia-derived sequence 1 (Lyl-1). Like its
paralog tal-1/scl, lyl-1 was initially identified in chromosomal translocations leading to
paediatric T-cell acute lymphoblastic leukaemia, but contrary to Tal-1/SCL, which is
mandatory for the specification of all haematopoietic progenitors in the embryo (Curtis et al.,
2012), Lyl-1 functions during developmental haematopoiesis remains largely unknown.

] LacZ

Analysing YS Haematopoiesis in Lyl- mice, we discovered that Lyl-1 expression

Prim

discriminates M®™™ from EMp-derived M®"*' progenitors. These Lyl-1-expressing M®
progenitors were found to gives rise to the entire microglia, Lyl-1 transcripts being expressed

in primary microglia and not in other CNS cells. Lyl-1 inactivation leads to an increased

Prim

production of M® ™ progenitors in the YS, and to a decreased production of microglia at two

development time points (E12.5 and PO0-3). Remarkably, Lyl-1 inactivation in microglia
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impacts neurodevelopmental processes, as behavioural investigations pointed to social anxiety

disorder in Lyl-1 deficient mice.

Primitive M® progenitors, discriminated from EMp-derived M® progenitors by Lyl-1
expression, gives rise to the entire microglia pool

Targeting lyl-1 HLH domain (Lyl-1"““ strain (Capron et al., 2006)) or the full coding
sequence (Souroullas and Goodell, 2011) leads to impaired self-renewal of adult HSC,
defective lymphoid differentiation (Capron et al., 2006, Souroullas et al., 2009, Zohren et al.,
2012), as well as impaired endothelial cells maturation (Pirot et al., 2014). Lyl-1 expression
pattern during ontogeny essentially overlaps that of Tal-1/SCL: both factors are similarly
expressed in the developing cardiovascular and haematopoietic systems, suggesting that Lyl-1
may play a role during developmental haematopoiesis (Giroux et al., 2007). A requirement for
functional lyl-1 during developmental processes was also suggested by significantly decreased
litter size and increased perinatal lethality in Jyl-1*“““**“ compared to Wild Type (WT) strains
(Extended data Fig. la).

The effect of Lyl-1 invalidation on YS haematopoiesis was first probed using E8-YS
maintained in organ culture for 1 day (E8-OrgD1-YS), a culture system that allows the
development progenitors from both primitive and transient definitive waves of YS, and also
avoids the contamination by progenitors of intra-embryonic origin (Cumano et al., 1996) that
occurs after E8.25 (4-5 somite-stage (S)) (McGrath et al., 2003). The production of M®
progenitors was increased from lyl-1"7%“% and Iyl-1*““*** E8-OrgD1-YS compared to WT,

while the yield of other progenitors types, including EMp and GM was unmodified (Fig. 1a).
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During YS development, both M®™™ and M®"* develop from c-Kit'CD31°CD45"
progenitors (C subset), which subsequently acquire CD11b and CD45 expression (A1l subset).
Further M® differentiation is characterized first by c-Kit down-regulation (A2 subset), then by
the concomitant down-regulation of CD31 and up-regulation of F4/80 and CX3CR1 (A3
subset) (Bertrand et al., 2005b) (Fig. 1b). Further analysis of the phenotype and relative
distribution of M® progenitors subsets (Extended data Fig. 1b) showed that [yl-]"# %%
E8-OrgD1 or E9-YS harboured a large CD45"¥"°™ subset within the CD11b"CD31" (A1-A2
progenitors) population that was no longer observed in WT YS at E9, and in mutant YS after
E9.5 (Extended data Fig. Ic). This transient CD11b"'CD31°CD45"¥" C to Al transition
subset was also characterized by Lyl-1 expression (Extended data Fig. 1d), assessed using
Facs-Gal assay, whereby the P-Galactosidase activity reporting Lyl-1 expression is detected
using its fluorescent substrate FDG.

Interestingly, Facs-Gal assay also evidenced that, while the entire M® progenitors population
from E9-YS expressed Lyl-1 (Fig. Ic, Extended data Fig. 1b), E8-OrgD1-YS (data not
shown) and E9.5-YS harboured two distinct M® progenitors subsets discriminated by their
FDG/Lyl-1 expression. As stated above, the YS cumulates M®™™ progenitors from the first
YS wave and M® progenitors from the second wave, which originate from the differentiation
of EMp, then GM progenitors. Because only a subset of M® progenitors from E8-OrgD1- or
E9.5-YS expressed Lyl-1, while the entire population expressed it at E9, we hypothesized that
Iyl-1 may mark and regulate the M®™ ™ wave. As M®™™ and M®"*" progenitors cannot be

Prim

discriminated by phenotype, we relied on the earliest stage of MF " progenitors production to

assess lyl-1 expression and function (Fig. 1d).
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Since the first EMp and GM progenitors appear in the Y'S after the 3-5S-stage (Palis et al.,
1999 Bertrand et al., 2005b), Facs-Gal assay was performed at E8 (0-5S stage), when only
M®™™  are present. The CDI11b population comprised two subsets, maternal M®
(CD11b+CD31-CD45+F4/80+ CD31-), which are present at this stage (Bertrand et al., 2005b)
and a CD11b"CD31" CD45"™¢!°¥ subset similar to the C to Al transition subset observed at
E9. FDG/Lyl-1 expression was only observed in the C to Al transition subset. Notably, most
cells (69.27% = 0.33%) within the FDG/Lyl-1" gate co-expressed CD11b and CD31, thus
qualifying as M®""™ progenitors. Conversely, the bulk of CD11b"CD31" M®"™ progenitors

Prim

were found to display FDG/Lyl-1 expression. Additionally, the Lyl-1+ M® ™ progenitors
subset was consistently larger in lyl—]WT/ LacZ than in WT YS, correlating with the increased
production of M® progenitors observed in lyl-I" "*** E8 OrgD1-YS (Figld).

In clonogenic assays (Fig. 2b), we consistently observed a 2-3-fold increase of
M® progenitors production in Iyl-1"7* and lyl-1**“*** YS compared to WT, despite the
limited number of M®™™ colonies (2-3 per YS). Moreover, when FDG/Lyl-1+ and
FDG/Lyl-1- fractions sorted from Lyl—]WT/L“CZ E8-YS were submitted to clonogenic assays,
most haematopoietic progenitors derived from FDG/Lyl-1 negative cells. In contrast, the
FDG/Lyl-1+ subset consistently produced M® progenitors (72.78 = 9.65%; n=3). These
M® progenitors amounted 1-4 per YS, a value consistent with published data (Palis et al.,
1999: Bertrand et al., 2005b).

Prim

Contrary to M®""™ that differentiate from monopotent progenitors, M®"*" arise from EMp

progenitors that concomitantly generate GM progenitors and granulocytes (McGrath et al.,

Prim

2015). To check whether Lyl-1 expression strictly characterize M® progenitors,

67



cKit+CD45+CD11b+ myeloid progenitors from E10-YS, that cumulates both primitive and
transient definitive lineages, were separated into FDG/Lyl-1positive and negative subsets and
submitted to clonogenic assay (Fig. Ie). Non-myeloid contaminants, such as EMk and EMP
were recovered in similar amounts in all samples. Within myeloid colonies, E9-YS nearly
exclusively produced M® colonies, while E10 YS also generated GM and G colonies. The
E10-YS FDG+/Lyl-1+ colony output overlapped with that of E9-YS, in accordance with a

Prim

restriction of lyl-1 expression to M® ™ progenitors. Furthermore, the FDG/Lyl-1 negative

fraction gave rise to GM, G and M® colonies, confirming their definitive status.

Prim

Altogether, these data correlate to show that YS-derived M® ™ progenitors express Lyl-1,
and that, in the early embryo, Lyl-1 expression discriminates M®™™ and M®" " progenitors.
It 1s generally accepted that the production of primitive progenitors in the early YS is
transient. Due to the increased production of M® progenitors in mutant YS, we may put
forward the hypothesis that, during normal ontogeny, Lyl-1 negatively regulate the

commitment, expansion and/or timing of production of M@*"™

progenitors.

We next questioned the contribution of Lyl-1 expressing M® progenitors to the mature
M® compartment, focusing on E10 YS and developing brain, since fat mapping analyses
established that resident M® in this tissue exclusively arise from the YS (HHoeffel et al., 2015;
Sheng et al., 2015: Askew et al., 2017). As stated above, M®™™ and EMp-derived M®
progenitors subsets coexist in the YS so that their respective contribution to microglia was
naturally questioned. Primitive haematopoietic populations have been characterized as

independent of c-Myb-expression for their development, contrary to their definitive

counterpart (7Tober et al., 2008, Gomez Perdiguero and Geissmann, 2013; McGrath et al.,
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2015). The normal amount of microglial cells found in mice lacking the c-Myb transcription
factor argues for a primitive origin of microglia progenitors (Schulz et al., 2012; Kierdorf et
al., 2013). Ginhoux et al. reached a similar conclusion because the induction of Runxl
expression at E7.25-7.5 that leads to microglia labeling, targets progenitors present at the
latest at E8.5, when EMp-derived M® progenitors are hardly produced. However, this
protocol leads to 30-40 % microglia labeling (Gin/houx et al., 2010) and although this level is
likely to be underestimated, an additional contribution from a later source, namely
EMp-derived M® progenitors, could be considered. Conversely, EMp-derived
M®P " progenitors were also considered as providing microglia (Kierdorf et al., 2013; Gomez
Perdiguero et al., 2015). Sorted c-Kit+CD45"™ progenitors from E8-YS were shown to give
rise to erythro-myeloid cells in vitro and to microglial cells upon culture on microglia-depleted
hippocampal slice cultures (Kierdorf et al., 2013). Also, the induction of csf-1r"¢ at E8.5
resulted in the labeling of c-Kit+CD45" M® progenitors in E9.5 YS and of head M® at
E10.5 (Gomez Perdiguero et al., 2015). However, ¢-Kit+CD45"Y M®™™ progenitors and
EMp being both present in the YS at the stages analyzed (Bertrand et al, 2005b), the
identification of the M®d/microglia progenitors was still open (McGrath et al., 2015).
Consequently, the respective contribution of M®™™ and EMp-derived M®"" progenitors to
the developing microglia remains unclear.

We addressed this issue by Facs-Gal analysis (Fig. 1g) and observed that while the E10 YS
comprised both FDG'/Lyl-1" and FDG/Lyl-1" M® progenitors, the brain/head from the same
embryos harboured mostly FDG+/Lyl-1+ progenitors, although FDG/Lyl-1" M® progenitors

could also be present, probably due to the brain contamination with non-neuronal tissues at
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these early developmental stages. Similarly, while F4/80+ M® from E10-YS were also
sub-divided into FDG'/Lyl-1" and FDG7/Lyl-1~ subsets, in the E10-brain/head, they
were exclusively FDG'/Lyl-1", suggesting that they arises from Lyl-1-expressing M@™™
progenitors. This conclusion was strengthened by qRT-PCR analyses of cMyb expression
levels in sorted FDG/Lyl-1 positive and negative Al progenitors (cKit+CD45+CD11b+) from
Iyl-1"""Z E10-YS. Indeed, FDG/Lyl-1 negative Al progenitors displayed cMyb levels
similar to Scal+cKit+ progenitors from E12.5 foetal liver, as a positive control for definitive,
cMyb dependent progenitors. In contrast, FDG+/Lyl-1+ YS progenitors, as well as
M® progenitors from E10 brain/head expressed cMyb levels similar to that of E9-YS MoFim
progenitors, strengthening their primitive status and lineage relationship (Fig. 1h). These

Prim

results indicate that Lyl-1-expressing M® " progenitors colonize the brain and give rise to

the entire microglia pool.

Lyl-1-inactivation impairs microglia development at two development stages (E12 and P0)

A maintained expression of Lyl-1 throughout M®/microglia differentiation, with a level
decreasing from Al to A3 subsets was evidenced in both E10 YS and brain/head by qRT-PCR
analyses performed in a WT context, at E10 when A1-A2-A3 subsets are all sizeable
(Extended Fig. 2b). To characterize the effect of Lyl-1 mutation, we assessed the distribution
of AI-A2 and A3 M® subsets in E10-YS and brain/head wusing the
CX3CRI1P/OFP [y [*ee? aeZ qouble mutant strain we developed to this end. The size of the
whole M® population appeared similar in the three genotypes, with Al progenitors

predominating in the YS and A3 mature M® prevailing in the brain. In both locations, the Al
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to A3 distribution was highly impacted by Lyl-1 mutation that led to an increased A1 pool and
a reduced A3 pool. A2 MF progenitors were also reduced in CX3CRI"7PLyi-j-ac#tacz
E10-YS, but not in the brain/head (Fig. 2a). It thus appears that, beside its function in the
regulation of the size of the M® progenitors pool, Lyl-1 also appears involved in the
regulation of the differentiation towards mature M®/microglia.

Having defined Lyl-1 implication in the initial steps of microglia settlement in the brain,
which is achieved by E11.5 (Sheng et al., 2015, Matcovitch-Natan et al., 2016), we turned to
latter stages of microglia development. Cytometry and confocal analyses (Extended data Fig.
2¢, d), as well as qRT-PCR (Fig. 2e) and database analyses (Matcovitch-Natan et al., 2016),
evidenced the maintenance of Lyl-1 expression in microglia until adulthood. We therefore
examined the impact of Lyl-1 inactivation on the kinetic evolution of microglia pool size
during development (see methods). The M® progenitors pool (CD31+CDI11b") that was
initially (E10-11.5) enlarged in Lyl-1*““*** brain rapidly resumed a normal distribution
afterwards, steadily decreasing after E14.5 (Extended data Fig. 3a), as previously reported in
a WT context (Kierdorf et al., 2013).

By comparing the kinetic of microglia development in WT and Lyl-1"*#"* brains, we
identified E12.5 as the first step impacted by the mutation (Fig. 2b). Microglia content in
Iyl-1"“"*Z prain stopped its increase at this stage, due to reduced proliferation (Fig. 2¢), and
not to increased Apoptosis (Data not shown). Interestingly, after this stage, the microglia

population resumed a growth paralleling that of WT and lyl-1"""**

microglia, a recovery that
may partly be accounted for a highly reduced apoptosis level observed lyi-1-*“*** microglia

compared to WT at E14.5 (Extended Fig. 3b).
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Both cytometry analyses and counting of iba-l1-positive microglia on brain sections
correlated to identify PO-P3 as a second developmental stage altered in lyl-1-“““*““ mice, as
evidenced by a reduced size of the microglia population (Fig. 2d). At this stage, the recovery
of CD11b+ cells from [yl-1*“““**“ brains for cytometry analyses was reproducibly lower
(87.18 + 0.37 x10%; n=9) than in WT brain (140.96 + 0.91 x10’; n=9). Consequently, despite
an increased percentage of CD11b+ microglia within mutant brains, the estimated microglia
number correlated with microglia count in sitfu and confirmed the reduction of microglia
population. The reduction of total brain cells count in lyl-I“““**% mice, in frame with a
trophic function of microglia on CNS cells (Antony et al., 2011, Ueno et al., 2013), may
therefore involve Lyl-1 in the regulation of neuronal growth. Moreover, an altered microglia
development at PO-P3 was also evidenced by its dimorphic morphology characterized by a
decreased ramification numbers (Fig.2e). The reduction of the microglia pool size at perinatal
stages appeared transient, since a normal amount of microglia was observed in the adult
through both cytometry and iba-1+ cell counting (Extended data Fig. 3c). Such transient
decrease of microglia pool size occurs during normal development, during the 2™ and 31
postnatal weeks (Zhan et al., 2014), but also in CX3CRI1 mutant during the 1st postnatal
weeks (Paolicelli et al., 2011). This highly dynamic control of microglia pool size during key
steps of neural development is probably achieved through changes in cell cycle status and
niche occupancy.

The identification of E12.5 and P0-P3 as key stages for Lyl-1 function in microglia
development was further confirmed by qRT-PCR analyses of the expression of a set of genes

essential for MF (PU.1, CSFI-R, Mafb) and/or microglia (Runxl, CX3CRI, irf8)
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development and function, as well as known regulators of developmental hematopoiesis (Tall,
Imo2, Runx1) and related factors (Tcf3/E2A, Tcf4/E2.2) (Fig. 2f, g). Overall the temporal
evolution of this set of genes correlated with previous reports (Kierdorf et al., 2013;
Matcovitch-Natan et al., 2016) (NCBI-GEO accession number GSE79812). This time course

] LacZ/LacZ

analyses highlighted CSF-R1, Irf8 and Imo2 down-regulation in /yl- microglia at both

E12.5 and PO-P3, while CX3CRI1 level was decreased only at E12.5. Interestingly, Lyl-1

GFP/GFP

expression was unmodified in CX3CR1 mutants, suggesting that Lyl-1 may regulate

CX3CRI1 expression in microglia. Indeed, CX3CR1, as well as irf8 and Imo2, belong to Lyl-1

LacZ/LacZ microglia

potential targets genes (/Wilson et al., 2010). Mafb expression level in /yl-1
transiently decreased at PO-P3 and afterwards resumed a WT expression level. As Mafb
represses self-renewal in resident MF (Soucie et al., 2016), this transient decrease might be
linked to the recovery of a normal microglia amount in the adult. The expression levels of
PU.1, Tcf3/E2A and Tcf4/E2.2 were unmodified in IyI-1"“*? microglia whatever the
studied stages, while Runx1 expression was only affected after birth. The expression of Tal-1
was decreased at E14 and increased after birth, suggesting that this Lyl-1 paralog (Curtis et

al., 2012) does not compensate for Lyl-1 deficiency during embryonic stages of microglia

development, but may do so during post natal stages (Extended data Fig. 3d).

The lack of Lyl-1 impairs microglia identity in the adult brain.
Amongst brain cell types, Lyl-1 expression was restricted to microglia, as evidence in
primary culture of brain cells types (Fig. 3c), result also confirmed from RNA-Seq database

analyses (Zhang et al., 2014), which also evidenced lower levels of Lyl-1 expression by
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endothelial cells that are known to express Lyl-1 (Girowx et al., 2007; Pirot et al., 2010).

Lyl-1 expressing microglial cells in adult brains were also detected upon b-Gal

immuno-labeling of Lyl-1"""** brain (Fig. 3b). Interestingly, Lyl-1 expression was also

detected in the human microglia from healthy adult frontal cortex (/Wehrspaun et al., 2015).
More data on microglia immunohistochemistry (Iba-1, MHC class II, CD68 etc.) and on

microglia morphology (Imaris-based) will be provided by M.Prinz/T.Blank.

RNA-seq of microglia (P42) with heat map (hierarchical clustering), GO analysis, mostly

induced genes. Data will be provided by M.Prinz/T.Blank

Disruption of Lyl-1 leads to an altered social behavior and reduced neuronal connectivity in

Lyl-1 deficient animals.

We next questioned the long-term impact of these microglial alterations on brain

LacZ/LacZ . .
Jre?tacZ mice showed no obvious

development, with a focus on behavioural changes. Lyl-
differences in depressive-like behaviour, general anxiety, or grooming behaviour when
compared to WT mice (Fig. 4a). In contrast, in the three-chamber test, Iyl-1“““*** mice
showed no elevated tendency to spend more time with another rodent (social approach) or
with a novel intruder (Fig. 4b) more so than with a familiar one (social novelty), which
indicates social anxiety. From control experiments, we concluded that the observed
differences were not due to impaired olfactory sensory function or defects in novel object
recognition (Fig. 4c). These data collectively indicate that the severe behavioural changes

] LacZ/LacZ

found in Jyl- mice are typical for social anxiety disorders (SAD).
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To examine to what extent these striking behavioural changes correlates to specific changes in
brain activity, we also performed functional magnetic resonance imaging (fMRI) of WT and

LacZ/LacZ .
] acZ/Lac mice

Lyl-1""“"4Z mice under resting conditions. Our data (Fig. 4d) indicate that Lyl-
exhibit heightened functional connectivity between the basolateral amygdala and various brain
regions including hippocampus, thalamus, caudoputamen, orbital area of the isocortex and
anterior cingulate cortex, all of which have been implicated in SAD (Bruhl et al., 2014).

Correlation matrices from fMRI and superposition of the most prominent fMRI BOLD

correlations between brain regions will be provided by M.Prinz/T.Blank.

Decreased spine density in cinguli gyrus pyramidal cells and reduced field potential in the

absence of Lyl-1.

As stated before, the relationship between impaired pruning and ASD development is now
well established. CX3CR1 deficiency has been shown to lead to both impaired pruning and
ASD development (Paolicelli et al., 2011, Zhan et al., 2014). Considering the link between
CX3CR1 and Lyl-1 uncovered during the gene expression analyses, we first compared
neuronal morphology (axonal and dendritic arborization and spines) by performing Golgi-Cox
staining (Zagout and Kaindl, 2016) at P15 and P60 in vibratome sections from WT and
Lyl-1"“¢Z prain.

Defective synaptic pruning in Lyl-1**“"*? mice was established in P15 and P42
Lyl-1%%"<Z mice through golgi stainings of pyramidal cells and quantification of spines. Data

will be provided by M.Prinz/T.Blank.
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Electrophysiological recordings are being performed. The data will be provided by

M.Prinz/T.Blank.
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DISCUSSION

Overall, we here identify Lyl-1 as a marker for primitive YS-derived M® progenitors that
will give rise to the entire pool of microglia in the embryo. We also show that Lyl-1 controls
microglia development and that a defective Lyl-1 impairs neuro-developmental processes

leading to the development of behavior defects belonging to the autism spectrum disorders.

So far, Lyl-1 is the first marker that discriminates M® progenitors from the primitive and
transient definitive (EMp-derived) YS waves. From our results, it appears that during normal

Prim

development, Lyl-1 controls the size of M® ™ progenitor pool and/or the duration of this
production, which is though to be transient. This seems achieved through the negative
regulation of mesoderm commitment towards this primitive lineage, as evidenced by the net
increase -and duration of- production of the CD11b'CD31'CD45™¢" C to Al transition
subset. This novel finding opens a way to better understand the mechanisms underlying the
differences between these two M® waves, leading in fine to a leap forward in the
investigations regarding other HSC-independent lineages. This will be particularly relevant to
the Embryonic Stem Cells/iPS domain in which the production of definitive cells types is
complicated by the poor discrimination between primitive and definitive populations.
Analyzing the contribution of Lyl-1+ M®"™™ progenitors, we focused on the developing
brain, which is the only tissue harboring resident M® exclusively of Y'S origin, and found that

Prim

the entire microglia in the embryo develops from these M® ™ progenitors. The contribution
of Lyl-1+ M®"™ progenitors to other tissues was not investigated here, but we consider likely

that they provide other resident M® populations.
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E12.5 and PO-P3 were identified as key stages of microglia development impacted by Lyl-1
invalidation. These stages correspond respectively to the end of "early" (E9-E12.5) and
"pre-microglia" (E14.5-P9) stages of recently defined stepwise microglia development
program (Matcovitch-Natan et al., 2016). In this program, pre-microglia stage (E14.5-P9) was
related to processes involved in synaptic pruning and neural maturation. The impaired
synaptic pruning and associated defective behavior, evidenced here, most probably stem from
Lyl-1 defect at this stage (PO-P3). The long-term consequences of the defect caused at E12.5
by Lyl-1 inactivation remains to be determined.

Beside being involved in neurodevelopmental processes, CX3CR1 also plays pleiotropic
function during adulthood, and its deregulation is found in neuro-inflammatory and
neurodegenerative diseases, as established in murine models of Alzheimer’s and Parkinson’s
disease and amyothrophic lateral sclerosis, as well as neuropathological conditions, such as
neuropathic pain and cerebral ischemia (See (/Volf et al., 2013) for a review). Considering the
maintained expression of Lyl-1 in microglia during adulthood, and the down-regulation of
genes essential for microglia function in E12.5 and PO-P3 Lyl mutants, we think highly
probable that the deregulation of Lyl-1 might be involved in the development other
neurodegenerative/neuroinflammatory diseases and possibly in the development of brain
tumors, as suggested by database analysis of deregulated genes in various mouse models
(develop ?). Moreover, a few data highlight the relevance of lyl-1 deregulation to human
neurodevelopmental and neurodegenerative diseases (Colangelo et al., 2002; Thomas et al.,

2006; McCallum et al., 2016).
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Altogether, the data presented here knowledge acquired during the implementation of this
fundamental multi-disciplinary effort is required to cross current limits of developmental
hematopoiesis and molecular neuroscience and to achieve new insights into neuronal diseases
and help to define novel therapeutic targets that can potentially have major socio-economic

consequences.
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MATERIAL AND METHODS
Mice and embryos

Mice were housed in the animal facilities of Institut Gustave Roussy ("Plate-forme
d'évaluation préclinique", animal facility licence # E 94-076-11). All animal experiments were
conducted in compliance with French regulations (Transposition of Directive 2010/63), under
authorized project # 2016-030-5798 (2016062214256796) approved by officially accredited
Ethical committee n°26.

We used the following mouse strains:

1- C57BL/6 mice from Harlan or Charles Rivers Laboratories, France, referred to as wild type
(WT);
2- Iyl-1"* mice, genotyped as described before (Capron et al., 2006). Lyl-1"*“*** males
were crossed with WT or [yl-1"““"*“ females to respectively generate Iyl-1"7%* or

Iyl-1“"%Z embryos. This breeding sheme avoided the detection of FDG/Lyl-1 expression in

maternally derived MF in the expression analyses performed in /y/-1 Wikacz

embryos;

3- CX3CRI? (Jung et al, 2000). CX3CR1°""™ males were crossed with C57BL/6 to
generate  CX3CRIVTS™P  mice/embryos or to Lyl-1"*#"“ females to generate
CX3CR1VTCP:Lyl-1""14Z mice/embryos.

4-The CX3CRI1POFP.Lyl-1M#t2Z  qouble mutant strain  was developed from
CX3CR1VTVCFP Lyl "Ttacz crosses. CX3CR1VTGFP Lyl " Thacz and
CX3CR1VTOP:Lyl-12#12Z mice/embryos were obtained by crossing CX3CR1F7SFP.y]-1

Lyl-17#1%Z males to CS57BL/6 or Iyl-1““"*% females, respectively. To exclude

maternal/placental cell contamination, the CX3CR1 transgene was always inherited from the
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male parent.

The day of vaginal plug observation was considered as E0.5. Pregnant females were
sacrificed by cervical dislocation. Pre-somite embryos were staged according to Downs et al.
(1993). From E8 to E10.5, embryos were staged by somite counting and thereafter according

to morphological landmarks.

Tissues preparation

YS (E7.5-E10.5) were dissected as described before (Bertrand et al., 2005a). To perform
cytometry analyses of the developing brain, the whole brain of E9-E11 embryos were
dissected and dissociated as previously described (A//iot et al., 1999) and further cleaned from
the surrounding ectoderm. Because some contaminating tissues, mostly perineural vessels
remained present in E9-E10.5 brain explants, they are referred to as Brain/head at these stages.
From E12.5 to adult stages, microglia was recovered following Percoll (P1644, Sigma)
separation, according to (Mildner et al., 2007). E12.5 and E14.5 brains were also mechanically
dissociated as for E9-E11 brains to estimate the number of microglia cell per brain from E9 to
E14.5.

To obtain the kinetics evolution of microglia number during development (E9-E14.5), the
total number of cells per WT and Lyl-1"*“"*? brain was counted after whole brain mechanical
dissociation. The percentage of microglia per brain suspension was obtained following flow
cytometry analysis, gating on CD45 CD11b ' F4/80" cells. The numbers of microglia per brain

was estimated by multiplying the total numbers of cell by the percentage of microglia per
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brain. For E12.5, E14.5, E16.5, PO-P3 and P42, we compared the percentage CD45"kov

CD11b'F4/80" microglia from Percoll purified WT and Lyl-1“**““? brains.

In vitro culture

Organ culture: YS explants were placed into plates containing "Complete OptiMEM
medium", i.e. OptiMEM with Glutamax (51985-042), 1% Penicillin-streptomycin, 0.1%
B-mercaptoethanol (all from ThermoFisher) and 10% fetal calf serum (Hyclone). YS explants
were maintained in organ culture at 37°C, 5% CO, for 1 days and are referred to as
OrgDI1-YS.

Clonogenic assay: Cells were plated in triplicate at 3.10° cells/ml in Methocult® M3234
(StemCell Technologies Inc) supplemented with Stem Cell factor (50 ng/ml), EPO (3 U/ml),
IL-3 (10 ng/ml), all from Peprotech, IL-6 (10 ng/ml, a gift from Sam Burstein, Maryville IL,
USA) CSF-1 (10 ng/ml) and TPO (10 ng/ml, provided by Kirin Brewery, Tokyo, Japan).
Cultures were maintained in a humidified incubator at 37°C, 5% CO, and colonies were

scored at day 5 for primitive erythrocytes (Ery") and day 7 for the other progenitors types.

Flow cytometry, FACS-Gal assay and apoptosis assays

CD31 (Clone Mecl13.3), F4/80 (Clone BMS), CD45 (Clone 30F11), CD11b (Clone
M1/70) and c-Kit (Clone 2B8) antibodies (Supplementary Table X) were used to characterize
myeloid cells. Dead cells were excluded by adding 1 ug/ml 7-amino actinomycin or DAPI

(Sigma) before acquisition. Acquisitions were performed on Canto II cytometers and cell
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sorting using FACS-Aria III or Influx (All from Becton Dickinson). Data were analyzed using
FlowJo (Treestar) software.

FACS-Gal assay (Fiering et al., 1991, Guo and Wu, 2008): this assay, used as a reporter
for Lyl-1 expression, allows the flow cytometry characterization of cells that display a -Gal
activity, using its fluorescent substrate (Fluorescein di-f-galactopyranoside = FDG; F2756;
Molecular probe; ThermoFisher).

Apoptosis assays: For apoptosis analysis, microglia was stained with anti-CD45-PECy7,
anti-CD11b-APC-eFluor® 780 and anti-F4/80-APC, washed and incubated with Annexin
V-FITC. 7AAD was added before acquisition.

Proliferation assay: BrdU incorporation: Pregnant WT and Lyl-1"*““"“? females at
E12.5 were injected with with BrdU (10 uM) and sacrificed 2 hours later. The microglia was
isolated and further stained with CD45-PECy7, CD11b-APC-eFluor® 780 and F4/80-PE
antibodies. Cells were fixed, permeabilized and treated with DNase (1 hour at 37°C) according

to kit instruction. BrdU was revealed with anti-BrdU-APC.

Brain imaging Further information will be provided by M.Prinz/T.Blank.
Brain preparation
Immunohistochemistry
Iba+ cell counting in brain section
Immunofluorescence —bGal stainings

Pruning experiments
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qRT-PCR analyses

Total RNA was extracted from sorted CDI11b F4/80"CD45"" microglia using Trizol
(ThermoFisher). After cDNA synthesis using a SuperScript™ VILO™ Master Mix reverse
transcriptase (Invitrogen), quantitative PCR was performed using SYBR Premix Ex Taq IT (Tl
RNase H Plus, Takara Bio). Gene expression was normalized to the value obtained from
E12.5 WT microglia and relative gene expression levels were determined by the AACt
method. Gene expression was considered undetectable if the Ct values were > 35 cycles. The
sequences of the primers used are provided in (Supplementary Table Y). Further information

will be provided by M.Prinz/T.Blank.

Further information will be provided by M.Prinz/T.Blank. for the following items:
RNA-Seq
Behaviour assessment.

fMRI.

Statistical analysis Further information will be provided by M.Prinz/T.Blank.
The statistical significance (p value) of the experiments was analyzed using unpaired
Student’s t test. Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p <

0.001.
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FIGURE LEGEND

Figure 1: Lyl-1 regulates the production of primitive M® from the early YS that will give
rise to microglia

a. Left panel: Lyl-1 invalidation leads to an increased production of M® progenitors in the
early YS: Clonogenic potential of E8 (0-5 Somites) OrgD1-YS cells: The production of M®
progenitors (CFU-M) is increased in Iyl-1-“**? OrgD1-YS (3-5 independent experiments,

LacZ/LacZ .
acZ/LacZ N1 colonies as

each sample cumulating 3 to 6 YS). The size of lyl-1V"** and lyl-1
well as the cell morphology was similar to those obtained from WT (Data not shown).
Right panel: The distribution of other progenitors endowed with myeloid potential recovered

from ly /- ]LacZ/LacZ

E8 OrgD1-YS is similar to that of wild type. Abbreviations: GM:
granulo-monocytic progenitors; EMp: Erythro-myeloid progenitors.

b. Schematic representation of the M® differentiation pathways during YS development:
M® develop from c-Kit'CD31°CD45 progenitors, a phenotype shared by the C subset in the
primitive wave and EMp in the transient definitive wave). The M® progenitors are first
characterized by the expression of CDI1lb and CD45 (Al subset), then by c-Kit
down-regulation (A2 subset). The differentiation to mature M® is characterized by the
concomitant down-regulation of CD31 and the up-regulation of F4/80 and CX3CR1 (A3
subset) (Bertrand et al., 2005b). While in the primitive wave, the C-subset directly provides

the A1 population, in the transient definitive one, the production of A1 progenitors depends of

the production of EMp-derived granulo-monocytic (GM) progenitors.
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¢. While in E9-YS all M® progenitors express FDG/Lyl-1, E9.5-Y'S harbours two populations
discriminated by their FDG/Lyl-1 expression. Lyl-1 expression in M® progenitors was
Analysed by Facs-Gal assay whereby the (-Gal fluorescent substrate FDG is used as a
reporter for Lyl-1 expression (See extended data Fig. 2a for the gating strategy). The contour
plots in WT samples indicate the level of non-specific B-Gal activity.

d. Primitive M® progenitors express Lyl-1, which regulates their production:

Upper panel: Flow cytometry profiles of wild type (left) and lyl—]WT/ LacZ (middle left) E8-YS
(0-3 somites). CD11b'CD31” M® (top gate) corresponds to maternal M®. The CD11b"CD31"
M® progenitors subset (lower gate), which display FDG/Lyl-1 expression was enlarged in
lyl—]WT/ Lacz ¥S (right panel; 3 independent experiments). Lower panel: Within the
FDG'/Lyl-1+ population from Iyl-1"""** E8-YS (Left) most cells co-expressed CD31 and
CD11b" (middle). Conversely, CD11b'CD31" M® progenitors displayed FDG+/Lyl-1
expression (left). Plain grey histogram indicates non-specific background $-Gal activity/FDG
levels in WT samples.

e. Clonogenic assay: Less than one EMp and/or GM progenitor per E8-YS were detected in
WT and mutant samples, confirming that the assay was performed at a time when
EMp-derived- M® progenitors are absent. The majority of the 25-30 colonies per YS were
Ery" (60 to 80% in the 3 genotypes). Similarly to what is observed in E8-OrgD1 YS (Right),

the number of M® progenitors amongst the colonies obtained from E8-YS (0-3 somites) was

] WT/LacZ ] LacZ/LacZ

increased in /yl- and lyl- compared to wild type (left). Few other progenitors

were occasionally and randomly found in the Iyl-1""*** FDG/Lyl-1" fraction including EMp

(0.81% = 0.66; n=3). Note that expression and functional assays performed in E8- and
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OrgD1-YS point to an intermediate phenotype between WT and lyl-1“““**“ Y'S. Each sample
cumulated 5 to 10 YS, in the 3-5 independent experiments performed. The genotype colour
code applies to all the sets in the figure.

f. Lyl-1 expressing and Lyl-1 negative myeloid progenitor produce a distinct progeny: The
type of progenitors produced by sorted cKit+CD45+CDI11b+ myeloid progenitors was

determined using clonogenic assays in E9 (<18 somites; n=7) YS from WT and /y/-1 WilkacZ

as
well as in WT EI10-YS (n=15), each in 3 independent experiments. At E10, myeloid
progenitors from [lyl-1 WIkaeZ y'§ were subdivided into FDG/Lyl-1 negative (n=15) and positive
(n=12) fractions (5 independent experiments). In all instances, samples are biological
replicates cumulating YS from 6 to 8 embryos. 100 to 150 cKit+CD45+CD11b+ cells per
condition were platted in clonogenic assays in triplicate. Lyl-1 positive progenitors mostly
produce M® colonies, while FDG/Lyl-1 negative progenitors also produce GM and G
colonies, thus belonging to the transient definitive wave.

Prim

g. Lyl-1 expressing M® ™ progenitors give rise to microglia: Representative profiles from 3
independent samples preparation, each cumulating 3-4 YS and brain from the same embryos
(See extended data Fig. 2a for the gating strategy).

Left panel: While E10 YS harbours both FDG+/Lyl-1+ and FDG-/Lyl-1- M® progenitors, in
the corresponding brain, M® progenitors only express FDG/Lyl-1.

Right Panel: FDG+/Lyl-1+ and FDG-/Lyl-1- mature M® coexist in E10-YS, while in the

brain all F4/80+ cells (A3 subset) express FDG+/Lyl-1+. Note that at these early stages, the

brain preparations are often contaminated with non-neuronal tissues.
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h. Al progenitors E9-YS, E10 brain/head, and FDG/Lyl-1+ A1l subset from E10-YS express
similar c-Myb™"N€ levels that characterize the primitive YS-wave, In contrast, FDG/Lyl-1
negative fraction in the YS express c-Myb, a hallmark of transient definitive (EMP-Derived)
wave. qRT-PCR quantification of c-Myb expression levels in cKit+CD45+CD11b+ Al
progenitors sorted from WT E9-YS, WT and Iyl-1""**? E10-YS and brain/head, as well as
FDG/Lyl-1 positive and negative Al progenitors fractions from Iyl-1""*** E10-YS and
Lin-Sca+c-Kit+ (LSK) progenitors from WT E12 foetal liver (FL). c-Myb expression levels
are shown on a Log” scale, normalized to the mean expression value obtained for WT E10-YS,

considered as 1.
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Figure 1B
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Prim

Figure 2: Lyl-1 deficiency leads to an increased production of M® " progenitors and to a
reduction of the microglia pool at E12.5 and P0-P3

a. Distribution of AI-A2 and A3 MF subsets E10-YS (left) and brain (right) from
CX3CRI"TOPP i 1VTVT  CX3CRI"TOP.[yl. ["THZ  and  CX3CRIVTOMP: [y [bectLac?
embryos. The size of the whole M® population appears similar in the three genotypes in both
YS and brain (Top panel), but the distribution of the M® subsets (Middle and lower panel) is
modified upon Lyl-1 invalidation that leads to an increased size of the Al subset and to a
reduced A3 pool (5-12 independent analyses, each sample cumulating 6-8 YS or brain. Plots
show the mean + s.e.m).

b. Kinetic evolution of CD11b'F4/80'CD45”°" microglia estimated number (see methods) in

HLacZ and Iyl-1““"* brain (right panel). Microglia was quantified on whole

wild type, lyl-1
brain preparation (for WT, lyl—]WT/ LacZ and lyl—]L‘”Z/ LacZ respectively n=: E9: 6, 7, 4; E10: 9, 9,
5; El11: 6, 5, 7; E12: 6, 6, 6; E14: 8, 6, 6). Microglia development in lyl—]WT/L“CZ embryos is
similar to that of wild type embryos. At E12.5, microglia content in Iyl-1“*“*“? brain was
reduced two fold in Iyl-1"*“**? prains compared to WT and Iyl-1""*“? brains. Afterwards, it
recovered a growth rate similar to that of wild type and lyl-1 Wilkacz microglia. Quantification
performed on percoll purified brain preparations (right) confirmed the decreased size of the
microglia pool at E12.5.

c. A reduced microglia proliferation may account for the reduced microglia number at E12.5,

as shown by the two folds decrease (right) in BrdU-labelled cells in Iyl-1““*** (middle)

compared to wild type (left) brain.

90



d. At PO-P3, the count of iba-1+ microglia in /yl-7**** midbrain section was lower than in
wild type (Left), while in cytometry analyses the percentage of CD11b F4/80 CD45""
microglia from percoll purified whole brain appeared increased. However, the estimated
number of CD11b F4/80"CD45™" microglia recovered from PO-P3 Iyl-1"*“*%Z prains was
reduced, due to a significant and reproducible lower cell recovery from Iyl-1-*“**“ brains
(n=9).

e. Immuno-histochemical iba-1 labeling of P1 microglia evidenced a reduced number of
ramifications in microglial cells in Lyl-1"""** brain sections.

f. Kinetic evolution of Lyl-1 expression levels in WT microglia from embryonic stages to
adulthood. An increased expression of Lyl-1 from embryonic stages to adulthood was also
inferred from (Matcovitch-Natan et al., 2016) timeline RNA-Seq data (GEO accession number
GSE79812).

f. Quantitative RT-PCR analyses also point to E12.5 and PO as key development stages
regulated by Lyl-1: CDI 1b"F4/80"CD45™" microglia was isolated at sequential development
stages. Bar graphs show the kinetic of expression of a selected set of genes and its
modification upon Lyl-1 invalidation (Arrowheads), normalized to the mean expression value

in WT E12.5 microglia (n=3). Error bars indicate s.e.m.
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Figure 2B
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Figure 3: Lack of Lyl-1 impairs microglia identity in the adult brain.

a. In the brain, Lyl-1 expression is restricted to microglia: qRT-PCR quantification of Lyl-1
expression levels in brain cell types (neurons, primary microglia, astrocytes and
oligodendrocytes). Lyl-1 is expressed by microglia and not by other brain cell types. Search
performed on (Zhang et al., 2014) RNA-Seq database

(http://web.stanford.edu.gate2.inist.fr/group/barres_lab/brain_rnaseq.html) confirmed our

conclusion and also evidenced low levels of Lyl-1 expression in endothelial cells.
b. f-Gal immuno-labeling of adult Lyl—IWT/ LacZ brain. Microglia, characterised by Isolectine
B4 expression (Red), also display b-Gal/Lyl-1 expression (green) in adult brain.

c. RNA-Seq P42: Further information will be provided by M.Prinz/T.Blank.
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Figure 3
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Figure 4: Lyl-1 invalidation elicits altered social behavior and reduced neuronal
connectivity
a. In the forced swim test (FST: left panel) and the elevated plus maze (EPM: middle panel)

LacZ/LacZ : . : LacZ/LacZ .
JFae?tacZ mice show no difference compared to WT mice. Lyl-1"““** mice and WT

test, lyl-
mice spend similar time in self-grooming (Right panel).
b. Three-chamber experiment: Whereas WT mice spend more time in the chamber housing a

LacZ/LacZ .
JEac?lacZ mice have no

stranger mouse (M) than the chamber housing an empty cage (E), Lyl-
preference for either chamber (left panel).
Whereas wild type mice spend more time in the chamber housing a novel mouse (M2) than in

a chamber housing a familiar mouse (M1), Lyl-1-*#* %

mice have a preference for a chamber
housing a familiar mouse (M1) (Right panel).
¢. Olfactory avoidance test (left panel). There was no difference in the olfactory avoidance

LacZ/LacZ

time between Ly/-1 and wild type mice.

In the novel object recognition test (middle panel), Lyl-1"*#**

mice had normal recognition
memory for a preconditioned object (F: Familiar), which was presented 24 h before the test, so
that they spent more time with the novel object (N: Novel).

Discrimination index (right panel): the normalized ratio of time spent with the familiar object
divided by time spent with the novel object, shows that there is no difference between
Lyl-1“"4Z and wild type mice for novel object recognition ability.

d. Functional MRI from Lyl-competent (left) and deficient (right) mice indicating strongly

enhanced functional connectivity between the basolateral amygdala and various brain regions

that are known to be important for social anxiety.
95



Figure 4
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Figure 5: Lyl-1 deficiency leads to defective synaptic pruning

Further information will be provided by M.Prinz/T.Blank.

EXTENDED DATA

Extended Figure 1, related to figure 1:

a. Lyl-1 deficiency leads to an increased perinatal lethality: Left panel: The number of embryo
per litter is unmodified at E14. Middle panel: Lyl-1 deficiency leads to a reduced number of
live new-borns. Right panel: The number of weanlings is further reduced in Lyl—]L“CZ/L“CZ
mutants, neonatal lethality being significantly increased up to P15, with a main occurrence
between P1 and P5 (data not shown). Notably, Lyl-1 deficiency did not lead to unbalanced sex
ratio (data not shown). The numbers of E14.5 embryos, new-borns and weanlings obtained
from WT x Iyl-1%““"%Z and WT x WT crosses were similar.

Tuckey box plot; E14.5: n = WT: 35; Lyl-1V"%: 35 Lyl-1-#LZ. 79,

Newborn and weanlings: n = WT: 150; Lyl-1V"%; 95; Lyl-1%*#1aZ; 284,

b. Gating strategy used to characterize M® progenitors in E§ OrgD1-, E9 and E9.5 YS from
WT, Iyl-1"75% and Iyl-1 “*““**Z embryos, related to extended figure 1c, d.

¢. Phenotype and relative distribution of M® progenitors subsets in lyl-1"75% [y]. jlacZ/tacz
and WT E8-OrgD1-, E9- and 9.5-YS Lyl-1 expression in M® progenitors. Mutant E§-OrgD1-
and E9-YS harbours a large CD45™¥!°Y subset (Arrowhead) within CD11b+ CD31+ A1-A2
progenitors population. This subset, present to a lesser extent in WT E8-OrgD1-YS samples,

is no longer observed in WT YS at E9, and in Iyl-1"7"*% and lyl-1***"** Y§ after E9.5.

Right panel: Quantification of the C to A1 transition subset.
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This C to Al transient population probably corresponds to an intermediate step of M®
progenitors differentiation, as suggested by the presence of CD31 and lack of CD45
expression and the fact that it is only present at the earliest stage of YS M® development.

d. Within the CD11b+ CD31+ M® progenitors gate, both the CD45™¢° C to Al transition
subset and CD45+ cells express FDG/Lyl-1. Lyl-1 expression was analysed by Facs-Gal assay
whereby the 3-Gal fluorescent substrate FDG is used as a reporter for Lyl-1 expression.

The contour plots in WT samples indicate the level of non-specific 3-Gal activity.
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Extended figure 1B, related to figure 1
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Extended Figure 2, related to Figures 1 and 2:

a. Gating strategy used to analyse FDG+/Lyl-1+ expression in M® progenitors from E9 and
E9.5 YS from wild type, Iyl-1""** and Iyl-1'“““**** embryos (Fig.1e) and M® progenitors
and mature M® in E10 YS and brain from WT and Iyl-1"““*** (Fig. 1g). Note that the gating
strategy here excludes the C to Al intermediate progenitor (CD1 1b'CD3 1+CD45neg/low).

b. qRT-PCR quantification of Lyl-1 expression in Al, A2 and A3 subsets isolated from WT
YS and brain at E10, when all 3 subsets are present. Lyl-1 is expressed by the 3 subsets and its
expression level decreases upon differentiation. Lyl-1 expression levels were normalized to
the mean expression value obtained for Al progenitors from CX3CRI WIGFP B10-YS 3
independent experiments).

¢. FDG/Lyl expression in wild type and Lyl-1"*“*“““ brain from E9 to adult stages. In
Lyl-1“"4Z mutants, the entire microglia population is Lyl-1 positive, but Lyl-1 expression
level decreases in the adult. Note that plain grey histogram indicates non-specific background
B-Gal activity/FDG levels in wild type samples.

d. B-Galactosidase immuno-labeling of the brain of E14.5 Lyl-1"""** embryos. Top panels:

Microglia, characterised by Isolectine B4 expression (Red), also display p-Gal/Lyl-1

expression (green). Lower panel shows the 3-Gal isotype control.
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Extended Fig 2, related to Fig.1 and 2

a
E9to E10 YS; E10 brain

Doublets exclusion

Morphology

00K 150K 200K 250K °

FSC-A

O SK 100K 150K 200K 250K o sk

FSC-A

Ter119 CD45°CD11b*

Live cells

c-Kit'CD45°CD11b*

0 a0 ot

F4/80
c-KitCD45'CD11b*F4/80*

e
[ E10 CX3CR1MTYS 0" 2w
% 10 3 =
H [ E10 CX3CR1SPM Brain s 8.
.g o
g 05 i .
s 10 10° 0 1% 10° 10* 10°
3 F4/80
3 | In
0.0 T T T
@ & @
Cc
E9 E10 E11 E12 E14 E16 PO P15 P42
Whole brain suspension Percoll purified microglia
WT
o] | 1 1
* 1 ¥ 1
w0 10t o 1 { ‘ 1
1 ‘ c |
3 13.3% |} 37.5% 1 54.8% 71.6:2.1% | 72.3:2.6% | 73.2¢1.29% | 94.9:0.6% | 1 70.4x4.2%
‘ 1 i 1
£ o0 SRy W11 : % . A N - B
Lyl—1 LaczZ/LacZ
7 { 1 L
»
0.418% 3% |1 51.2% 57.03.4% 70.0£2.3% T1.742.2% 1 96.8+0.4% 68.0+5.4%
! | {
| p " n n i
0] & 1y \ |
| R \ |
il ) | |
w0 o | 1\
| | 0 [ \ |
| JUA | ) | \
< ~ V- / S RV 2 W » =
—> FDG

¥ B—Galactosidase

Isotype control

101



Extended Figure 3, related to Figure 2:

a. Kinetic evolution of CD31+CD11b" M®/microglia progenitors estimated number in wild
type and yl-1"““*“Z brain. Microglia was quantified on whole brain preparation (for WT and
lyl—]L“CZ/L“CZ respectively n=: E9: 6, 4; E10: 9, 5; E11: 6, 7; E12: 6, 6; E14: 8, 6 independent
preparations). While the number of progenitors is highly elevated initially in mutant brains, it
resumes a normal evolution after E11.

b. Counting of iba-1-labelled microglia cell on midbrain sections (left) and cytometry analyses
of CD11b F4/80"CD45"" microglia from percoll purified whole brain (middle). The two
approaches correlate to show that there is no genotype-related difference in microglia amount
at E14.5. Annexin V-7AAD quantification of apoptosis levels in CDI 1b"F4/80 CD45™"
microglia from E14 brains (Right) evidenced a significantly lower apoptosis level in
Iyl-1“"Z compared to WT and Iyl-1"""** brains that may accounts for the recovery of
microglia population size after E12.5.

¢. In adults, both iba+ cell counting and cytometry analyses converged to show no
genotype-associated difference in microglia pool size in WT and /yl-1 WILacZ brains.

d. Quantitative RT-PCR analyses: CDI1 1b"F4/80 CD45™" microglia was isolated at
sequential development stages. Bar graphs show the kinetic of expression of a selected set of
genes that are not significantly modified in Lyl-1 mutants at E12.5 and P0-P3, but may be so

at post natal stages. Gene expression was normalized to the mean expression value in WT

E12.5 microglia (n=3). Error bars indicate s.e.m.
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Extended figure 3, related to figure 2
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Extended Figure 4, related to Figure 3:

a-g Histological and immuno-staining of brain sections from adult wild type (left) and
Lyl-1""“"4< (1ight) mice. Scale bars represent 200 pum, except in i were they represent 20 pm.
a, b. Structure of the hippocampus (a), and cerebellum (b) revealed by Haematoxylin-Eosine
(HE) staining;

c. Iba-1 staining of microglia in the hippocampus (upper panel) and in amygdala (lower
panel). Iba-1+ microglia quantification, expressed as mean + s.e.m, is shown in the right
panel;

d. MAC-3 staining of hippocampal macrophages; e. Amyloid precursor protein (APP) staining
for axonal damage; f. CD3 staining of T lymphocytes; g. CD34 labeling of endothelia (green)

and DAPI for nuclei (blue) in the hippocampal area.
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Extended figure 4, related to figure 3

Ly/_1WTM/T Ly/_1LacZ/LacZ

150+
= ns
£
£ n
5 1004 [ ]
Py ° ]
= o _o
g | == —E—
'] . ..I
2 50
1 i = E
SRR, B SO 00w = . '
: S 3 . ¥
4 % _qLacZ/LacZ
20 LAy Lyj 1= 2501

& n.s
AT , gzoo- v
N 4 2 1501 %
o
4 1001 ﬁ:‘___ _::E
(-9
3 e ; B 5 50
tba-1 - - ; © C.200um {ba-1 A . 7200pm
d 7 i S , N—
Lyl_1WT/WT 3 ¥ Lyl_1LachacZ s S g Lyl_1WT/WT s Lyl_1LacZ/LacZ
MAC3 /[ 2um MACETT T 2Wum aRm e b 2 - 500
f Ly/_1wr/w7 ’-‘3; = * Lyl-tacznacz v Ly-1tacznacz
co3 : 200um D3 g o 200um

105



REFERENCES

Alliot, F., Godin, I. and Pessac, B. (1999) 'Microglia derive from progenitors, originating from
the yolk sac, and which proliferate in the brain', Brain Res Dev Brain Res 117(2): 145-52.

Antony, J. M., Paquin, A., Nutt, S. L., Kaplan, D. R. and Miller, F. D. (2011) 'Endogenous
microglia regulate development of embryonic cortical precursor cells', J Neurosci Res
89(3): 286-98.

Askew, K., Li, K., Olmos-Alonso, A., Garcia-Moreno, F., Liang, Y., Richardson, P., Tipton,
T., Chapman, M. A., Riecken, K., Beccari, S. et al. (2017) 'Coupled Proliferation and
Apoptosis Maintain the Rapid Turnover of Microglia in the Adult Brain', Cel/l Rep 18(2):
391-405.

Bertrand, J. Y., Giroux, S., Cumano, A. and Godin, I. (2005a) 'Hematopoietic stem cell
development during mouse embryogenesis', Methods Mol Med 105: 273-88.

Bertrand, J. Y., Jalil, A., Klaine, M., Jung, S., Cumano, A. and Godin, I. (2005b) 'Three
pathways to mature macrophages in the early mouse yolk sac', Blood 106(9): 3004-11.
Bruhl, A. B., Delsignore, A., Komossa, K. and Weidt, S. (2014) 'Neuroimaging in social
anxiety disorder-a meta-analytic review resulting in a new neurofunctional model',

Neurosci Biobehav Rev 47: 260-80.

Capron, C., Lecluse, Y., Kaushik, A. L., Foudi, A., Lacout, C., Sekkai, D., Godin, 1., Albagli,
O., Poullion, 1., Svinartchouk, F. et al. (2006) 'The SCL relative LYL-1 is required for
fetal and adult hematopoietic stem cell function and B-cell differentiation', Blood 107(12):
4678-4686.

Colangelo, V., Schurr, J., Ball, M. J., Pelaez, R. P., Bazan, N. G. and Lukiw, W. J. (2002)
'Gene expression profiling of 12633 genes in Alzheimer hippocampal CA1l: transcription
and neurotrophic factor down-regulation and up-regulation of apoptotic and
pro-inflammatory signaling', J Neurosci Res 70(3): 462-73.

Cumano, A., Dieterlen-Lievre, F. and Godin, 1. (1996) 'Lymphoid potential, probed before
circulation in mouse, is restricted to caudal intraembryonic splanchnopleura', Cell 86(6):

907-16.

106



Cumano, A. and Godin, I. (2007) 'Ontogeny of the Hematopoietic System', Annual Review of
Immunology 25: 745-785.

Curtis, D. J., Salmon, J. M. and Pimanda, J. E. (2012) 'Concise Review: Blood Relatives:
Formation and regulation of hematopoietic stem cells by the basic helix-loop-helix
transcription factors stem cell leukemia and lymphoblastic leukemia-derived sequence 1',
Stem Cells 30(6): 1053-8.

Downs, K. M. and Davies, T. (1993) 'Staging of gastrulating mouse embryos by
morphological landmarks in the dissecting microscope', Development 118: 1255-1266.
Fiering, S. N., Roederer, M., Nolan, G. P., Micklem, D. R., Parks, D. R. and Herzenberg, L.
A. (1991) 'Improved FACS-Gal: flow cytometric analysis and sorting of viable eukaryotic

cells expressing reporter gene constructs', Cytometry 12(4): 291-301.

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., Mehler, M. F., Conway,
S. J., Ng, L. G., Stanley, E. R. et al. (2010) 'Fate Mapping Analysis Reveals That Adult
Microglia Derive from Primitive Macrophages', Science 330(6005): 841-845.

Giroux, S., Kaushik, A.-L., Capron, C., Jalil, A., Kelaidi, C., Sablitzky, F., Dumenil, D.,
Albagli, O. and Godin, 1. (2007) 'lyl-1 and tal-1/scl, two genes encoding closely related
bHLH transcription factors, display highly overlapping expression patterns during
cardiovascular and hematopoietic ontogeny', Gene Expression Patterns 7(3): 215.

Gomez Perdiguero, E. and Geissmann, F. (2013) 'Myb-Independent Macrophages: A Family
of Cells That Develops with Their Tissue of Residence and Is Involved in Its
Homeostasis', Cold Spring Harb Symp Quant Biol.

Gomez Perdiguero, E., Klapproth, K., Schulz, C., Busch, K., Azzoni, E., Crozet, L., Garner,
H., Trouillet, C., de Bruijn, M. F., Geissmann, F. et al. (2015) 'Tissue-resident
macrophages originate from yolk-sac-derived erythro-myeloid progenitors', Nature
518(7540): 547-51.

Guo, W. and Wu, H. (2008) 'Detection of LacZ expression by FACS-Gal analysis'.

107



Hoeffel, G., Chen, J., Lavin, Y., Low, D., Almeida, F. F., See, P., Beaudin, A. E., Lum, J.,
Low, L., Forsberg, E. C. et al. (2015) 'C-Myb+ Erythro-Myeloid Progenitor-Derived Fetal
Monocytes Give Rise to Adult Tissue-Resident Macrophages', Immunity 42(4): 665-678.

Jung, S., Aliberti, J., Graemmel, P., Sunshine, M. J., Kreutzberg, G. W., Sher, A. and Littman,
D. R. (2000) 'Analysis of fractalkine receptor CX(3)CR1 function by targeted deletion
and green fluorescent protein reporter gene insertion', Mol Cell Biol 20(11): 4106-14.

Kierdorf, K., Erny, D., Goldmann, T., Sander, V., Schulz, C., Perdiguero, E. G., Wieghofer,
P., Heinrich, A., Riemke, P., Holscher, C. et al. (2013) '"Microglia emerge from
erythromyeloid precursors via Pu.1- and Irf8-dependent pathways', Nat Neurosci 16(3):
273-80.

Matcovitch-Natan, O., Winter, D. R., Giladi, A., Vargas Aguilar, S., Spinrad, A., Sarrazin, S.,
Ben-Yehuda, H., David, E., Zelada Gonzalez, F., Perrin, P. et al. (2016) 'Microglia
development follows a stepwise program to regulate brain homeostasis', Science
353(6301): aad8670.

McCallum, A. P., Gallek, M. J., Ramey, W., Manziello, A., Witte, M. H., Bernas, M. J.,
Labiner, D. M. and Weinand, M. E. (2016) 'Cortical gene expression correlates of
temporal lobe epileptogenicity', Pathophysiology 23(3): 181-90.

McGrath, K. E., Frame, J. M. and Palis, J. (2015) 'Early hematopoiesis and macrophage
development', Semin Immunol 27(6): 379-87.

McGrath, K. E., Koniski, A. D., Malik, J. and Palis, J. (2003) 'Circulation is established in a
stepwise pattern in the mammalian embryo', Blood 101(5): 1669-76.

Mildner, A., Schmidt, H., Nitsche, M., Merkler, D., Hanisch, U. K., Mack, M., Heikenwalder,
M., Bruck, W., Priller, J. and Prinz, M. (2007) 'Microglia in the adult brain arise from
Ly-6ChiCCR2+ monocytes only under defined host conditions', Nat Neurosci 10(12):
1544-53.

Palis, J., Robertson, S., Kennedy, M., Wall, C. and Keller, G. (1999) 'Development of
erythroid and myeloid progenitors in the yolk sac and embryo proper of the mouse',

Development 126(22): 5073-84.

108



Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., Giustetto, M.,
Ferreira, T. A., Guiducci, E., Dumas, L. et al. (2011) 'Synaptic pruning by microglia is
necessary for normal brain development', Science 333(6048): 1456-8.

Pina, C. and Enver, T. (2007) 'Differential contributions of haematopoietic stem cells to foetal
and adult haematopoiesis: insights from functional analysis of transcriptional regulators',
Oncogene 26(47): 6750-65.

Pirot, N., Deleuze, V., El-Hajj, R., Dohet, C., Sablitzky, F., Couttet, P., Mathieu, D. and Pinet,
V. (2010) 'LYLTI activity is required for the maturation of newly formed blood vessels in
adulthood', Blood 115(25): 5270-5279.

Pirot, N., Delpech, H., Deleuze, V., Dohet, C., Courtade-Saidi, M., Basset-Leobon, C.,
Chalhoub, E., Mathieu, D. and Pinet, V. (2014) 'Lung endothelial barrier disruption in
Lyll-deficient mice', Am J Physiol Lung Cell Mol Physiol 306(8): L775-85.

Prinz, M. and Priller, J. (2014) '"Microglia and brain macrophages in the molecular age: from
origin to neuropsychiatric disease', Nat Rev Neurosci 15(5): 300-12.

Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N., Kierdorf, K.,
Prinz, M., Wu, B., Jacobsen, S. E., Pollard, J. W. et al. (2012) 'A lineage of myeloid cells
independent of Myb and hematopoietic stem cells', Science 336(6077): 86-90.

Sheng, J., Ruedl, C. and Karjalainen, K. (2015) 'Most Tissue-Resident Macrophages Except
Microglia Are Derived from Fetal Hematopoietic Stem Cells', Immunity 43(2): 382-93.
Soucie, E. L., Weng, Z., Geirsdottir, L., Molawi, K., Maurizio, J., Fenouil, R.,
Mossadegh-Keller, N., Gimenez, G., VanHille, L., Beniazza, M. et al. (2016)
'Lineage-specific enhancers activate self-renewal genes in macrophages and embryonic

stem cells', Science.

Souroullas, G. P. and Goodell, M. A. (2011) 'A new allele of Lyll confirms its important role
in hematopoietic stem cell function', Genesis 49(6): 441-8.

Souroullas, G. P., Salmon, J. M., Sablitzky, F., Curtis, D. J. and Goodell, M. A. (2009) 'Adult
hematopoietic stem and progenitor cells require either Lyll or Scl for survival', Cell Stem

Cell 4(2): 180-6.

109



Thomas, D. M., Francescutti-Verbeem, D. M. and Kuhn, D. M. (2006) 'Gene expression
profile of activated microglia under conditions associated with dopamine neuronal
damage', Faseb J 20(3): 515-7.

Tober, J., McGrath, K. E. and Palis, J. (2008) 'Primitive erythropoiesis and megakaryopoiesis
in the yolk sac are independent of c-myb', Blood 111(5): 2636-2639.

Ueno, M., Fujita, Y., Tanaka, T., Nakamura, Y., Kikuta, J., Ishii, M. and Yamashita, T. (2013)
'Layer V cortical neurons require microglial support for survival during postnatal
development', Nat Neurosci 16(5): 543-551.

Wehrspaun, C. C., Haerty, W. and Ponting, C. P. (2015) 'Microglia recapitulate a
hematopoietic master regulator network in—fthe aging human frontal cortex',
Neurobiology of Aging 36(8): 2443.€9-2443.e20.

Wilson, N. K., Foster, S. D., Wang, X., Knezevic, K., Sch tte, J., Kaimakis, P., Chilarska, P.
M., Kinston, S., Ouwehand, W. H., Dzierzak, E. et al. (2010) 'Combinatorial
Transcriptional Control In Blood Stem/Progenitor Cells: Genome-wide Analysis of Ten
Major Transcriptional Regulators', Cell Stem Cell 7(4): 532-544.

Wolf, Y., Yona, S., Kim, K. W. and Jung, S. (2013) '"Microglia, seen from the CX3CR1 angle',
Front Cell Neurosci 7: 26.

Zaqout, S. and Kaindl, A. M. (2016) 'Golgi-Cox Staining Step by Step', Frontiers in
Neuroanatomy 10: 38.

Zhan, Y., Paolicelli, R. C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., Vyssotski, A.
L., Bifone, A., Gozzi, A., Ragozzino, D. et al. (2014) 'Deficient neuron-microglia
signaling results in impaired functional brain connectivity and social behavior', Nat
Neurosci 17(3): 400-406.

Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R., O'Keeffe, S., Phatnani, H.
P., Guarnieri, P., Caneda, C., Ruderisch, N. et al. (2014) 'An RNA-sequencing
transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral

cortex', J Neurosci 34(36): 11929-47.

110



Zohren, F., Souroullas, G. P., Luo, M., Gerdemann, U., Imperato, M. R., Wilson, N. K.,
Gottgens, B., Lukov, G. L. and Goodell, M. A. (2012) 'The transcription factor Lyl-1

regulates lymphoid specification and the maintenance of early T lineage progenitors', Nat

Immunol 13(8): 761-769.

111



2.3. Result part 2: Additional data

2.3.1. Lyl-1 does not influence macrophage production from

AGM-HSC

We also investigated whether /y/-1 invalidation affects the M® population derived
from the differentiation of intra-embryonic HSC. AGM (E10-E10.5) were dissected
as described before (Bertrand et al., 2005a) and cultured on OP9 stroma to allow their
differentiation. They were cultured in "Complete OptiMEM medium" supplemented
with Flt-3 ligand (10 ng/ml), Stem Cell Factor (50 ng/ml) and EPO (50 ng/ml) and
[1-7 (50 ng/ml, from Peprotech). After 4 days of culture, the number and type of
progenitors produced was further characterized through clonogenic assays and

cytometry analyses.

Contrary to what was observed for OrgD1-YS, in clonogenic assays, AGM-HSC from
wild type and lyl-1"““"** gave rise to similar numbers of M® progenitors (Fig 16A),
as well as GM and EMp (data not shown). Moreover, cytometry analyses evidenced
that the amounts of CD11b" and F4/80" M® produced during the 4 days in culture
were similar in the three genotypes (Fig 16B). These cytometry analyses were
performed at earlier (Day2) or later (D6 and D10) of culture, with identical results
(data not shown). These data show that Lyl-1 does not regulate M® production from

intra-embryonic HSC, as it does in the early YS.
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Figure 16: Lyl-1 does not influence the production of M® from AGM-HSC.

(A) Clonogenic potential of AGM-derived cells analyzed after a 4 days differentiation
step on OP9 stroma. The number of EMp, GM and M® precursors is similar in the
different genotypes. (B) Wild type and mutant AGM cells after a 4 days
differentiation step on OP9 stroma allowed the cytometry analysis of Lyl-1 expression
in HSC-derived myeloid cells. The amount of CD11b" cells and of F4/80 M® among
CD11b" cells is similar in the 3 genotypes.

2.3.2. Identification of the differences in genes expression between

YS-derived primitive and definitive macrophage by RNA sequencing

Because Lyl-1 expression discriminates the primitive and definitive M® lineages in
the early YS, we can now assess the differences that exist between these two
populations. Therefore, we now stated to implement RNA-Seq analyses of primitive

LacZ/LacZ

and definitive YS population on wild type and Lyl-1 mutants. The aims of this

study are to:

1- determine the specific features of primitive M®, compared to definitive M® from

older embryos and 2- assess what is the effect of Lyl-1 inactivation on the poorly
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known primitive population. The information gathered during this project might
provide long sought after information on primitive population, and might shed a new
light on the regulation of the properties of embryonic hematopoietic progenitors that
may be impaired in specific pathological conditions arising from developmental

defects.

For the experimental preparation, all the samples were primary cells sorted directly

from either wild type or Lyl- LacZ/Lacz

mouse embryos, according to the common
phenotype (c-Kit'CD45'CD11b"). Specifically, primitive M® progenitors were
collected from wild type or Lyl-1"““**? E9_YS (<18S); mixture of primitive and
definitive M® progenitors were collected from wild type or Lyl—]L“CZ/ Lacz B10-YS;
using FDG staining, the subsets of Lyl-1/FDG positive and negative M® progenitors
were sorted from Lyl-1**““**#“E10-YS. I have already finished the sample preparation

and sent the sample to analyze. The overall experimental strategy and aims of the

RNA-Seq are showed in the Table 3.

Table 3: Description of the experimental strategy and aims of the RNA-Seq

Experimental strategy and aims of the study

Development stage E9 Yolk Sac E10.5 Yolk Sac

Types of M¢ progenitors Primitive M¢ progenitors Mixture of primitive and definitive M¢ progenitors

in a wild type context
Sample M¢ progenitors sorted from E9 YS
Genotype Wild type D Lyl-1-/-@

Types of macrophages
progenitors

Primitive/Normal Primitive/Defective

Sample identification
DES-YS  WT p-MPTim
@E9YS  Lyl17 p-mgPrim

Types of M¢ progenitors
in a Lyl-1-/- context

®E10.5-YS WT p-MgPTIm + p-M@Pef Sample
@E10.5-YS Lyl-17"  p-MgPiM 4 p-MgPef
Genotype
®E10.5-YS Lyl-17"  Lyl-1-/BGal- (p-M¢Pef ?)
Types of macrophages

®E10.5-YS Lyl-17"  Lyl-1+/BGal+ (p-M¢PIm ?) progenitors

Aims of the study
What are the modifications resulting from Lyl-1 invalidation ?
Are Lyl-1 features constant with YS development stage and sorting procedure ?

What are the differences between primitive and definitive M¢ progenitors ?
Does Lyl-1 expression discriminate the two populations ?

that are phenotypically indistinguishable
M¢ progenitors sorted from E10.5 YS

wild type @) Lyl-1-/-@

Primitive/Normal
AND Definitive/normal

Primitive/Defective
AND Definitive/normal

Lyl-1 positive and negative M¢ progenitors can be
distinguished (p-Gal-Activity)

Sorted -Gal/Lyl-1 Negative Sorted f3-Gal/Lyl-1 Positive
M¢ progenitors &) M¢ progenitors ®
Lyl-1-/-

Definitive/Normal? Primitive/Defective?
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2.3.3. Lyl-1 expressing primitive M® colonize the fetal liver

At early developmental stages, FL is considered as an intermediate hematopoietic site,
where the size of hematopoietic cell pool largely amplifies to fulfill the requirement
of embryonic development. Exogenous hematopoietic cells colonize the FL to initiate
hematopoiesis at E9.5. In addition to supporting hematopoietic cells expansion, the
FL is also the main hematopoietic site for the differentiation of myeloid cells. EMp
colonize the FL beginning at E9.5 (Kieusseian et al., 2012) and are highly enriched at
E10.5-FL, where they expand and differentiate into multiple cell lineages. Moreover,
considering the timing relative to progenitor numbers and lineage mapping
correlations, it was suggested that the early M® population at E10-FL might be
largely derived from the primitive progenitors. Hence, I detected the Ly/-1 expression
pattern within the M® progenitors pool at both E10-YS and E10-FL from wild type,
Lyl-1""5% and Lyl-1"*“"** mice by using FACS-gal assay. I found that both
E10-YS and EI10-FL contain two distinct M® progenitors discriminated by their
Lyl-1 expression (Fig 17), confirming that primitive M® population also colonize the

FL during early embryonic development.
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Figure 17: Lyl-1" primitive M® progenitors are present in the fetal liver at E10.

Representative profiles from 3 independent samples preparation, each cumulating 3-4
YS and FL from the same embryos. Both E10-YS and -FL harbor FDG/Lyl-1" and
FDG'/Lyl-1" M® progenitors.
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2.3.4. Lyl-1 deficiency leads to a reduction of the microglia pool at
E12

To assess the effect of Lyl-1 on microglia development, I quantified the percentages
of F4/80+ microglia in wild type and Lyl-1*““**“ mice at E12 and E14 by using two
different ways. Specifically, in the first method, the total brain cells were analyzed by
FACS. Then the percentage of microglia within the whole brain was recorded and

compared between wild type and Lyl-1-#t%

at different stages. In the second
method, the total microglial population (progenitors and mature cells) was first
purified by Percoll gradient centrifugation and then quantified by FACS analysis. |

LacZ/LacZ
Jrac?acZ mutant

found a significant reduction of F4/80" microglia in the brain of Lyl-
mice at E12, whereas the percentage of microglia was not influenced at E14 in the
method of Percoll purification (Fig 18), suggesting that Lyl-1 inactivation affects the
microglia differentiation and maturation, resulting in the reduction of the mature
microglia pool at E12. Contrary to what was observed in this second method, wild

LacZ/LacZ

type and Lyl-1 mice displayed a significant decrease of the percentage of
F4/80+ microglia at E14, but not at E12, compared to that of wild type in the first
method (Fig 18). This interesting finding might be due to the less precise by using the
whole brain tissue. Also it is possible that the proliferating defects of microglia

caused by Lyl-1 inactivation occur at E12 and the effects on microglia pool display at

El4.
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Figure 18: Lyl-1 deficiency leads to a reduction of the microglia pool at E12.5.

Representative profiles from 3 independent samples preparation, each cumulating 2-3

brain repeats (mean = SD, below). Two developmental stages (E12 and E14) were

LacZ/LacZ
JEac?acZ g tants

analyzed. Left panel: the whole brain cells from wild type and Ly/-
were analyzed by FACS. Right Panel: microglial cells were purified from wild type
and Lyl-1"“"Z mutants by Percoll gradient centrifugation and analyzed by FACS
using the same gate strategy. Gated on CD11b+ cells. *P < % 0.05 (Student’s t test)

significantly different from wild type in corresponding to % of F4/80 cells.
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23.5. Lyl-1 inactivation vresults in a  reduction of

inflammatory-related genes expression

Inflammatory-related gene expression in microglia of wild type and Lyl-1-#*e?

mutants was analyzed by qPT-PCR. Total RNA isolated from either at PO or P15
brains was analyzed with primers corresponding to the IL-6, TNF-a and IL-1§ genes.
As shown in Figure 19, the transcripts of TNF-a and IL-18 in Lyl-1 mutants
microglia were seriously reduced compared with those of the wild type at P15.
Decreases of expression in IL-6 were observed in Lyl-1 mutants at both PO and P15

(Fig 19), suggesting impaired functions in Lyl-1 deficiency microglia.
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Figure 19: Lyl-1 inactivation results in a reduction of inflammatory-related

genes expression.

Expression of inflammatory-related genes IL-6, TNF-a and IL-1f in wild type and
Lyl-1"“"4Z mutants at PO and P15 was measured by qRT-PCR (mean + SD of three
biological replicates). *P < % 0.05, **P < % 0.01 (Student’s t test) significantly

different from wild type in corresponding stages.
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2.3.6. Bibliographic and database information evidencing a possible

involvement of Lyl-1 in human microglia in heath and diseases.

We are eager to know whether the data we obtained in our murine model are relevant
to human. We therefore started gathering information from bibliographic and database
sources that evidencing a possible involvement of Lyl-1 in human microglia in heath
and diseases. This ongoing survey confirmed the expression of Lyl-1 in human
microglia, but did not so far provide clear-cut evidences for Lyl-1 involvement in

autism syndrome disorders, as well as in Alzeimer's disease.

It however repeatedly pointed to Lyl-1 implication in neuro-inflammatory processes,
suggesting that Lyl-1 may have a neuro-protective function in a steady state situation.
Our qRT-PCR results also involve Lyl-1 in the regulation of inflammatory process,
but we find a reduced production of pro-inflammatory cytokines at PO and P15. At
these stages, Lyl-1 would therefore favour inflammation in a wild type context, a
conclusion that does not fit easily with the information presented below. Further work
is needed to understand Lyl-1 involvement in inflammatory processes and to explain

this discrepancy.

2.3.6.1 Lyl-1 is expressed in murine and human microglia and no other brain cell
types:
w [yl-1 is expressed in microglia, and to a lesser extent endothelial cells from the

cerebral cortex, and no other brain cell types (see RNA-Seq transcriptome and

splicing database of neurons, glia and vascular cells, and

http://web.stanford.edu.gate2.inist.fr/group/barres_lab/brain_rnaseq.html) (Ziang et
al., 2014)

w [yl-1 is expressed in P60 microglia and not in astrocytes, neurons and

oligodendrocytes (See Sup Fig 7) (Bennett et al., 2016)

w [yl-1 is identified in the "microglia module", compared to other brain cell types

(Zeisel et al., 2015).
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w [yl-1 is expressed in the frontal cortex of healthy adult (transcriptome data sets;

see Sup. Table 6 and Sup. Table 7) (Wehrspaun et al., 2015)

2.3.6.2 Lyl-1 modification in autism with FMRI1-FM is not clearcut

w [ yl-1 is significantly modified in autism with FMR1-FM (See Sup Table S3: SAM
Rank 3267 out of 5139 differentially expressed genes (DEG), but it does not appear in
Sup table sup 5 with RANK-Prod, 2281 DEG) (Nishimura et al., 2007).

w [ yl-1 was not modified in autism with 15q duplication (1281 DEG) (Nishimura et
al., 2007).

2.3.6.3 Lyl-1 deregulation is observed in some Alzheimer disease (AD) models
a- In murine models:

w [yl-1 is reduced in the APP-PS1 mouse model of AD GSE74615: Cortical
microglia in APPswe/PS1dE9 model (WMG4x44kv2): Transcriptional analysis was
performed on isolated astrocytes and microglia from the cortex of aged controls and
APPswe/PS1dE9 AD mice (See supTable s3) (Kamphuis et al., 2016, Orre et al.,
2014)

w [yl-1 is reduced in the 5XFAD mouse model of AD. This down-regulation is
attenuated in Trem2 KO. GSE65067: WT and TREM2-deficient microglia model
(MoGene)

A rare R47H mutation of TREM?2 correlates with a substantial increase in the risk of
developing Alzheimer disease (AD). TREM2 deficiency and haploinsufficiency
augment P-amyloid (AP) accumulation due to a dysfunctional response of microglia,

which fail to cluster around A plaques and become apoptotic (Wang et al., 2015).

w QOther data to be analyzed: Lyl-1 is not significantly modified in three AD murine

models:

- In the PS2APP model murine models of AD: GSE75431: Cortical CD11b cells
in 7/13mo PS2APP model (Srinivasan et al., 2016)

- In GSE89482: Cortical Cx3crl-GFP cells in 14-15mo PS2APP model

(RNA-Seq).
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- In GSE93179 and GSE93180: Hippocampal CD11b cells in Tau-P301L model
(Mouse RNA-Seq)

b- In human:
w [ yl-1 is decreased 3.2 fold in the hippocampal cornu ammonis 1 of AD patients.

Samples: control and AD hippocampal cornu ammonis 1 (CAl) from domestic and
international brain banks (pools from CA1 of six control or six AD subjects). Results
in table 2: there is a 3.2 fold decrease in Lyl-1 expression in the hippocampal cornu

ammonis 1 of AD patients, compared to control. (Colangelo et al., 2002).
w Other data to be analyzed:

- Lyl-1 is not significantly increased in AD patient fusiform gyrus: GSE95587:
Alzheimer's Patient Fusiform Gyrus (whole tissue) (Human RNA-Seq)

- Lyl-1 1s significantly increased in AD patient Temporal Cortex: GSE15222:

Alzheimer's Patient Temporal Cortex (whole tissue) (illuminaHumanvl)

2.3.6.4 Lyl-1 appears involved in the regulation of neuro-inflammation
a- In murine models:
w [yl-1 is down regulated in the microglia of LPS-treated mice at P60.

In Tmem119 murine model, a down regulation of Lyl-1 is observed in the microglia

of LPS-treated mice (WT) compared to untreated at P60. Data found in excel files.

http://web.stanford.edu/group/barres_lab/brainseq2/brainseq2.html(Bennett et al.,
2016)

NCBI bioproject: accession n° PRINA307271
w [ yl-1 is down regulated 2.16 folds in the microglia from LPS-treated mice.
GSE75246; Data found in excel files. (Srinivasan et al., 2016)

w [yl-1 belongs to the genes set most down-regulated in microglia activating
conditions: To increase the understanding of microglial activation, microarray

analysis was used to profile the transcriptome of BV-2 murine microglial cells
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submitted to 3 activating conditions (LPS treatment, treatment with the HIV
neurotoxic protein TAT, or with dopamine quinone). All these treatment have been

linked to dopamine neuronal damage.

The focus was on genes differentially expressed in all three activating conditions, by

comparison to the transcriptome of resting microglia.

The genes whose expression was most reduced by all activating conditions included

Lyl-1, which is reduced 14-fold (See Supplemental Table 4) (7/0mas et al., 2006).
w [Lyl-1 might be associated with neuroprotection:

Methamphetamine (METH) is well known for its ability to cause damage to
dopamine (DA) nerve endings of the striatum. DA released into the synapse by
METH is very likely the source of downstream reactants that provoke microglial
activation and the ensuing damage to DA nerve endings. In the comparison of murine
microglia BV-2 cells treated or not with DA-quinone (DAQ) which acts downstream
of meth to damage DA neurons, the authorshey find Lyl-1 amongst the genes
decreased at least 2.8 folds (See Table 2). They consider that the decreased genes are

associated with neuroprotection. (Ku/in et al., 2008)

2.3.6.5 Lyl-1 is significantly lower in TLE patients with high seizure frequency

w To find whether there is genetic basis to temporal lobe epilepsy (TLE), whole
genome analyses was performed to identify differential gene expression in the
temporal lobes of TLE patients with high vs. low baseline seizure frequency.
Samples: 24 patients in high or low seizure frequency groups (median
seizures/month)  who  underwent  anterior temporal lobectomy  with

amygdalo-hippocampectomy for intractable TLE.

The authors find that high seizure frequency is associated the low expression of 7

genes, including Lyl-1 (See Table 3) (McCallum et al., 2016)

123



References:

Bennett, M.L., Bennett, F.C., Liddelow, S.A., Ajami, B., Zamanian, J.L., Fernhoff, N.B.,
Mulinyawe, S.B., Bohlen, C.J., Adil, A., Tucker, A., et al. (2016). New tools for studying
microglia in the mouse and human CNS. Proceedings of the National Academy of Sciences
113, E1738-E1746.

Colangelo, V., Schurr, J., Ball, M.J., Pelacz, R.P., Bazan, N.G., and Lukiw, W.J. (2002).
Gene expression profiling of 12633 genes in Alzheimer hippocampal CA1: transcription and
neurotrophic factor down-regulation and up-regulation of apoptotic and pro-inflammatory
signaling. J Neurosci Res 70, 462-473.

Kamphuis, W., Kooijman, L., Schetters, S., Orre, M., and Hol, E.M. (2016). Transcriptional
profiling of CDI11c-positive microglia accumulating around amyloid plaques in a mouse
model for Alzheimer's disease. Biochim Biophys Acta 1862, 1847-1860.

Kuhn, D.M., Francescutti-Verbeem, D.M., and Thomas, D.M. (2008). Dopamine Disposition
in the Presynaptic Process Regulates the Severity of Methamphetamine-Induced
Neurotoxicity. Annals of the New York Academy of Sciences /739, 118-126.

McCallum, A.P., Gallek, M.J.,, Ramey, W., Manziello, A., Witte, M.H., Bernas, M.J.,
Labiner, D.M., and Weinand, M.E. (2016). Cortical gene expression correlates of temporal
lobe epileptogenicity. Pathophysiology 23, 181-190.

Nishimura, Y., Martin, C.L., Vazquez-Lopez, A., Spence, S.J., Alvarez-Retuerto, A.lL,
Sigman, M., Steindler, C., Pellegrini, S., Schanen, N.C., Warren, S.T., et al. (2007).
Genome-wide expression profiling of lymphoblastoid cell lines distinguishes different forms
of autism and reveals shared pathways ,A+. Human Molecular Genetics /6, 1682-1698.

Orre, M., Kamphuis, W., Osborn, L.M., Jansen, A.H., Kooijman, L., Bossers, K., and Hol,
E.M. (2014). Isolation of glia from Alzheimer's mice reveals inflammation and dysfunction.
Neurobiol Aging 35, 2746-2760.

Srinivasan, K., Friedman, B.A., Larson, J.L., Lauffer, B.E., Goldstein, L.D., Appling, L.L.,
Borneo, J., Poon, C., Ho, T., Cai, F., ef al. (2016). Untangling the brain's neuroinflammatory

and neurodegenerative transcriptional responses. 7, 11295.

124



Thomas, D.M., Francescutti-Verbeem, D.M., and Kuhn, D.M. (2006). Gene expression
profile of activated microglia under conditions associated with dopamine neuronal damage.
Faseb J 20, 515-517.

Wang, Y., Cella, M., Mallinson, K., Ulrich, J.D., Young, K.L., Robinette, M.L., Gilfillan, S.,
Krishnan, G.M., Sudhakar, S., Zinselmeyer, B.H., et al. (2015). TREM2 Lipid Sensing
Sustains the Microglial Response in an Alzheimer,Ads Disease Model. Cell 160, 1061-1071.
Wehrspaun, C.C., Haerty, W., and Ponting, C.P. (2015). Microglia recapitulate a
hematopoietic master regulator network in—fthe aging human frontal cortex. Neurobiology of
Aging 36, 2443.e2449-2443.e2420.

Zeisel, A., Munoz-Manchado, A.B., Codeluppi, S., Lonnerberg, P., La Manno, G., Jureus, A.,
Marques, S., Munguba, H., He, L., Betsholtz, C., et al. (2015). Brain structure. Cell types in
the mouse cortex and hippocampus revealed by single-cell RNA-seq. Science 347,
1138-1142.

Zhang, Y., Chen, K., Sloan, S.A., Bennett, M.L., Scholze, A.R., O'Keeffe, S., Phatnani, H.P.,
Guarnieri, P., Caneda, C., Ruderisch, N., ef al. (2014). An RNA-sequencing transcriptome
and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J Neurosci 34,

11929-11947.

125



3 GENERAL DISCUSSION AND
PERSPECTIVES
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3.1 Lyl-1 expression discriminates the YS-derived primitive

and definitive macrophages.

It is essential to define the expression pattern of transcription factor in hematopoietic
cells during specific steps of development, differentiation and maintenance since the
various features of hematopoietic cells are tightly controlled by the balance between
the different hematopoietic transcription factor (Novershtern et al., 2011). In a
previous study, we observed that Lyl-I transcripts were present in the YS blood
islands (Giroux et al., 2007). Likewise, LacZ expression driven by Lyl-I promoter
was observed in the YS blood islands of transgenic mice (Chan et al., 2007). Using
FACS-Gal staining and in vitro assays to detect the possible presence of a minor
Lyl-1 expressing subset in the YS, we first confirm that Lyl-1 is expressed by a small
subset of CD11b'CD31" M® precursors, as well as a fraction of F4/80" mature M®.
Consistent with this expression, the disruption of Ly/-I HLH domain leads to an
increased production of M® progenitors, while the amount of YS-derived GM and
EMp precursors remains unmodified. We further show that Lyl-7 disruption does not
modify the production of M® from AGM-HSC, obtained after an in vitro
differentiation step to allow their differentiation. Thus, these data together suggests
that Lyl-1 function during M® development appears specific to a subset of early YS

progenitors.

During mouse embryogenesis, the first YS-derived M® population, called primitive,
derives from monopotent M® progenitors generated as early as E7.5. GM precursors
and EMp that will give rise to the second wave of YS-derived M® emerge a few
hours later, from the 2-5S stage (Bertrand et al., 2005b; Palis et al., 1999). MO
precursors from the first and second YS waves share the same phenotype and can
only be discriminated by their kinetics of appearance (Bertrand et al., 2005b). By
focusing on the YS that is before 5S stage, we gathered several evidences pointing to

Lyl-1 expression and function as a distinctive feature of M® precursors from the first
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(primitive) YS wave. The characterization of FDG" cells sorted from E8 YS and
FACS-Gal analyses correlate to show that Lyl-1 expression is restricted to the
primitive M® precursor pool and that all primitive M® precursors present at this early
stage express Lyl-1. Moreover, the primitive M® precursor pool was expanded upon
Lyl-1 bHLH deletion in both heterozygous and homozygous mutants. In vitro
clonogenic assays of FDG'/Lyl-1" versus FDG7/Lyl-1" myeloid progenitors sorted

fI‘OIn Lyl- 1 WT/LacZ

E10-YS, as well as comparison of c-Myb expression levels between
these two subsets by qRT-PCR, further confirm our hypothesis. Altogether, these data
establish that during YS ontogeny, Lyl-1 expression and function are specific to the
primitive M® population. Using Lyl-1 as a marker to discriminate early YS-derived
primitive and definitive M® population, we can further characterize their specific
features, which remain largely unknown. For example, our ongoing RNA sequencing
experiments will provide the gene specificities of primitive and definitive M®
progenitors and the modifications induced by Lyl-1 invalidation. The selected

candidate genes from RNA sequencing will be further validated to gather more

information about how Lyl-1 controls the expansion of primitive M® pool.

On the other hand, the lack of Lyl-1 function in M® progenitors derived from both
late YS and AGM-HSC in the early embryo does not exclude that Lyl-1 might
independently play a role during myeloid differentiation in the adult. Indeed, a
function of Lyl-1 as a repressor of myeloid differentiation was previously inferred
from the differentiation block along the M® lineage, which occurs when Lyl-I is
over-expressed in the human monoblastic leukemia cell line U937 (Meng et al.,

2005).
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3.2 YS-derived primitive macrophages (Lyl-1 positive) give

rise to the embryonic microglia.

In a previous study, we hypothesized that the microglial population of the developing
brain might originate from progenitors generated in the early YS, since cells capable
to give rise to growing colonies when cultured on astroglial monolayers could be
obtained from the YS at E8 (0-4S stage), but not from the P-Sp/AGM (Alliot et al.,
1999). The contribution of YS-derived primitive M® to the microglial population was
recently established through fate mapping experiments using an inducible fluorescent
reporter under the control of an endogenous promoter of Runx1, a transcription factor
expressed by early YS cells (Ginhoux et al., 2010). Interestingly, the authors also
showed that P-Sp/AGM-derived cells do not contribute to the microglial population.
The data presented here complement these studies by uncovering Ly/-1 expression in
microglial progenitors, as well as the maintenance of Lyl-/ expression in mature
F4/80" microglial cells throughout embryonic development and adulthood. However,
in our latest FACS-gal assay experiments, we noticed that in the Lyl-1"*“**?prain,
the FDG levels was barely detected at P42, while at P15 it showed a bimodal
expression, suggesting the presence of two populations discriminated by their Ly/-1
expression at the protein level (§2.2, Extended Fig 2c). On the other hand, our
qRT-PCR analyses indicated that the transcript levels of Lyl-1 were high at both
stages (§2.2, Fig 2f). These data together make us wondering whether there is other
source of M® replacing the microglial pool during the first two postnatal weeks.
Previous evidences showed that once the microglial pool is established during
embryonic development, the cells themselves are maintained throughout adult life by
virtue of longevity and limited self-renewal without input from definitive
hematopoiesis (Ajami et al., 2007; Ginhoux et al., 2010; Gomez Perdiguero et al.,
2015; Mildner et al., 2007). However, the promoter-controlled CreER-loxP tracking

system or chimeric animals obtained by parabiosis used in these fate mapping studies
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does not provide sufficient temporal resolution to conclude the origin of microglia in
adulthood unambiguously. For example, the fluorescence labeled myeloid progenies
were only detected in the aging adult mice. Hence, there is a big gap between
postnatal developmental period and adulthood to be detected. Moreover, MO
progenitors from both primitive and EMp-derived transient definitive waves were
labeled upon tamoxifen induction at E8.5 and these protocols only led to 30-40 %
microglia labeling, although the levels were likely to be underestimated, suggesting
the possibility of bi-source of microglia in adulthood. In fact, microglial numbers in
mouse brain change dramatically during postnatal development, with an initial
increase during the first 14 postnatal days, then declining in the third postnatal week,
and finally reduced by 50% by 6 weeks of age (Nikodemova et al.,, 2015).
Additionally, by using temporal-spatial resolution fate mapping approach, Xu et al
recently showed that in zebrafish, that the adult brain continues to be colonized by
new MO® progenitors that arise from the ventral wall of dorsal aorta, a tissue also
producing definitive hematopoiesis in mouse, resulting in the replacement of
embryonic-derived microglia with adult-derived microglia (Xu et al., 2015). Thus,
considering the highly conserved hematopoietic program between mammalian and
zebrafish and evidences observed from our results, it is quite necessary to
re-investigate the origin of microglia in adult mice, especially focusing on the

postnatal developmental period.

Furthermore, except for microglia, little is known about the contribution of
YS-derived primitive M® to embryonic development. Indeed, in our previous
confocal analyses, we observed the presence of Lyl-1 positive M® in the embryo
body at E10.5 (Giroux et al., 2007). Moreover, we show here that Lyl-1 positive M®
progenitors colonize to the FL as early as E10. Therefore, it is possible that primitive
M® progenitors also participate to other resident M® populations in the embryo.
Unfortunately, the Lyl-1“““ reporter mice do not allow neither confocal imaging of
Y S-derived primitive M®, nor lineage tracing of primitive M® progenies. Therefore,
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the following central key objective is to generate novel Lyl-1 indicator (e.g.

conditional and inducible targeting Lyl-1"°™"

) mouse strains that will be instrumental
to trace the migration and colonization of primitive M® population during embryonic
development, as well as adulthood, which will gain more insight into the specific
feature of the primitive hematopoiesis. Once the mouse strains are obtained, a
fate-mapping study of the murine primitive M® taking advantage of constitutive and
conditional Lyl-1 promoter-driven Cre recombines expression will be performed to

detect their contribution to the major tissue-resident M® compartments during

embryonic development and the maintenance during adulthood.

3.3 Lyl-1 regulates the development and functions of

microglia and is involved in neuro-developmental diseases.

As for microglial development, we identify here two key stages, when the effects of
Lyl-1 invalidation occur, resulting in the reduction of microglial pools at E12.5 and
PO-P3. These two stages correspond to the end of "early" and "pre-microglia" stages,
as described in the stepwise microglia development program recently defined
(Matcovitch-Natan et al., 2016). Interestingly, after these stages, the microglia
population in Ly/-I mutants "rescues" its deficient size through a highly reduced
apoptosis levels at E14 and, around birth, through a significantly decreased compared
to wild type microglia, of the expression level of Mafb, which controls microglia
self-renewal in the adult (Matcovitch-Natan et al., 2016; Soucie et al., 2016). These
observations suggest that the reduction of microglia compartment seemed to be
recovered spontaneously without external input. Correspondingly, Bruttger et al
recently found that the microglial compartment was reconstituted within 1 week of
depletion by efficient self-renewal (Bruttger et al., 2015). To evaluate the

consequences of Lyl-1 inactivation during later stages of microglia and neural
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development, our collaborators investigated the consequences on brain development
of microglial defect in Lyl-1 mutant mice, with a focus on behavioral changes. They
evidenced that Lyl-1 deficient mice display typical phenotypes for social anxiety
disorders. However, what extent and how these striking behavioral changes correlate
to specific changes in Lyl-1 deficient microglia need to be examined in details. Indeed,
microglial cells actively contribute to the normal embryonic development of the CNS,
thus, any modification of their phenotype, activity and density during development
may have long term consequences on the structure and function of CNS networks that
might result in disorders arising from impaired neurodevelopment. Antony et al
recently evidenced that alterations in microglial number as a consequence of genetic
or pathological events could perturb neural development by directly affecting
embryonic neural precursors, possibly causing late-onset neurodevelopmental
disorders (Antony et al., 2011). Therefore, it will be of great importance to precise
how and which stage that Lyl-1 inactivation leads to impaired microglia development,
and ultimately to neuro-developmental diseases. This aim can be achieved through

/11 . . . .. . . .
M) mouse strains, in which conditional inactivation of

generating a conditional (Lyl-1
the Lyl-1 gene will be performed at E12 or PO-3, and the phenotypes of Lyl-1
conditional knockout mice will be characterized in adulthood. In the case of
conditional deletion at E12, studies associated with neural development and function
will be performed since the deceased microglial numbers affect the neural
development (Antony et al., 2011). Moreover, the behavior studies will be also
performed in adult animals to assess the long-term consequences caused by

embryonic defects. As for conditional deletion at P0-P3, synaptic pruning and

behavior studies in adult animals will be analyzed.

In conclusion, we identify for the first time a transcription factor that seems to
specifically discriminate Y S-derived primitive and definitive M® population. From
the data gathered here, it appears that Lyl-1 restricts the production of primitive M®.
Moreover, the discovery that Lyl-1 expression discriminates the whole primitive M®
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lineage (progenitors and mature cells) from its definitive counterpart might contribute
to uncover the specificity of the regulatory network that influences primitive M®
differentiation. This is especially relevant with reference to microglia, as further
characterization of Lyl-1 positive brain cells may have potential therapeutic outcome

for neurodegenerative diseases.
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Fonction du facteur de transcription Lyl-1 dans le développement du lignage

macrophagique.

Au cours de l'embryogenese, il existe un programme conservé d'hématopoiese dite
"CSH-indépendante", car elle précede le développement des cellules souches
hématopoiétiques (CSH). Cette production de cellules hématopoiétiques indépendante
des CSH, se déroule dans le Sac Vitellin (SV) et est subdivisée en deux vagues. La
premicre vague, dite primitive, produit des progéniteurs monopotents, a 1'origine
respectivement de cellules érythroides, de mégacaryocytes et de macrophages (M®),
tous qualifiés de primitifs. Les progéniteurs primitifs apparaissent dans le SV a partir
du jour embryonnaire (E) E7-7.5, bien avant la formation des CSH, qui apparaissent
dans la région aortique a partir de E9.5. Lors de la deuxiéme vague, le SV produit des
progéniteurs multipotents, érythro-myeloides (EMp). Les EMp émergent a
E8.25-E8.5 et augmentent en nombre dans le SV a E9. Parce que les progéniteurs de
ces deux vagues sont mélangés dans la circulation systémique, leur contribution
relative a 1'hématopoiese embryonnaire reste mal connue. Lyl-1 est un facteur de
transcription de type bHLH est étroitement apparenté a Scl/Tal-1, qui est nécessaire a
la spécification de des progéniteurs du SV, ainsi qu'a celle de CSH de la région

aortique. En outre, en utilisant la souche Lyl-1'%#*Z

, chez laquelle le domaine HLH
est invalidé et remplacé par le géne rapporteur LacZ, nous avons précédemment
montré que le profil d'expression de Lyl-1 pendant I'ontogenése recoupait largement

celui de Scl/Tal-1, indiquant que Lyl-1 pourrait jouer un réle durant le développement

de I'hématopoiése embryonnaire.

L'expression de Lyl-1 caractérise les progéniteurs de macrophages primitifs de la

premiére vague du Sac Vitellin.

Pour étudier cette hypothese, nous avons d'abord évalué si Lyl-1 jouait un rdle dans le

développement des cellules hématopoiétiques du SV. Nous avons soumis des SV de

lLacZ/LacZ Lyl- 1 WT/LacZ

E8 provenant d'embryon Lyl- et sauvages a des tests

2
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clonogéniques apreés les avoir maintenus en culture organotypique pendant 1 jour
(OrgD1). Dans ce systeme de culture, le SV est disséqué avant que la circulation du
SV ne se connecte a celle de l'embryon proprement dit, ce qui évite une
contamination par les premicres CSH, permettant ainsi l'analyse spécifique des
progéniteurs du SV. De plus, l'¢tape de culture permet le développement des
progéniteurs des deux vagues du SV, ce qui rend ce systéme de culture adapté pour
I'étude initiale de l'effet de I'inactivation d'un géne. Nous avons observé que
l'invalidation de Lyl-1 augmentait significativement la production de progéniteurs
M®, alors que la production des autres types de progéniteurs, y compris les EMp et

les progéniteurs granulo-monocytaires (GM), n'était pas modifiée.

Puis, nous avons testé si l'invalidation de Lyl-1 affectait de manicére similaire la
population M® dérivée de la différenciation des CSH. A E10-10.5, la région aortique
contient des CSH et des progéniteurs du SV qui ont colonisé¢ le compartiment
intra-embryonnaire via le flux sanguin, y compris des progéniteurs engagés M®, GM
et EMp, ainsi que des M® matures. Pour évaluer spécifiquement le potentiel de

différenciation des CSH vers la lignée MO, les cellules de la région aortique

1 WT/LacZ 1 LacZ/LacZ

d'embryons sauvages, Lyl- et Lyl- ont été cultivées sur la lignée
stromale OP9 pour engager leur différenciation. Apres 4 jours de culture, le nombre et
le type de progéniteurs produits ont été caractérisés par des tests clonogéniques.
Contrairement a ce qui a été observé pour les SV (E8-OrgD1), la production des
progéniteurs M®, GM et EMp ¢tait similaire pour les trois génotypes. De plus,
'analyse en cytométrie de flux a montré la quantité de M® (CD11b+F4/80+) produite
¢tait similaire dans les trois génotypes a différents temps de culture. Ces données

suggerent que Lyl-1 ne régule pas la production de M® a partir de CSH

intra-embryonnaires, comme c'est le cas au niveau du SV.

Au cours du développement, les M® se développent a partir de progéniteurs
c-Kit+CD31+CD45- (fraction C) qui acquicrent l'expression de CDI11b et CD45

(fraction Al). Puis la différenciation de M® est caractérisée d'abord par la baisse
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d'expression de c-Kit (fraction A2), puis par celle de CD31, couplée a I'augmentation
de l'expression de CX3CR1 et de F4/80 (fraction A3). En raison des effets sur la

. , . LacZ/LacZ
production de M® que nous avons trouvés chez des souris Lyl-1-24-*

, J'ai analysé
en cytométrie le phénotype et la distribution relative de ces sous-populations dans les
SV E8-OrgDl1 et E9. J'ai également utilisé le test Facs-Gal, comme rapporteur de
I'expression de Lyl-1: ce test permet la caractérisation en cytométrie des cellules qui
possedent une activité -Galactosidase (B-Gal), en utilisant son substrat fluorescent, le
FDG. J'ai montré que les SV mutants (E8-OrgD1 et E9) comportaient une
sous-population CD45-/low dans la population CD11b+CD31+ (progéniteurs A1-A2).
Cette sous-population disparait des SV sauvages a E9 et aprés E9.5 dans les

génotypes mutants. Il est important de noter que cette sous-population transitoire,

intermédiaire entre les populations C et Al s'est avéré étre 100% Lyl-1 positive.

J'ai ensuite évalué l'expression de Lyl-1 dans les progéniteurs M® a E9, quelques
heures avant 1'émergence des EMp, en utilisant le test Facs-Gal. J'ai trouvé que
'ensemble des progéniteurs M® (CD31+CD45+CD11b) exprimait Lyl-1 a ce stade.
Fait intéressant, quelques heures plus tard (E9.5), des progéniteurs M® Lyl-1 négatifs
apparaissaient dans le SV, suggérant que deux populations distinctes de M® peuvent

étre discriminées par l'expression de Lyl-1.

I1 est bien établi que le SV génere deux vagues de M®: la premicre appelée primitive,
provient de progéniteurs M® monopotents qui apparaissant a E7.5-E8, en I'absence de
progéniteurs en amont, tels que les EMp et les GM. La deuxiéme vague de MO est le
produit des EMp qui donnent naissance a des M® définitifs. Les M® de la premiére et
deuxiéme vague ne peut pas étre distingués par leur phénotype. De plus, ils se
mélangent rapidement dans le SV, et peu apres dans le flux sanguin systémique. Par
conséquent, les caractéristiques spécifiques des M® primitifs n'ont pas encore été
caractérisées en détail. Comme mentioné précédemment, l'invalidation de Lyl-1
affecte uniquement la production des M® dans le SV (E8 OrgDI1 et E9), et non dans

la population dérivée des CSH intra-embryonnaires. De plus, le SV génére deux
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vagues de M®, de sorte que a E9.5, le SV abrite a la fois les progéniteurs MO
primitifs de la premiére vague et les progéniteurs M® de la deuxiéme vague, qui
proviennent de la différenciation myéloide des EMp via un progéniteur GM. Dans la
mesure ou l'ensemble des progéniteurs M® (C-A1-A2) du SV (Lyl-1V75%)
exprimait Lyl-1, alors que seul une fraction des progéniteurs M® 1'exprimait a E9.5,
nous avons envisagé que les progéniteurs M® Lyl-1 positifs pourraient représenter la
population primitive, présente aux stades les plus précoces. Malheureusement, les
progéniteurs M® des deux vagues de SV ne peuvent pas étre discriminés par leur
phénotype, de sorte que la seule facon d'évaluer si l'invalidation de Lyl-1 cible
spécifiquement les progéniteurs M® primitifs ¢€tait d'utiliser leur différente cinétique

d'apparition, malgré le nombre réduit de progéniteurs présents.

Les premiers progéniteurs EMp et GM apparaissent dans le SV au stade 3-5 Somites
(S). Nous avons donc analys¢ l'activité f-Gal dans les SV Lyl-lWT/ Lz 4o ES, au stade
0-5S. A ce stade ou le SV contient uniquement des progéniteurs M® primitifs, tous
les progéniteurs M® CDI11b+CD31+ exprimaient Lyl-1. De plus, en triant les
fractions Lyl-1/FDG positives et négatives a partir de SV Lyl-1""** 3 E8 et testant
ces deux fractions en tests clonogéniques, nous avons trouvé que la plupart des
progéniteurs hématopoiétiques provenaient de la fraction Lyl-1/FDG négative. En
revanche, la quasi totalit¢ des progéniteurs MO ¢Etaient systématiquement présents
dans la fraction Lyl-1/FDG positive. Les tests clonogéniques ont également montré
que moins d'un progéniteur GM et EMp par SV étaient détectés au stade 0-5S, tant
chez les SV sauvages que mutants, confirmant que le test a été effectué¢ a un moment
ou il est possible de discriminer les progéniteurs M® primitifs de ceux qui dérivent
des EMp de la seconde vague du SV. Nous avons ¢également observé
systématiquement une augmentation de 2-3 fois du pourcentage (et du nombre absolu

1 WT/LacZ

par SV) des colonies de M® primitifs obtenues a partir de SV Lyl- et

Lyl-1%#19Z nar rapport au type sauvage.
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Pour obtenir des preuves plus solides, j'ai testé¢ le potentiel hématopoiétique des
progéniteurs Lyl-1 positifs par rapport a celui des progéniteurs Lyl-1 négatifs a un
stade ultérieur. Plus précisément, les progéniteurs c-Kit+CD45+CD11b+ provenant de
SV Lyl-1V"% de E10 ont ét¢ fractionné en populations FDG+Lyl-1+ et
FDG-/Lyl-1- et soumis a un test clonogénique. Leur progénie a été comparée a celle
provenant de SV sauvages et Lyl-lWT/LalCZ de E9, un stade ou seuls les progéniteurs
MO primitifs sont présents. J'ai trouvé que les SV de E9 non triés sur le FDG
produisaient presque exclusivement des colonies M®, alors qu'a E10, le SV générait
aussi des colonies GM et granulocytiques. De plus, la majorité des progéniteurs tri€s
FDG+/Lyl-1+ ne donnaient naissance qu'a des colonies M®, alors que les
progéniteurs FDG-/Lyl-1  produisaient également des colonies GM ou

granulocytiques, ce qui caractérisent leur type définitif.

Les résultats des trois approches entreprises convergent pour montrer que l'expression
de Lyl-1 discrimine les progéniteurs M® primitifs et définitifs du SV. De plus, nous
trouvons que la fonction Lyl-1 pendant le développement normal semble étre de
réguler négativement la génération et l'expansion de la lignée des M® primitifs,
comme le montre la production accrue de la sous-population intermédiaire C a Al,

ainsi que celle des progéniteurs M® dans les SV Lyl- 1247,

Pour développer davantage les résultats des analyses in vitro et celles de cytométrie
de flux mentionnées ci-dessus, nous avons débuté les prélevements destinés a des
analyses de RNA-Seq pour (1) déterminer les caractéristiques spécifiques des
progéniteurs M® primitifs, par comparaison avec les progéniteurs M® définitifs des
embryons plus agés; (2) évaluer quel est l'effet de l'inactivation de Lyl-1 sur la
population M® primitive. Les informations recueillies a partir de ce test RNA-Seq
pourraient fournir des informations longtemps recherchées sur la population
primitive, et pourraient apporter un €clairage nouveau sur la régulation des propriétés

des progéniteurs hématopoiétiques embryonnaires.
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Les progéniteurs M® primitifs exprimant Lyl-1 donnent naissance a la microglie

embryonnaire.

Les MO issus des progéniteurs primitifs exprimant Lyl-1 pourraient contribuer a
diverses populations de M® de I'embryon en développement. J'ai donc analysé la
contribution des progéniteurs M® Lyl-1 positifs au compartiment des M® matures,
en mettant I'accent sur le SV et le foie feetal (FF) de E10.5, ainsi que sur le cerveau en

développement.

La contribution relative des progéniteurs des deux vagues du SV aux premicres étapes
du développement du FF est encore mal caractérisée. En utilisant le test Facs-Gal, j'ai
montré que le FF a E10.5 contenait deux types de progéniteurs M® discriminés par
l'expression Lyl-1, confirmant que les populations primitive et définitive colonisent

¢galement le FF au début du développement embryonnaire.

Il a été récemment établi grace a des expériences de "fate mapping" que la microglie
(M® du systeme nerveux central) provenait exclusivement de progéniteurs MO
produits par le SV. Cependant, comme indiqué ci-dessus, les lignées de M® primitifs
et les M® dérivés des EMp coexistent dans le SV de sorte que leurs contributions
respectives a la microglie est naturellement l'objet de questionnements : puisque les
progéniteurs M® primitifs et ceux issus des EMp partagent le méme phénotype et
sont tous deux présents dans le SV aux stades ou les expériences de "fate mapping"
ont été réalisées, la contribution respective des progéniteurs M® primitifs et de ceux
dérivant des EMp au développement de la microglie reste incertaine. En utilisant le
test Facs-Gal, j'ai trouvé que, alors que le SV de E10.5 comprenait les deux
populations de progéniteurs M® FDG/Lyl-1 positive et négative, le cerveau des
mémes embryons abritait des progéniteurs M® FDG+/Lyl-1+. De méme, les MO
matures (F4/80+) du SV de E10.5 contiennent les deux populations (FDG+/Lyl-1+ et
FDG-/Lyl-1-), tandis que dans le cerveau a E10.5, les M® matures sont

exclusivement FDG+/Lyl-1+. Ces données suggerent fortement que la source initiale
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des progéniteurs MO responsables du développement de la microglie est la population

primitive exprimant Lyl-1.

L'hématopoicse primitive est conservée dans des embryons dépourvus de l'expression
de c-Myb et la vague primitive est considérée comme indépendante de c-Myb pour
son développement. De plus, il a ét¢ démontré que 'expression de c-Myb n'est pas
nécessaire au développement de la microglie. Ainsi, pour renforcer notre conclusion
sur l'origine primitive de la microglie, j'ai effectu¢ des analyses en qRT-PCR pour
détecter s'il y avait une différence dans l'expression du transcrit c-Myb entre la
population de progéniteurs Lyl-1 positifs et négatifs (E10.5). Les résultats ont montré
que les progéniteurs myé¢loides FDG-/Lyl-1- du SV présentent un taux de c-Myb
similaire a celui des progéniteurs définitifs du foie feetal, qui dépendent de c-Myb
pour leur développement. En revanche, les progéniteurs M® FDG+/Lyl-1+ du SV et
du cerveau présentent des taux de c-Myb extrémement bas, similaires a celui des
progéniteurs M® primitifs du SV de E9, renforcant ainsi leur statut primitif et la

relation de lignage entre les progéniteurs M® FDG+/Lyl-1+ et la microglie.

L'inactivation de Lyl-1 altére la maturation des M® aux stades embryonnaires

précoces.

Pour obtenir de plus amples informations sur la fonction Lyl-1 pendant le
développement des M®, jai utilis¢ des souris Cx3crl™"9™  chez lesquelles
l'expression la GFP correle avec celle du récepteur de la fractalkine CX3CR1, qui est
le marqueur microglial de référence. J'ai d'abord utilisé ces souris pour trier les
fractions Al, A2 et A3 a partir de SV et de cerveaux de E10.5 et j'ai analysé les
niveaux de transcrits de Lyl-1 pendant la différenciation M®. J'ai trouvé que les
niveaux d'’ARNm de Lyl-1 étaient similaires dans le SV et le cerveau pour chacune
des fractions. L'expression de Lyl-1 est maintenue tout au long de la différenciation
avec une diminution des progéniteurs Al aux M® matures A3, ce qui implique une
exigence différente envers Lyl-1 pendant la maturation.
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J'ai également construit une souche de souris double mutante Cx3crl®":Lyl-1"

pour analyser finement l'influence de I'inactivation de Lyl-1 au cours de la
différenciation M®. J'avais initialement observé que la taille de l'ensemble de la
population M® ¢tait similaire dans les trois génotypes. Mais, en utilisant les nouveaux
génotypes  développés  (Cx3erlFWTLyl-1VTWT - Cx3er1 FPWTLyl- 122V ot
Cx3crl SV Lyl-1-#142) i3 d'abord observé une distribution inverse des fractions
Al, A2 et A3 dans le SV et le cerveau des embryons normaux, le SV contenant
principalement des progéniteurs Al et A2, alors que le cerveau contient
principalement des M® matures. Ceci suggere que le cerveau précoce est un
environnement favorable a une maturation rapide des M®. De plus, ces analyses ont
révélé que, comparativement aux souris Cx3crl1“""VT:Lyl-1VTVT e SV et le cerveau

. FP/WT LacZ/LacZ
des souris mutantes Cx3cr] "/ WT:Ly]- Fec#/Lac

contenaient un exces de progéniteurs
Al et un déficit marqué en M® matures. Ainsi, ces données suggeérent que

l'inactivation de Lyl-1 perturbe la maturation des M® et de la microglie.
Lyl-1 controle le pool de microglies embryonnaires a deux stades de développement.

Des données antérieures ont montrées que le compartiment de la microglie était établi
autour de E11.5 et maintenu par prolifération locale sans apport utltérieurs de
monocytes circulants, du moins en conditions normales. Donc, pour détecter si
l'expression de Lyl-1 était maintenue pendant le développement de la microglie, j'ai
mesuré les niveaux d'ARNm de Lyl-1 dans la microglie triée a partir des souris

sauvages et mutantes (Lyl_lLacZ/LacZ

) a différents stades de développement
embryonnaire (E12, 14, 16), postnataux (P) (PO, P15) et chez l'adulte (P42). J'ai
¢galement mesuré l'activité bGal a ces stades par le test Facs-Gal. Dans la microglie
sauvage, le niveau d'expression de Lyl-1 (transcrits) augmente en fin de
développement embryonnaire et est fortement enrichi aux stades P15 et P42.
L'expression de Lyl-1 (activité bGal) est également maintenue dans la microglie tout

au long du développement embryonnaire chez les souris mutantes Lyl-1-*¢#12
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Cependant, cette activité bGal diminue significativement a P15 et est a peine détectée

a P42 dans la microglie mutante.

Pour évaluer l'effet de Lyl-1 sur le développement de la microglie, j'ai ensuite étudié
sa cinétique de croissance chez les souris sauvages, Lyl-1" "% et Lyl-1"4MZ e
E9.5 a E14.5. Pour cela, le nombre de cellules microgliales par cerveau a été estimé
en rapportant au nombre total de cellules cérébrales le pourcentage de cellules
microgliales déterminé par l'analyse en cytométrie. J'ai observé une cinétique de
croissance microgliale similaire pour les souris sauvages et Lyl-lWT/LaCZ. En revanche,

: LacZ/LacZ
dans le cerveau des souris Lyl-1-%¢#1

, on observe initialement (E10.5-11.5) un
exces de progéniteurs microgliaux (CD31+CD45+CD11b+), mais ces progéniteurs
diminuent rapidement pour atteindre de méme niveau que chez les embryons
sauvages a El14.5. En termes de microglie mature, j'ai trouvé une réduction
significative de la microglie F4/80+ dans le cerveau des souris Lyl-17*#* 3 E12,
alors que la quantité de microglie n'était pas ét¢ modifiée avant ce stade, suggérant
que l'inactivation de Lyl-1 affecte la prolifération de la microglie, mais pas la
colonisation du cerveau. Bien que la microglie soient encore réduite chez les mutants
a E14, le pool de population semble se rétablir de lui-méme. En utilisant une méthode
similaire, j'ai trouvé que la taille du contingent microglial était de nouveau réduite
chez les mutants a P0O-3. Ce deuxiéme €pisode déficitaire est transitoire, comme celui

qui a lieu a E12, puisque la taille du contingent microglial a P42 est de nouveau

normale.

Pour mieux comprendre le mécanisme de régulation de Lyl-1 dans le développement
de la microglie, j'ai ensuite évalué la survie et l'expansion de la microglie dans les
cerveaux sauvages et mutants a ces deux stades. L'analyse de l'incorporation de
l'analogue de la thymidine BrdU dans la microglie a E12 a montré une incorporation
plus importante dans la microglie sauvage que dans celle des mutants, indiquant une
réduction du taux de prolifération de la microglie mutante. En outre, 1'analyse de la

liaison d'AnnexinV a la microglie a montré une fréquence similaire d'apoptose dans la
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microglie sauvage et mutante a E12 et PO-3. Fait intéressant, la fréquence des cellules
apoptotiques était beaucoup plus faible a E14 chez les mutants Lyl-1"*“*%_ Cette
donnée pourrait étre mise en relation avec la récupération progressive du contingent

microglial chez les mutants aprés E12.

Des données combinant des stratégies de déplétion génétique et d'analyse
transcriptomique ont montrées que la microgliogenése €tait étroitement régulée au
cours du développement. La différenciation et la prolifération de la microglie
dépendent de l'expression du récepteur CSF-1R, qui joue ses rdles a travers deux
ligands, CSF-1 et IL-34. Le développement de la microglie dépend également des
facteurs Pu.l et Irf8, etc. Pour mieux définir la fonction Lyl-1 durant le
développement de la microglie, j'ai effectu¢ des analyses en qRT-PCR sur la
microglie aux stades embryonnaires (E12, E14, E16), postnataux (P0-3, P15) et chez
'adulte (P42). J'ai quantifié les transcrits de genes connus pour étre impliqués dans le
développement et la différenciation des M® et de la microglie (Cx3crl, Irf8, Csfl-r,
Mafb, Runx1, Pu.l), ainsi que les régulateurs du développement hématopoiétique
(Scl/Tal-1, Lmo2) et facteurs associés (Tcf3/E2A, Tcf4/E2.2). L'analyse des geénes
régulés difféeremment dans la microglie déficientes en Lyl-1 et sauvage a montré la
diminution chez le mutant Lyl-1"**"*Z de plusieurs génes importants dans le
développement de la microglie a des stades spécifiques,: Cx3crl a E12, Imo2, Csfl-r
et Irf8 a la fois a E12 et a P0. J'ai aussi trouvé que le niveau d'expression de Mafb, qui
contrdle l'auto-renouvellement de la microglie chez l'adulte, était significativement
diminué dans la microglie mutante autour de la naissance. Une explication possible
est que le microenvironnement conduit a l'activation de l'auto-renouvellement de la
microglie a travers la régulation négative de Mafb pour compenser les défauts de la
microglie a ce stade. De facon intéressante, les diminutions d'expression géniques
observées dans ces analyses en qRT-PCR se produisent aux stades identifiés comme

impactés par la délétion de Lyl-1 dans notre analyse cinétique.
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La microglie déficiente des mutants Lyl-1 induit des troubles d'anxiété sociale chez

l'adulte

La microglie joue un rdle clé dans le développement du cerveau, dans le maintien de
I'homéostasie et des fonctions cérébrales. Au cours du développement, elle a une
fonction de surveillance, piege les cellules mortes et les agents pathogenes et fagonne
le réseau synaptique par un processus d'é¢lagage. Aussi, une altération des fonctions
microgliales est considérée comme impliquée dans de nombreuses maladies du
neuro-développement telles que l'autisme, la schizophrénie ou les troubles
obsessionnels compulsifs. Par exemple, l'invalidation du récepteur de chimiokine
Cx3crl chez la souris conduit a une réduction transitoire de la microglie dans la
période postnatale précoce et a une perturbation de 1'¢lagage synaptique médiée par la
microglie, entrainant une détérioration de la connectivité cérébrale fonctionnelle et
une altération du comportement social. Considérant que la microglie joue des rdles
clés dans la neurogenese, nous avons voulu savoir si l'invalidation de Lyl-1 dans la

microglie pouvait altérer les processus neuro-développementaux.

La microglie produit et sécrétent des cytokines, interleukines, des facteurs de
croissance, etc., qui sont impliqués dans la communication cellulaire, régulent
I'inflammation et les réponses immunitaires, la croissance cellulaire, la survie et la
différenciation. J'ai analys¢ les niveaux de transcription de trois genes importants dans
ces processus (IL-1B, IL-6 et TNF-a) dans la microglie de souris sauvage et
Lyl-1#1%Z 5 PO et P15. Les résultats de qRT-PCR ont montré que les niveaux

d'expression génique de ces trois génes étaient beaucoup plus faibles chez les mutants

a P15, suggérant que les fonctions liées a I'inflammation sont altérées chez le mutant.

Nous avons également établi une collaboration avec le groupe de Marco Prinz a
I'Université de Fribourg en Allemagne pour mieux comprendre les conséquences de
l'inactivation de Lyl-1 chez la souris adulte. Mon role dans cette collaboration était de

préparer les échantillons de tissus pour les analyses effectuées dans ce groupe. Les
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résultats de comptage du nombre de cellules de microgliales iba+ sur des tranches de
cerveau ont corrélé avec notre quantification par cytométrie de flux pour montrer un
nombre réduit de cellules microgliales chez le nouveau-né, mais pas chez les mutants
a E14.5 et chez l'adulte. De plus, nos collaborateurs ont démontré que la microglie
néonatale ¢€tait dysmorphique. Leur découverte majeure provient d'analyses
comportementales de mutants adultes qui ont mis en évidence une altération du
comportement social. L'implication Lyl-1 dans le développement de désordre du
spectre de l'autisme a été confirmée par des expériences d'imagerie de résonance

1 LacZ/LacZ

magnétique fonctionnelle, montrant que les souris Lyl- présentent une

hyperactivité dans des zones du cerveau impliquées dans I'anxiété sociale.

Implication possible des défauts de Lyl-1 dans d'autres maladies neurologiques

Nous avons recueilli des informations bibliographiques et des bases de données pour
¢valuer si LYL-1 régulait également la microglie humaine dans des conditions
normales et pathologiques. Les informations obtenues ont confirmé 1'expression de
LYL-1 dans la microglie humaine, mais n'ont pas jusqu'a présent fourni d'indications
claires sur son implication dans les troubles du syndrome autistique, ainsi que dans la
maladie d'Alzheimer. Elles convergent cependant pour impliquer LYL-1 dans le

contrdle des processus neuro-inflammatoires.
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Résumé: Les macrophages (M®) du systéme
nerveux central forment la microglie, qui
contrdle son homéostasie. Plusieurs modeles de
"fate mapping" ont montré que la microglie
provenait du Sac vitellin (SV). Celui-ci produit
les M® en deux vagues indépendantes. Dans la
premicre, des progéniteurs restreints générent
des M® primitifs, alors que dans la seconde, des
progéniteurs érythro-myéloides produisent des
M® définitifs.Les progéniteurs primitifs et défi-

nitifs ont les mémes phénotype et voie de
différenciation. Leurs spécificités et leurs
contributions aux étapes ultérieures du

développement sont donc encore incomprises.
Nous montrons que l'expression du facteur de
transcription Lyl-1 discrimine les populations
de M® primitifs et définitifs.

Les M® primitifs Lyl-1+ fournissent la
microglie de l'embryon. De plus, l'invalidation
de Lyl-1 disruption conduit a une production
accrue de M® primitive dans le SV précoce,
puis a une réduction du contingent microglial a
deux stades spécifiques du développement.

Lyl-1 est spécifiquement exprimé par la
microglie et aucun autre type cellulaire
nerveux. Son inactivation conduit a des

modifications comportementales typiques de
'anxiété sociale. Nous identifions donc Lyl-1
comme un marqueur des M® primitifs du SV
qui donnent naissance a la microglie de
I'embryon. Nous montrons également que Lyl-1
contréle I'expansion et la différenciation de la

microglie, et est ainsi impliqué dans la
régulation des  processus du  neuro-
développement.

Title : Functions of the transcription factor Lyl-1 in the development of the macrophage lineage
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Abstract: Microglia are tissue macrophages
(M®) of the central nervous system that control
tissue homeostasis. Different fate mapping
models have shown that microglia originates
from the yolk sac (YS). Macrophages
production in the Y'S occurs in two independent
waves. In the first, primitive M® originate
from restricted progenitors, while in the
second, definitive M® are produced by
erythro-myeloid progenitors. Because primitive
and definitive M® progenitors share the same
phenotype and differentiation pathway, their
specific features and contribution to further

developmental steps are still  poorly
understood.

We here show that the expression of the
transcription  factor Lyl-1  discriminates
primitive

and definitive M® populations. YS-derived
Lyl-1+ primitive M® contribute to embryonic
microglia. Moreover, Lyl-1 disruption results
in an increased production of primitive M®
progenitors in the early YS. It also leads to the
reduction of the microglia pool at two specific
development stages. Lyl-1 1is specifically
expressed in microglia, but not other brain cells
and its inactivation leads to behavioral changes
typical for social anxiety disorders. Thus, we
identify Lyl-1 as a marker for YS primitive
M® that will give rise to the entire microglia.

We show that Lyl-1 controls microglia
expansion and differentiation and is involved in
the  regulation of  neurodevelopmental
processes.
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