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ABSTRACT 

Hematopoiesis is a vital process in which red blood cells and cells of the immune 

system are formed. It is initiated during early embryonic development when we find 

hematopoietic progenitors in separate anatomical sites. Embryonic hematopoiesis 

comprises three successive and partly overlapping waves of progenitors with a 

different hematopoietic potential. The primary anatomical place where 

hematopoiesis takes place shortly before the birth is the bone marrow (BM). Since 

at this time point of development BM is already populated by hematopoietic stem 

cell (HSCs) progenitors, it becomes also the site of hematopoiesis in adulthood. 

However, the bone marrow is not the only place where hematopoietic progenitors 

emerge and develop. The Yolk sac (YS) and the Aorta-Gonad-Mesonephros 

(AGM) region are the initial sites of the appearance of the three waves of 

progenitors in the early embryogenesis. These progenitors and their descendants 

play an indispensable role during the development of an individual. Because there 

are no specific markers that would unambiguously characterize progenitors of these 

individual waves, their physical separation and hence also functional 

characterization is still incomplete.  

Recent studies have shown that Toll-like receptors (TLRs) are expressed on adult 

HSCs. The stimulation of HSC via TLRs leads to the preferential generation of 

myeloid lineages. We have shown that TLR2 is expressed on progenitors of the 

second hematopoietic wave, erythro-myeloid progenitors (EMPs). Since such 

TLR2 expression allowed the distinction between emerging EMP precursors from 

the preceding wave of precursors of primitive erythropoiesis, we characterize in 

detail the emergence, fate, and function of EMPs during early embryogenesis. We 

were able to show that the progenitors of EMPs emerge much earlier than 

previously described in the literature. Using various novel transgenic models we 

have also demonstrated the indispensability of TLR2+ EMPs for embryonic 

development.  

Both embryonic and hematopoietic progenitors and cells in the adult traverse 

through the body via navigation which is based on the interaction between their 

chemokine receptors and their ligands. One such molecule is the chemokine 
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CXCR4. Using a transgenic mouse model we have shown that CXCR4 

hyperactivation has no impact on embryonic hematopoiesis, but affected adult 

hematopoiesis. The work conducted on medullary thymic epithelial cells also 

showed that TLR9-regulated expression of chemokines is critical for the process of 

establishment of central tolerance, specifically, the recruitment of monocyte-

derived dendritic cells to the thymic medulla and the generation of regulatory T 

cells. 

This dissertation thesis revolves around three already published articles and one 

article that has been already submitted and is currently under revision. The first part 

of this thesis provides a literature overview of embryonic and adult hematopoiesis 

as well as the structure and function of TLRs. The following chapter defines the 

main objectives of this work. The three above mentioned papers and one attached 

manuscript represent the results and specific discussion to each part of my 

experimental work. The last part of my thesis containing the chapters General 

discussion and Conclusions summarizes the main output and novelty of presented 

work. We believe that the presented work will contribute to a better and more 

comprehensive understanding of both embryonic as well as adult hematopoiesis. 
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ABSTRAKT 

Krvetvorba, též hematopoéza je životně nepostradatelný proces, při kterém se tvoří 

červené krvinky a buňky imunitního systému. Její počátek sahá již do 

embryogeneze, kdy v různých anatomických místech nalézáme hematopoetické 

progenitory. Embryonálí hematopoéza je složená ze tří vln progenitorů, jejichž 

vznik se časově překrývá a vyznačují se různým potenciálem tvorby svých 

dceřinných buněk. Krátce před narozením můžeme kompletní hematopoézu nalézt 

v kostní dřeni, která je díky přítomnosti hematopoetických kmenových buněk 

(HSCs) hlavním místem krvetvorby v dospělém jedinci. Avšak kostní dřeň není 

jediné místo, kde hematopoetické progenitory vznikají a vyvýjí se. Žloutkový váček 

a Aorta-Gonad Mesonephros jsou místa, ve kterých dochází k vzniku prvních 

progenitorů tří krvetvorných vln a to již během embryogeneze. Tyto progenitory a 

jejich dceřinné buňky hrají nepostradatelnou roli během vývoje jedince. Protože 

neexistuje jedinečný marker, který by byl exkluzivní pro progenitory jednotlivých 

vln jejich separace a následná funkční charakterizace není doposud kompletní. 

Nedávné studie ukázaly, že Toll like receptory (TLRs) jsou exprimované na HSCs 

v kostní dřeni. Jejich stimulací dochází k přednostnímu vzniku myeloidních 

krevních linií. V naší práci jsme ukázali, že TLR2 lze nalézt na progenitorech druhé 

embryonální hematopoetické vlny, takzvaných erytro-myeloidních progenitorech 

(EMPs). Exprese TLR2 na EMPs umožňuje jejich odlišení od hematopoetických 

progenitorů první vlny, která produkuje primitivní erytrocyty. Díky tomuto zjištění 

jsme byli schopni detailně charakterizovat vznik a funkci EMPs během ranné 

embryogeneze. Navíc jsme ukázali, že progenitory EMPs vznikají mnohem dříve, 

než bylo popsáno v literature. Za použití několika nových myších modelů jsme 

demonstrovali nepostradatelnost TLR2+ EMPs pro vývoj embrya. Jak embryonální 

tak hematopoetické progenitory a buňky v dospělém jedinci se pohybují na 

základně inerakcí migratorních molekul a jejich ligandů. Jednou takovou 

molekulou je chemokinový receptor CXCR4. Za použití transgenního myšího 

modelu, kde dochází ke zvýšené expresi a aktivaci této molekuly jsme 

demostrovali, že hyperaktivace CXCR4 nemá zásadní vliv na průběh embryonální 

hematopoézy, avšak ovlivňuje průběh hematopoézy v dospělci. Poslení práce, která 
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se zabývala funkcí medulárních epitelialních buněk v brzlíku taktéž poukázala na 

nepostradatelnost TLRs a chemokinové signalizace. V práci jsme ukázali, že TLR9 

řízená exprese chemokinů je nepostradatelná k ustanovení centrální tolerance, 

zejména pro vstup dendritických buněk derivovaných z monocytů do meduly a 

následnému vzniku regulačních T lymfocytů. 

 

Předložená disertační práce vznikla na základě tří opublikovaných prací a jedné 

práce, která je v revizi. První část je věnována úvodu, ve který popisuje 

embryonální a dospělou hematopoézu a strukturu TLRs. Následuje definování cílů 

disertační práce spolu s výsledky, které zahrnují tři opublikované práce a jednu, 

která je v revizním řízení. Práce je zakončená diskuzí a závěry, které shrnují hlavní 

poznatky a objevy našeho výzkumu. Tato práce by měla posloužit k lepšímu 

pochopení jak embryonální hematopoézy tak té dospělé. 
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1. OVERVIEW OF THE LITERATURE 

1.1. INTRODUCTION 

Before the establishment of the adult hematopoiesis, the embryonic hematopoiesis 

occurs. Embryonic hematopoiesis is a dynamic process that takes place in different 

anatomical locations where the progenitors of each wave appear. The progenitors, 

their progeny, and mature cells seed developing organs and contribute to the proper 

development. Before birth, the hematopoietic stem cells (HSCs) seeds the bone 

marrow (BM) where they expand and establish the pool of adult hematopoiesis. To 

this day, only a subset of tissue-resident macrophages is considered to be derived 

from the embryonic progenitor, called erythro-myeloid progenitor (EMP) which 

came before the establishment of the adult hematopoietic system (Perdiguero et al., 

2015; Schulz et al., 2012; Yona et al., 2013).  

Embryonic hematopoiesis can be divided into three waves based on the appearance 

of progenitors with different hematopoietic potential. The first and second waves 

originate from the yolk sac (YS) and give rise mainly to the erythrocytes and 

macrophages (Ferkowicz et al., 2003; Perdiguero et al., 2015). Part of the embryo-

derived macrophages, originating from the YS, persists till adulthood to became 

tissue-resident macrophages in adult organs. The third wave originates from the 

embryo proper (EP) and gives rise to HSCs (Yokomizo and Dzierzak, 2010) which 

later seed the fetal liver (FL) (Ema and Nakauchi, 2000; Kumaravelu et al., 2002) 

and shortly before birth colonize BM (Mendelson and Frenette, 2014). The potential 

of the HSCs is not lineage-restricted as observed for hematopoietic progenitors 

originating from YS. They generate erythrocytes, myeloid cells as well as T and B 

lymphocytes (Kumaravelu et al., 2002; Muller et al., 1994), which are later 

subjected to negative selection in the thymus and BM, respectively. 

Toll-like receptors (TLRs) are evolutionarily conserved receptors present even in 

lower animals. They were firstly described in 1985 on fruit flu Drosophila 

melanogaster and named Toll (Anderson et al., 1985)and only a few years later in 

human (Medzhitov et al., 1997) with the main function to recognize exogenous 

pathogen-associated molecular patterns (PAMPs) (Li et al., 2014; Mariano et al., 
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2014) and endogenous damage-associated molecular patterns (DAMPs) (Kariko et 

al., 2004; Liu-Bryan et al., 2005; Shi et al., 2003; Vabulas et al., 2001). It has been 

shown that TLRs are expressed on adult HSCs in the bone marrow where their 

stimulation under inflammatory conditions preferentially drives the hematopoiesis 

towards the generation of myeloid lineage (De Luca et al., 2009; Megias et al., 

2012). We have shown, that TLR2 is expressed on EMPs and HSCs in the embryo 

and can be used as the marker for the genetic lineage tracing of its progeny. Also, 

we have described the importance of TLR signaling in the thymic generation of T 

regulatory cells. 

 

1.2. ORIGIN OF EMBRYONIC HEMATOPOIESIS 

One of the closest and readily available system for studying mammalian 

hematopoietic system is a mouse model. This is largely due to the number of 

embryos, relatively fast progress of the pregnancy, and the same anatomical 

locations as in humans where the progenitors of each hematopoietic wave appear. 

A routine classification of embryonic waves is based on the anatomical sites where 

the progenitor cells are generated and with respect to the time of their appearance. 

Based on these criteria, embryonic hematopoiesis can be divided into three waves. 

The first transient wave is extra-embryonic and appears between embryonic day (E) 

7.25 to E7.5 in the YS within blood islands and displays a restricted hematopoietic 

potential to generate mainly the first erythroid cells (Ferkowicz et al., 2003; Isern 

et al., 2011). The second transient hematopoietic wave emerges at E8.25-8.5 in the 

YS (Perdiguero et al., 2015). The timing of its appearance is not the only attribute 

by which we can distinguish it from the very first wave. The hematopoietic potential 

of progenitors is also different in comparison to that of the first wave. It can give 

rise to the erythroid as well as myeloid cells (mainly macrophages) and due to this 

capacity, these progenitors are referred to as erythro-myeloid progenitors (EMP) 

(Frame et al., 2016; Palis et al., 1999; Perdiguero et al., 2015). As the embryo is 

growing, the EMPs and macrophages expand in YS, migrate to and colonize 

developing FL  (McGrath et al., 2015; Mukouyama et al., 1999). The only described 
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product of this wave that persists during the postnatal life are macrophages. They 

infiltrate forming fetal organs and give rise to the tissue-resident macrophages 

(Schulz et al., 2012; Yona et al., 2013).  

The third and the ultimate wave of embryonic hematopoiesis, represented by HSCs, 

develops in the EP (Garcia-Porrero et al., 1995; Garcia-Porrero et al., 1998; 

Yokomizo and Dzierzak, 2010). The HSCs are generated in the form of clusters 

within the arterial regions (Yokomizo and Dzierzak, 2010), which are readily 

detectable at E10.5 (Medvinsky and Dzierzak, 1996). Shortly thereafter they 

migrate to the FL which serves as a niche for their expansion and differentiation 

and where they develop along with EMPs (Ema and Nakauchi, 2000; Kumaravelu 

et al., 2002). HSCs migrate to BM shortly before birth where they reside and 

generate progenitor cells of all hematopoietic lineages throughout mammalian adult 

life (Mendelson and Frenette, 2014). Adult hematopoiesis replaces embryonic one 

shortly after the birth.  

Figure 1. The appearance of hematopoietic progenitors in the mouse embryo. 

Schematics of developing mouse embryos at stages E7.5, E8.5, and E10.5, showing 

sites of the appearance of hematopoietic progenitors from each embryonic wave. 

The YS is the site where EMPs originate. These progenitors belong to the first and 

second waves of hematopoiesis. The third wave is characterized by the appearance 

of HSCs at E10.5 in the embryo proper within the major vitelline arteries such as 

vitelline, umbilical arteries, and mainly AGM. YS= Yolk Sac, AGM= Aorta-Gonad 

Mesonephros Adapted from (Costa et al., 2012; Perdiguero and Geissmann, 2016). 
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1.2.1. FIRST HEMATOPOIETIC WAVE  

The earliest events related to the hematopoiesis starts to occur around E7.25 in the 

hemogenic angioblast of the YS blood islands (Isern et al., 2011). The process is 

also called primitive hematopoiesis due to the production of mainly nucleated 

erythroid cells which are called primitive (Tober et al., 2007). This wave possesses 

the ability to generate predominantly primitive erythrocytes and megakaryocytes 

(McGrath et al., 2003; Palis et al., 1999; Tober et al., 2007) which are the first 

hematopoietic cells produced in the embryo (Costa et al., 2012). Primitive 

erythrocytes remain nucleated with megaloblastic morphology during the whole 

lifespan, with crucial function to carry the oxygen during a fast-growing phase of 

the embryo when the oxygen diffusion would be insufficient to support such 

growth. The spectrum of expression of hemoglobin genes in primitive erythrocytes 

differs from that observed in erythrocytes produced in the following waves. These 

hemoglobin genes have different amino acid sequences and, importantly, they differ 

in the ability to bind oxygen. The primitive erythrocytes express embryonic-like 

hemoglobins: ζ, α and  preferentially βH1 and εγ globin chains over the β1 and β2 

ones in the comparison to the definitive erythrocytes (McGrath et al., 2011; Palis, 

2014) which will be mentioned below. Failure in the porocess of primitive 

erythropoiesis results in early embryonic lethality around E10.5 as it was 

demonstrated by the genetic disruption of transcription factors important for 

primitive erythrocytes generation such as Gata-1, Gata-2, Lmo2 or Scl in 

combination with Lyl1 (Fujiwara et al., 1996; Chiu et al., 2018; Tsai et al., 1994).  

In vivo studies performed in zebrafish and in vitro research in mouse suggest that 

the first hematopoietic wave can also give rise to macrophages which can colonize 

embryonic brain and establish there a pool of tissue-resident macrophages – refer 

to as microglia (Bertrand et al., 2005; Herbomel et al., 1999). There is no specific 

marker, which can precisely distinguish progenitors of these cells, therefore, the 

notion that these macrophages originate from the primitive wave remains to be 

experimentally tested. 
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Figure 2. Primitive and adult erythrocytes. The 

image depicts the primitive nucleated and 

relatively large erythrocyte isolated at E12.5 

from the peripheral blood of embryo (the two 

darker cells) and non-nucleated small definitive 

erythrocytes isolated from adult peripheral 

blood for the comparison. Blood smear stained 

with May-Grünwald Giemsa staining. Scale bar 

represents 10 μm. The picture was prepared by 

the author. 

 

1.2.2. SECOND HEMATOPOIETIC WAVE 

Shortly after the appearance of the first hematopoietic wave, the second so-called 

pro-definitive hematopoietic wave appears in the YS. Predominant cell progenitors 

are EMPs, followed by the presence of lymphoid progenitors with B cell (Godin et 

al., 1993; Hadland et al., 2017) and T cell potential (Luis et al., 2016; Yokota et al., 

2006). To this date, the first appearance of EMPs was observed in a range between 

E8.25-E8.5 (McGrath et al., 2015; Palis et al., 1999). The EMPs are the 

hematopoietic progenitors with lineage-restricted potential and capability to 

produce erythrocytes, granulocytes, megakaryocytes, mast cells, and macrophages 

(McGrath et al., 2015; Mukouyama et al., 1999). Their hematopoietic potential was 

assessed by a cell tracing approach (Perdiguero et al., 2015) combined with 

methocell cultivation assays (McGrath et al., 2015; Perdiguero et al., 2015).  

The most important cells originating from EMPs during embryonic development 

are transient definitive like erythrocytes and macrophages. Transient definitive like 

erythrocytes are necessary for the oxygenation of enlarging embryo and the 

macrophages which are later the source of long-lived tissue-resident macrophages 

such as liver Kuppfler cells (Klein et al., 2007), epidermal Langerhans cells (Schulz 

et al., 2012) and pleural macrophages (Jenkins et al., 2011) which persist through 

the life of an individual with self-renewal capacity (Perdiguero et al., 2015; Schulz 

et al., 2012). Later studies showed, that even microglia may originate from EMPs 
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(Kierdorf et al., 2013; Mass et al., 2017; Perdiguero et al., 2015) which is in contrast 

with previous studies showing their origin from embryonic monopotent (Palis et al., 

1999) progenitor originating from the first wave of embryonic hematopoiesis. The 

EMPs originate from YS hepatic leukemia factor (Hlf)-independent but the Runt-

related transcription factor 1 (Runx1)-dependent hemogenic endothelium (Frame et 

al., 2016; Yokomizo et al., 2019). The differentiation of EMPs to the pre-

macrophages is happening in Cx3cr1 dependent manner (Mass et al., 2016) which 

enables them to travel through the developing body. YS EMPs and pre-

macrophages traffic through the bloodstream to colonize developing embryo 

(Stremmel et al., 2018). The majority of EMPs migrate to the FL where they reside 

during embryonic development and where they expand (Chen et al., 2011; McGrath 

et al., 2015). The most studied factor which is crucial for EMPs, their proliferation, 

and survival in the FL, is the tyrosine kinase (c-kit) and its signaling machinery 

(Azzoni et al., 2018; Ding et al., 2012). Defects in c-kit signaling lead to embryonic 

lethality with severe anemia (Azzoni et al., 2018; Ding et al., 2012) suggesting the 

definitive-like erythroid cell differentiation block (Broudy, 1997). Disruption of the 

production of EMPs or definitive-like erythroid cells leads to embryonic lethality 

between E13.5 - E15.5 (Chen et al., 2011; Mucenski et al., 1991). 

 

 

 

 

 

 

Figure 3. Erythro-myeloid colony and its progenitor cells. (a) EMP colony at day 

7. (b) Morphology of cells at day 14 generated from EMP showing macrophage 

(mac), megakaryocyte (meg), granulocyte (gran), and red cell progenitor (ret). 

Cells were stained with May-Grünwald-Giemsa staining. The picture was prepared 

by the author. 
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1.2.3. THIRD HEMATOPOIETIC WAVE 

The third embryonic hematopoietic wave generates HSCs in EP. Embryonic HSCs 

play a pivotal role in the establishment of the adult hematopoietic system. HSCs are 

for the first time during ontogenesis generated in the inner endothelium of Aorta-

Gonad Mesonephros (AGM) in EP through the trans-differential process called 

endothelial to hematopoietic transition (EHT) (Chen et al., 2009; Zovein et al., 

2008), which means that they originate from the endothelial cells with 

hematopoietic potential. The process of HSC generation from endothelial cells is in 

comparison to the EHT of EMPs Hlf-dependent (Yokomizo et al., 2019). The origin 

of HSCs in embryo was confirmed by the cell fate tracing systems using Runx1 in 

a time-controlled manner (Chen et al., 2009), vital imaging with Ly6A (Boisset et 

al., 2010) or VE-cadherin (Zovein et al., 2008) transgenic mouse strains. The 

hemogenic endothelial cells in the AGM acquire the rounded shape and form cell 

aggregates called the hematopoietic clusters, containing HSCs (Yoshimoto et al., 

2008), which are situated to the lumen of the vessels (Yokomizo and Dzierzak, 

2010). Because HSCs appears after the blood circulation is established, the 

possibility, that the progenitors of HSCs can be generated in different anatomical 

location is still under consideration (Eliades et al., 2016; Tanaka et al., 2014). 

Hematopoietic clusters contain HSCs precursors at E10-11. Interestingly, at E10-

11, within 700 hematopoietic clusters, we can found approximately 2 functional 

HSCs (Kumaravelu et al., 2002; Yokomizo and Dzierzak, 2010; Zhou et al., 2016). 

HSCs do not stay in AGM forever, they migrate into the FL, which serves as the 

site of their expansion and differentiation (Ema and Nakauchi, 2000). In mammals 

HSCs from the third embryonic wave posses the ability to produce all progenitors 

for differentiated and mature functional hematopoietic cells and exhibit the capacity 

to self-renew after transplantation into the conditioned recipient (Ivanovs et al., 

2011). HSCs are the main source of the hematopoietic cells in adults. Their progeny 

supplies BM, thymus, and all secondary lymphoid organs with hematopoietic cells 

(Zovein et al., 2008). The disruption of functional HSCs in embryo results in 

lethality shortly before or after birth (Ding et al., 2012; Zhao et al., 2017).  
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Figure 4. HSC cluster within the E10.5 AGM. The microscopic image of a hematopoietic 

cluster is CD31+(red) and c-kit+(green) and is attached (white arrowhead) is CD31+(red) 

and c-kit+(green) to the endothelial CD31+ (red) cells within the aortic wall. Hematopoietic 

cluster is oriented into the aortic lumen (lu). DAPI was used for nuclear staining. Scale 

bar represents 50 μm. The picture was prepared by the author. 

 

1.2.4. DIFFICULTIES IN THE IDENTIFICATION OF HEMATOPOIETIC 

PROGENITORS IN EMBRYO 

To identify the hematopoietic progenitors of each embryonic wave is crucial for a 

better understanding of their relationships and the potential to contribute to the adult 

hematopoietic system. There is not one specific marker which would alone define 

the progenitor of each wave or even any reliable method which will unambiguously 

confirm that the cell which we study belongs to one or the other hematopoietic 

wave. To properly define progenitor of each wave we should combine the time of 
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their appearance during development, anatomical location, the presence of a surface 

or intracellular markers, and assessment of its hematopoietic potential. 

If we want to establish the hematopoietic potential of the progenitor cells, the easiest 

way is to use genetic cell tracing systems. For example, by employing the 

constitutive or inducible Cre recombinase under the promoter of the gene encoding 

the marker of studied cell subset. Cre recombinase can activate the expression of 

fluorescent protein, used for the identification of this population. This allows the 

sorting of a targeted subset of progenitors with the subsequent assessment of their 

hematopoietic potential using in vitro clonogenic assays. Via combining more of 

the surface markers with a lineage tracing fluorescent signal, the definition of the 

wave-relevant progenitor is more accurate. 

First observations concerning the embryonic hematopoietic waves were performed 

using the surface markers on the cells with their detection by the microscopic or 

flow cytometry methods. In these days, the combination of transgenic mice strains 

and surface markers is the most commonly used method for the identification of 

embryonic hematopoietic progenitors. Primitive progenitors of the first embryonic 

wave express low levels of c-kit and CD41 (Ferkowicz et al., 2003). EMPs can be 

defined as c-kit+ CD45low (Kierdorf et al., 2013), but this population will also 

contain the pre-macrophages (macrophages which are not mature). It is possible to 

combine these two markers with C-type lectin transmembrane receptor  AA4.1 

(Perdiguero et al., 2015). Another possibility of how to identify EMPs is the 

combination of c-kit, CD41, FcRγ expression (McGrath et al., 2015). For targetting 

the early EMPs, the detection of colony-stimulating factor 1 receptor (CSF1R) 

(Perdiguero et al., 2015; Schulz et al., 2012) expression can be added. Both 

primitive progenitors and EMPs can be found in the YS and later they seed the FL 

and other organs. 

In the case of HSCs, they are generated in the AGM in EP at E10.5-11.5. But the 

isolation of AGM is not sufficient because EMPs migrate from the YS to EP trough 

the vasculature which opens at E8.5 and thus the contamination of AGM by EMPs 

can occur. Another difficulty is when we want to identify HSCs in FL because it is 

also seeded by progenitors from YS. The phenotype of the HSCs is changing very 

https://en.wikipedia.org/wiki/C-type_lectin
https://en.wikipedia.org/wiki/Transmembrane_protein
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dynamically. All HSCs express c-kit, also, the earliest HSCs express CD41 

(Mikkola et al., 2003) and CD34 (Ogawa et al., 2001). With their maturation, the 

expression of CD41 (Ferkowicz et al., 2003) and CD34 is downregulated, the 

expression of CD45 and CD144 starting to be apparent. (North et al., 2002). Based 

on these phenotypical characteristics the phenotype of the transplantable HSCs 

isolated from AGM is CD31+c-kit+CD144+CD41low and CD45-. A recent study 

showed that the addition CD201 to the upper mention phenotypical pannel leads to 

the higher purity of HSCs and improves transplantation efficiency into the 

irradiated recipients (Zhou et al., 2016). Known phenotypical markers for the 

progenitors of each wave are summarized in Figure 5. 

Figure 5. Phenotypic markers defining progenitors of each embryonic wave 

Table showing the name of the progenitor of each embryonic wave, anatomical 

localization of their appearance, embryonic day of their first appearance, and 

possible surface markers that can be used for their phenotypical analysis. Tyrosine-

protein kinase KIT (c-kit), Integrin alpha-IIb (CD41), Fc receptor gamma (FcRγ), 

CD93 (AA4.1), colony-stimulating factor 1 receptor (CSF1R), protein tyrosine 

Precursor Hematopoietic wave Localization Embryonic day Phenotype

Primitive c-kit
low

progenitor CD41
low

c-kit
+

CD41
+

FcRγ
+

AA4.1
+

CSF1R
+

CD45
low

CD31
+

c-kit
+

AGM CD144
+

vitelline arteries CD201
+

umbilical arteries CD41
low

CD45
-

8.0-8.5

HSC third 10.5-11.5

first YS 7.0-7.5

EMP second YS



 
 

25 
 

phosphatase, receptor type, C (CD45), platelet endothelial cell adhesion molecule 

(CD31), VE-cadherin (CD144), endothelial protein C receptor (CD201). Adapted 

from (Ferkowicz et al., 2003; Gomez Perdiguero et al., 2015; Kierdorf et al., 2013; 

McGrath et al., 2015; Mikkola et al., 2003; North et al., 2002; Ogawa et al., 2001; 

Schulz et al., 2012; Zhou et al., 2016).  

 

Thus, there is a need for new progenitor markers which can assist in more precise 

distinction and separation of hematopoietic progenitors originating from each of the 

embryonic waves. 

 

 

1.2. ORIGIN OF ADULT HEMATOPOIETIC CELLS 

 

The generation of functional hematopoietic cells is a continuous process. Adult 

hematopoiesis takes place in the bone marrow under unperturbed conditions. In the 

case of disruption of the bone marrow homeostasis, for example by the injury, 

infection, or hematopoietic malignancy, the hematopoiesis can transiently move to 

the liver or spleen. On the top of the adult hematopoietic system, or tree, are the 

repopulating long term HSCs (LT-HSCs) (Spangrude et al., 1988) which are 

immature cells capable to replenish all hematopoietic lineages in the lethally 

irradiated recipient after transplantation (Liu et al., 2012). LT-HSCs produce short 

term HSCs (ST-HSCs) with limited self-renewal activity which differentiate into 

the multipotent progenitors (MPPs) which lose the ability of self-renewal but they 

retain the ability of multipotency. MPPs are still able to differentiate into the 

hematopoietic progenitor of megakaryocyte, erythroid or myeloid cells called 

common myeloid progenitors (CMPs) and later into granulo-myeloid precursors 

(GMPs) or megakaryocyte-erythrocyte progenitors (MEPs) (Akashi et al., 2000). 

Another descendant population generated from MPPs is a common lymphoid 

progenitor (CLP) which gives rise to lymphoid cells (Kondo et al., 1997). All 

hematopoietic progenitor cells are generated in BM. But it does not mean that all 

their daughter cells are already fully functional. For example, T cells that originate 

from BM HSCs, need to be differentiated, mature, and be educated in the thymus 
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to become functional. The origin of adult hematopoietic cells is depicted as a 

hematopoietic tree in Figure 6. 

Figure 6. Hematopoietic tree. Simplified hematopoietic tree describing the origin 

of hematopoietic cells with a depiction of their self-renewal ability and 

multipotency. Long term HSC (LT-HSC), short term HSCs (ST-HSC), multipotent 

progenitor (MPP), common myeloid progenitor (CMP), the granulo-myeloid 

precursor (GMP), megakaryocyte-erythrocyte progenitor (MEP), common 

lymphoid progenitor (CLP). Adapted from (Akashi et al., 2000; Kondo et al., 1997; 

Spangrude et al., 1988). 
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1.3.1. ORIGIN OF TISSUE-RESIDENT MACROPHAGES 

The majority of hematopoietic cells in adults originate from bone marrow HSCs 

except for the tissue-resident macrophages. Tissue-resident macrophages originate 

from YS progenitors and seed the tissues of their residency to perform homeostatic 

functions such as phagocytosis of unfitting cells, microorganisms, and metabolic 

waste together with the production of growth factors and bioactive molecules 

(Truman et al., 2008; Willenborg et al., 2012). In the past, it was thought that tissue-

resident macrophages are differentiated monocytes from the blood circulation 

originating from HSCs in bone marrow (van Furth, 1980; van Furth and Cohn, 

1968). New studies showed that the majority of tissue-resident macrophages 

originate from the YS (Perdiguero et al., 2015). They are generated from EMPs 

through the pre-macrophage stage (Mass et al., 2016), distinct from the monocytes 

(Mass et al., 2016; Takahashi et al., 1989). It has been shown that pre-macrophages 

upregulate Cx3Cr1 expression (Mass et al., 2016) and Cx3Cr1 knock-out embryos 

posses lower numbers of macrophages in limbs and head till E10.5 which suggest 

that pre-macrophages colonize the embryonic tissues in Cx3Cr1 dependent manner 

and acquire typical macrophage markers such as EGF-like module-containing 

mucin-like hormone receptor-like 1 (F4/80) or Integrin alpha M (CD11b) 

(Stremmel et al., 2018). Immediately after the colonization of embryonic tissues at 

E10.5, they acquire core adult-type resident macrophage program (genes 

characteristic for core adult-type macrophage program are depicted in Figure 7.) in 

all tissues simultaneously (Mass et al., 2016), but the surrounding 

microenvironment shapes their phenotype and function with the time (Lavin et al., 

2014). To this date, only the tissue-resident macrophages in the brain, called 

microglia are considered to be a pure population of YS derived macrophages 

(Perdiguero et al., 2015). In the case of other tissue-resident macrophages, they are 

usually a mixed population of YS macrophages, fetal monocytes, and BM 

progenitors (Guilliams et al., 2013; Hoeffel et al., 2012; Merad et al., 2002). 
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Figure 7. Genes upregulated when EMPs transit to the macrophages. Table 

showing the core macrophage adult-type resident macrophage genes which are 

upregulated when EMPs transit through the pre-macrophage to the macrophage 

stage. These genes are upregulated simultaneously in all embryonic tissues starting 

E10.5. Adapted from (Mass et al., 2016).  

 

1.3.1.1. HOW YS MACROPHAGES COLONIZE THE TISSUES 

YS EMPs and pre-macrophages traffic through the bloodstream to colonize FL and 

other embryonic peripheral organs during a restricted time window (Stremmel et 

al., 2018). The crucial attribute is functional heartbeat which establishes the 

circulation and is indispensable for the distribution of cells. Embryos lacking the 

heartbeat had accumulated EMPs and macrophages in the YS without any of them 

in EP (Lux et al., 2008). When the hematopoietic cells from YS reach the 

bloodstream they distribute to the place of residence. This migration pattern likely 

depends on receptor-ligand interactions. The chemokine receptors responsible for 

the migration of adult myeloid cells (Ccr2, Ccr3, Ccr5, Ccr7, Cxcr2, Cxcr4, and 

Cx3cr1) were detected also in embryonic macrophages in early stages of 

development except the CXCR2 and CXCR7 (Mariani et al., 2019) which might be 

expressed later. Their ligands are usually produced by the endothelial cells in the 

target destination where the macrophages should migrate (Mariani et al., 2019). The 

most expressed chemokine receptor is CX3CR1 followed by the expression 

CXCR4 (Mariani et al., 2019; Mass et al., 2016; Stremmel et al., 2018). The 

deletion of the latter results in the accumulation of EMPs and mainly macrophages 

Transciption Phagocytosis Pathogen recognition Chemokine Cytokine 

factors receptors receptors  receptors

Atf3 C3ar1 Clec7a Ccr1 Csf1r

Cebp α,β C5ar1 Tlr1,4,7,8,13 Cx2cr1 Csf2ra

Ifr 1,5,8,9 FcRγ1,3,4 Cx3cr1 Il4ra

Stat 1,3,5b,6 Mertk Il10rb

PU.1 Mrc1 Infgr2

PPAR-γ Stab1 Tnfrs1b, 11a

Mafb
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in the YS at the expense of EMPs and macrophages in the EP (Stremmel et al., 

2018). This suggests the worsening of the migration capacity of these cells. 

Changes in the distribution of cells during embryogenesis are compensated during 

development and adult mouse is viable without any significant complications.  

 

1.3.2. T CELL DEVELOPMENT 

T cells originate from bone marrow HSCs (Donskoy and Goldschneider, 1992). In 

the beginning, MPPs and later CLPs are formed and migrate to the thymus via 

bloodstream where they finally differentiate and mature into several types of T 

cells. Their maturation process is dependent on various cell types of interaction and 

signaling molecules (Boehm et al., 2003; Silva-Santos et al., 2005). The T cell 

precursors seed the thymic cortex as double-negative (DN). They do not possess 

any of the typical phenotypic markers, such as T-cell receptor (TCR) for antigen 

recognition, nor CD4 or CD8 co-receptors. In the beginning, the rearrangement of 

the TCR occurs due to the activity of the V(D)J recombination-activating genes 

recombinases 1 and 2 (RAG). The precursor cells start to co-express CD4 and CD8 

and they are called double-positive (DP) cells (Godfrey et al., 1993; Stritesky et al., 

2013).  

Another function of the thymus is to select T cells which would not recognize the 

host-own structures (self-antigens) by TCR and thus prevent the development of 

the autoimmune reaction. The set of processes and mechanisms that lead to the 

generation of functional T cells with limited self-reactivity is collectively called as 

central tolerance (Mayerova and Hogquist, 2004). The process begins in the thymic 

cortex when T cells are in the DN stage and are subjected to positive selection. 

Cortical thymic epithelial cells (cTECs) express molecules of major 

histocompatibility complex I and II (MHC) with the main function to bind antigens 

and present them to the developing T cells via their TCR. If the TCR recognizes the 

antigen with low affinity, then T cells survive. If T cell recognizes antigen 

expressed by MHC I, the expression of CD8 remains and the CD4 is down-

regulated. These cells are called cytotoxic T cells. In case that TCR recognizes 
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antigen in MHC II, expression of CD4 remains and CD8 is downregulated. Cells 

are called T helper cells. Cells that are unable to bind to any self-antigen presented 

by cTECs die by apoptosis (Bevan, 1997; Hogquist, 2001).  

Only T cells that survived positive selection expressing either CD4 or CD8 (single 

positive T cells, SP) migrate to the inner part of the thymus (medulla) to undergo 

the process called negative selection. The main output of negative selection is to 

eliminate potentially self-reactive T cells. The medulla is filled by antigen-

presenting cells such as dendritic cells (DCs) or medullary thymic epithelial cells 

(mTECs) with the ability to present self-antigens called tissue-restricted antigens 

(TRAs) under the control of transcription autoimmune regulator called AIRE 

(Anderson et al., 2002). Recently it has been shown, that not only mTECs can 

present TRAs but even DCs which acquire the TRAs from mTECs by the process 

called cooperative antigen transfer (Leventhal et al., 2016; Perry et al., 2014) which 

suggest that TRAs can be presented directly (by mTECs) or indirectly (DCs) in 

MHC context. The presentation of TRAs by APC can results in the deletion of self-

reactive T cells (Barclay and Mayrhofer, 1981, 1982; Klein et al., 1998) or the 

reprogramming to the T regulatory (T reg) cells. Importantly T regs modulate 

immune system function by the maintenance of the tolerance to self-antigens and 

thus prevent the autoimmune disease (Aschenbrenner et al., 2007; Bains et al., 

2013).  

 

 1.4. TOLL-LIKE RECEPTORS  

Toll-like receptors (TLRs) are highly conserved structures identified even in low 

animals such as Amoeba (Chen et al., 2007) or Nematoda Caenorhabditis elegans 

(Tenor and Aballay, 2008). They were firstly described in 1985 on fruit flu 

Drosophila melanogaster and named Toll (Anderson et al., 1985) and only a few 

years later in humans (Medzhitov et al., 1997). These findings meant a big 

revolution in the field of innate immunity by adding the missing piece into the 

whole picture of host-pathogen interactions.  
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The immune system is a very complex array of various types of host cells that 

collectively protect the body against various infectious diseases. The trigger(s) 

which activate the immune system can be invading pathogens or structures released 

during tissue damage. The easiest way how to inform the immune system about the 

invasion of a pathogen into the host environment is to recognize them by the pattern 

recognition receptors (PRRs). Various immune cells express PRRs such as Toll-

like receptors (TLRs). TLRs are densely expressed in the cells of the innate immune 

system and play a critical role in the very early stages of infection. 

The structure of TLRs is now very well described. They are type I transmembrane 

protein composed of distinct domains at their  N- and C- terminal parts. The 

extracellular N-terminal part is necessary for the pathogen recognition and consists 

of the leucine-rich repeats (LRRs) and cysteine-rich domains. The C-terminal 

transmembrane and cytosolic or intracellular Toll/IL-1R like (TIR) part is necessary 

for recruiting signaling adaptor proteins leading to downstream signaling 

(Medzhitov et al., 1997; Rock et al., 1998) due to the. Currently, 10 humans and 13 

mice TLRs have been described (Du et al., 2000; Chuang and Ulevitch, 2001; Rock 

et al., 1998). 

By their nature, the ligands of TLRs can be divided into exogenous and endogenous. 

TLRs recognize exogenous pathogen-associated molecular patterns (PAMPs) (Li 

et al., 2014; Mariano et al., 2014) for a purpose to induce inflammatory immune 

responses. Endogenous ligands are termed also as damage-associated molecular 

patterns (DAMPs). They are usually released during tissue damage from stressed 

or necrotic cells. DAMPs include the components of the extracellular matrix, heat 

shock proteins, RNA, or purine metabolites (Kariko et al., 2004; Liu-Bryan et al., 

2005; Shi et al., 2003; Vabulas et al., 2001). Due to the recognition of PAMPs or 

DAMPs by TLRs, the innate immune responses are set off (Akira, 2006) which also 

plays an instructive role for the initiation of adaptive immune responses (Liu and 

Zhao, 2007). 

An important role in the recognition of TLR’s ligands plays their cellular 

localization. TLRs which are localized on the cell surface of host cells (TLR1, 2, 4, 

5 and 6) recognize mainly components of the microbial membranes. On the other 
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hand, TLRs which are expressed within intracellular vesicles (TLR3, 7, 8, 11 and 

13), recognize nucleic acids from pathogens (mainly viruses) phagocytosed or 

internalized by the cell (Takeda et al., 2003). 

 

1.4.1. TOLL-LIKE RECEPTOR SIGNALING 

Ligand recognition by TLRs leads to the series of events that activate various 

transcription factors that are responsible for the induction of genes encoding various 

protective molecules. Upon ligand recognition, TLRs dimerize and intracellular 

adaptor proteins are recruited to TIR-domain of TLR which triggers the 

downstream signaling. The adaptor proteins for TLRs are MyD88 (Hultmark, 1994; 

Muzio et al., 1997), TRIF (Yamamoto et al., 2003a), MAL/TIRAP (Horng et al., 

2002), MAL, and TRAM (Yamamoto et al., 2003b). Based on the adaptor proteins 

involved in the TLRs signaling, we can divide them as Myd88-dependent and 

Myd88-independent. All TLRs, except TLR3, signal via MyD88. In addition, TLR3 

and TLR4 use TIR-domain-containing adaptor-inducing interferon-β (TRIF) 

signaling (Yamamoto et al., 2003b). The activation of TLRs leads to the activation 

of transcription factors (TF): AP1, IRFs or/and NF-κB. The activation AP1 TF leads 

to the transcription of genes encoding proteins involved in cell signaling. Activation 

of IRFs TF leads to the transcription of interferons (IFNs) which serve as the 

defense mechanism against viral infections. Active TF NF-κB initiates the 

transcription of genes for the pro-inflammatory cytokines: tumor necrosis factor α 

(TNFα) which induces apoptosis, pro-IL1β, and pro-Il-18. Pro-IL-1β and pro-Il-18 

are released to the cytoplasm in the inactive form and processed into to the active 

forms by the cascade of caspases. Active Il-1β activates leukocytes and Il-18 serves 

as the chemoattractive molecule for the leukocytes (De Nardo, 2015; Kawasaki and 

Kawai, 2014). The type of response depends on the adaptor protein or their 

combination involved in TLRs signaling. 

In the case of Myd88-dependent signaling, after the TLRs dimerization, Myd88 

forms a complex with IRAK kinases. IRAK1 is released from the Myd88 complex 

after its activation (Jiang et al., 2002). Active IRAK complex associates with 
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TRAF6 ubiquitin ligase and ubiquitinates itself and TAK1 protein kinase complex 

and activates it. Active TAK1 activates NF-KB and MAPK pathway (Ninomiya-

Tsuji et al., 1999). MAPK pathway activation leads to the AP-1 TF.  

Myd88-independent signaling uses different proteins for its activation. In the 

beginning, TRIF interacts with TRAF6 and TRAF3. Active TRAF recruits the 

TBK1 and IKKi kinases together with NEMO, which is necessary for IRF3 

phosphorylation. IRF3 dimerizes and after its translocation into the nucleus induces 

expression of IFN I related genes. On the other hand, active TRAF6 recruits the 

RIP-1 kinase which then activates the TAK1 complex. TRAF6 activation leads to 

the activation of NF-κB, MAPKs and genes for inflammatory cytokines. 

 

1.4.2. CELLS EXPRESSING TOLL-LIKE RECEPTORS 

TLRs are usually expressed on the cells which form the interphase between the host 

and environment, such as the immune, epithelial and endothelial cells as well as 

keratinocytes (Andonegui et al., 2009; Baker et al., 2003; Price et al., 2018), where 

they serve as the sensors for PAMPs and danger or damage signals. In the case of 

immune cells, TLRs are expressed by the innate immune cells such as macrophages, 

monocytes, dendritic cells, granulocytes and NK cells (Applequist et al., 2002; 

Zarember and Godowski, 2002). The expression of TLRs was even described in 

adaptive immune cells such as B (Bourke et al., 2003) and T cells (Crellin et al., 

2005; Komai-Koma et al., 2004). Interestingly, recent studies showed that adult BM 

HSCs express a battery of TLRs in steady-state and their stimulation leads to the 

preferential differentiation of these cells into myeloid lineages (De Luca et al., 

2009; Nagai et al., 2006; Sioud et al., 2006).  

Since the detection methods are more robust and highly sensitive, the evidence for 

the expression of TLRs in immune-privileged tissues also started to accumulate. 

For example, the pregnancy is described as the state of immune suppression from 

the immunological point of view. Recent studies showed that the inner villous 

cytotrophoblast layer of the placenta express TLRs (Patni et al., 2009; Pudney et 

al., 2016). The expression of TLRs was also confirmed on neuronal cells of the 



 
 

34 
 

fetus (Lathia et al., 2008; Okun et al., 2010) and adults (Rolls et al., 2007), in the 

eye (Feng et al., 2017) or at the Sertoli cells in testes (Riccioli et al., 2006) and even 

in spermatozoa (Palladino et al., 2008). Findings made by recent studies indicate, 

that TLR signaling may be involved even in mammalian embryonic development. 

 

1.4.3. TOLL-LIKE RECEPTORS IN DEVELOPMENT 

TLRs are best known for their evolutionary conserved and universal function in 

innate immunity. Interestingly, the first TLRs were described not as the PRRs 

involved in immune recognition, but as the crucial component of dorsoventral 

patterning during development of Drosophila embryo (Anderson and Nusslein-

Volhard, 1984)and later in sensory neurons differentiation in Caenorhabditis 

elegans (Brandt and Ringstad, 2015). Drosophila TLRs are called Toll and bind 

endogenous protein ligands such as Spz, DNT1 or DNT2 involved in development 

(Foldi et al., 2017; Zhu et al., 2016). Unfortunately, the mammalian endogenous 

ligands (except pathogens and ligands released during tissue injury) have not been 

yet precisely characterized. Some recent studies suggest that TLR signaling may 

play a role also in mammalian development. Based on the RNA sequencing of EP 

(without YS) the RNA expression of TLRs was confirmed in the ectoderm of E7.0 

mice embryos (Pijuan-Sala et al., 2019), which is the earliest evidence for the TLRs 

presence. Unfortunately, the data showing the protein expression of TLRs on 

embryos younger than E10.5 are missing. Regarding the studies showing the 

involvement of TLR signaling in the adult brain, specifically on neuronal cells 

(Leow-Dyke et al., 2012; McCarthy et al., 2017; Rolls et al., 2007), the importance 

of TLR signaling in the mouse embryo is studied mainly in neuronal cells. 

Embryonic protein expression of TLRs was described at neuronal cells starting 

E13.5 (Barak et al., 2014) and indispensability of TLRs in the mammal neuronal 

progenitor cells (NPCs) fate decision between glial versus neuronal cells was 

described (Lathia et al., 2008; Okun et al., 2010; Shechter et al., 2008). These 

processes are influenced mainly by the TLR2 versus TLR4 balance. Mice lacking 

the expression of TLR2 produce only astrocytes from NPCs. On the other hand, 
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TLR4 knock-out mice lack the presence of astrocytes, and neurons are 

preferentially generated from NPCs (Rolls et al., 2007).  

Unfortunately, the data showing TLR signaling involvement in embryonic immune 

system development are far from being complete. In case of embryonic 

hematopoiesis, the RNA expression of various TLR signaling molecules was 

described in E9.5 EMPs, among which the TLR2 and its adaptor protein Myd88 

were the highest (Mass et al., 2016). However, the protein expression has been 

described so far only on E10.5 embryonic macrophages (Balounova et al., 2014; 

Mass et al., 2016) in which the downstream signaling activated upon exogenous 

ligand stimulation was also reported (Balounova et al., 2014). On the other hand, 

the exact reason for TLR expression in very early embryonic development has not 

been thus far explained and substantiated properly. 
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2. THESIS AIMS 

The main aim of the thesis is to characterize the expression, function, and 

experimental utility of TLR2 in embryonic hematopoiesis. The presented work 

also concerns the role of TLRs in the establishment of central tolerance and the 

involvement of chemokine signaling in embryonic and adult hematopoiesis. 

 

 The specific goal of the presented work is to describe the TLR2 as a novel 

marker of the second and third embryonic hematopoietic waves which in the 

combination with c-kit marker provides so far, the most specific and reliable 

phenotypic feature for their isolation and detail functional characterization. 

 

Such phenotypic determination of progenitors of EMPs and HSCs allows to 

address several specific questions: 

 

I) Where and when is the TLR2 expressed during embryonic 

hematopoiesis? Can TLR2 be used for the physical separation of 

progenitors of the fist, second, and third embryonic hematopoietic 

waves?  

 

II) Are the TLR2+ EMPs indispensable for embryo survival?  

 

 

III) Does the disruption of CXCR4 signaling influence the migratory 

potential of progenitor cells and embryonic macrophages? 

 

 

 

IV) What is the role of TLR signaling in the establishment of central 

tolerance? 
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3.1. TOLL-LIKE RECEPTOR 2 EXPRESSION ON C-KIT+ CELLS 

TRACKS THE EMERGENCE OF EMBRYONIC DEFINITIVE 

HEMATOPOIETIC PROGENITORS  

It has been known, that embryonic hematopoiesis proceeds through three waves of 

progenitors. The first, primitive wave begins around E7.25 arises in the YS and give 

rise to primitive nucleated erythrocytes and megakaryocytes (Tober et al., 2007). 

Some studies showed that even the first wave of macrophages may originate from 

very early primitive progenitor (Bertrand et al., 2005; Herbomel et al., 1999). The 

second wave so-called transient definitive appears at E 8.25. Progenitors of EMPs 

and LMPs emerges from hemogenic endothelium of YS (Boiers et al., 2013; Frame 

et al., 2016; McGrath et al., 2015). In the end, the third wave called definitive starts 

at E10.5 in the EP. The HSCs start to emerge from hemogenic endothelium of the 

ventral floor of the dorsal aorta it the AGM region (Taoudi and Medvinsky, 2007). 

How the embryonic development progress, the progenitors migrate trough the 

embryonic body and differentiate into the precursor cells, with the latter populating 

BM, spleen or thymus (Christensen et al., 2004; Kumaravelu et al., 2002; McGrath 

et al., 2015). 

The unique marker which can characterize progenitor of each wave does not exist. 

We usually recognize progenitors by the combination of markers. But the 

contamination of progenitors by the more mature cells is still present due to the 

small number of markers. This contamination can influence the output of the 

research very significantly and can lead to the misinterpretation of data at the end. 

Another way how to characterize embryonic hematopoietic progenitors is by the 

usage of the cell tracing that previously employed Tie2, Runx1 or c-kit reporters 

with constant expression or time-dependent inducible approach (Busch et al., 2015; 

Perdiguero et al., 2015). The combination of surface markers with the cell tracing 

reporters can provide better resolution for the separation of distinct progenitor cells 

and its progeny. The identification of progenitor originating from YS or AGM is 

due to anatomical separation much less complicated, but the problems persist if we 

want to discriminate progenitors of the first and second waves. Both progenitors 

originate from and coexist in the YS as well as share a set of known phenotypic 
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markers such as c-kit, Tie2, CD31 and CD41 (Ferkowicz et al., 2003; Frame et al., 

2016; Lugus et al., 2009). Even the integration of cell tracing systems which were 

mentioned above does not provide sufficient resolution in the tracing of the first 

and second wave of hematopoietic progenitors. `for this reason, we still do not have 

convincing data which would confirm or disprove the origin of tissue-resident 

macrophages. Thus, there has been an urgent need for additional surface markers 

which will clarify the potential of embryonic hematopoietic progenitors and 

elucidate the developmental and functional relationship between hematopoietic 

waves.  

In this study, we described the nowel marker of embryonic hematopoiesis. It is 

TLR2, a highly conserved surface protein with the main function to recognize 

microbial products in adults and which is signaling in Myd88- and Triff-dependent 

manner. The expression of TLR2 starts to be apparent on progenitor cells in YS at 

E7.5. Interestingly the E7.5 TLR2+c-kit+ cells possess functional attributes of EMPs 

and not progenitors of the first hematopoietic wave which suggests that these 

precursors of EMPs are present earlier than it was described. In addition, this 

finding sheds new light on the origin of tissue-resident macrophages, mainly 

microglia. 

By the genetic labeling of progenitors with active TLR2 promoter we have shown, 

that the TLR2 program is initiated not only in the YS EMPs precursors but also in 

the pre-HSCs in the AGM at E8.5 which means that the TLR2 expression is initiated 

exclusively in definitive hematopoietic progenitors and not in primitive progenitors. 

These findings suggest that the expression of TLR2 represents one of the oldest and 

evolutionary conserved ontogenetic programs. 
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3.2. DELETION OF TLR2+ ERYTHRO-MYELOID PROGENITORS 

LEADS TO EMBRYONIC LETHALITY  

Early embryonic hematopoiesis in mammals is defined by three successive waves 

of hematopoietic progenitors which exhibit a distinct hematopoietic potential and 

provide continuous support for the development of the embryo and adult organism. 

Although the functional importance each of these waves has been analyzed, their 

spatio-temporal overlap and the lack of wave-specific markers hinders the accurate 

separation and assessment of their functional roles during early embryogenesis. We 

have recently shown that TLR2, in combination with c-kit, represents the earliest 

signature of emerging precursors of the second wave, erythro-myeloid precursors 

(EMPs). Since the onset of Tlr2 expression distinguishes EMPs from primitive 

progenitors which coexist in the yolk sac from E7.5, we generated a novel 

transgenic “knock in” mouse model suitable for inducible targeted depletion of 

TLR2+ EMPs. In this model, the red fluorescent protein and diphtheria toxin 

receptor sequences are linked via a P2A sequence and inserted into the Tlr2 locus 

before its stop codon. Using this model, we show that a timely-controlled deletion 

of TLR2+ EMPs results in a marked decrease in both erythroid as well as myeloid 

lineages and, consequently, in embryonic lethality at E12.5. These findings validate 

the importance of EMPs in embryonic development. 
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3.2.1. INTRODUCTION 

 

During ontogenesis, three timely-defined waves of progenitors appear in several 

anatomical locations of the mouse conceptus (McGrath et al., 2015; Palis, 2014; 

Silver and Palis, 1997). The first, the transient wave, appears at embryonic day (E) 

7.25 in the blood islands of the yolk sac (YS) (Ferkowicz et al., 2003). These 

monopotent progenitors give rise to primitive nucleated erythrocytes and 

megakaryocytes (Palis et al., 1999; Tober et al., 2007). Studies performed on 

zebrafish and mice suggest that progenitors of the first hematopoietic wave can also 

give rise to monopotent macrophages (Bertrand et al., 2005; Herbomel et al., 1999). 

The second wave starts around E8.5 and gives rise to Erythro-Myeloid progenitors 

(EMPs) (Epelman et al., 2014; Chen et al., 2011; Perdiguero et al., 2015). These 

progenitors originate from the cells of the hemogenic endothelium in the YS which 

undergo the process denoted as endothelial to hematopoietic transition (EHT) 

(Chen et al., 2011). EMPs downregulate endothelial markers such as Tie2 and Cd31 

during EHT, with concomitant upregulation of the markers of hematopoietic 

lineages, and are phenotypically defined as c-kit+ CD41+ and FcRγ+ (McGrath et 

al., 2015). The distinctive feature of EMPs is their capacity to give rise not only to 

myeloid, erythroid, and megakaryocyte colonies but also to mixed erythro-myeloid 

colonies in a clonogenic assay (Perdiguero et al., 2015). Upon establishment of 

blood circulation at ~E8.5, EMPs migrate to the embryo proper (EP) via the blood 

stream and colonize the fetal liver (FL) (Lux et al., 2008; Stremmel et al., 2018). 

Here, they expand and differentiate to definitive erythroid cells (EryD) and F4/80low 

CD11b+ myeloid cells (Chen et al., 2011; McGrath et al., 2015) or, alternatively, 

migrate directly to other tissues where they differentiate to F4/80high CD11b+ tissue-

resident macrophages (14, 15). These tissue resident macrophages are necessary for 

proper embryonic development (Munoz-Espin et al., 2013; Paolicelli et al., 2011; 

Yosef et al., 2018) and can potentially persist in the tissue throughout the life of an 

organism (Hoeffel et al., 2015; Schulz et al., 2012). Hence, the progenitors of the 

second wave are also referred to as embryonic definitive hematopoietic progenitors. 

The third hematopoietic wave is established around E9.5-10.5 in the Aorta-Gonad 

Mesonephros region (AGM) (Medvinsky and Dzierzak, 1996; Yokomizo and 
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Dzierzak, 2010) where hematopoietic cell clusters transiently emerge from the 

hemogenic endothelium to generate the first adult-type hematopoietic stem cells 

(HSCs). HSCs then migrate to the FL which serves as a niche for their expansion 

(Ema and Nakauchi, 2000; Kumaravelu et al., 2002). Shortly before birth, HSCs 

seed the BM where they generate cells of all hematopoietic lineages throughout an 

adult’s life (Mendelson and Frenette, 2014).  

 

Importantly, identification of genes controlling the development and production of 

early hematopoietic progenitors has provided tools for the study of the 

physiological role of each of the three hematopoietic waves. Specifically, the 

genetic disruption of transcription factors (TFs) which are important for primitive 

erythrocytes such as Gata-1, Gata-2, Lmo2 or Scl in combination with Lyl1 caused 

early embryonic lethality around E10.5 (Fujiwara et al., 1996; Chiu et al., 2018; 

Tsai et al., 1994). Similarly, the disruption of HSC development driven by the c-kit 

ligand, kitl, and the epigenetic regulator Uhrf1 resulted in lethality during the 

perinatal period (Ding et al., 2012; Zhao et al., 2017).  On the other hand, a specific 

disruption of EMP wave turned out to be more problematic. It has been shown that 

the abrogation of c-myb, tyrosine kinase c-Kit or Runx1 TF signaling, all of which 

are important for the emergence of EMPs and their survival in FL, led to severe 

anemia and embryonic lethality from E12.5 to E15.5 (Azzoni et al., 2018; Ding et 

al., 2012; Chen et al., 2011; Mucenski et al., 1991). However, a spatio-temporal 

overlap in the expression of these genes within the other two hematopoietic waves 

or their more restricted role in determining the development of certain lineages, 

makes the attribution of embryonic lethality solely to EMPs somewhat ambiguous 

(Ginhoux et al., 2010; Gomez Perdiguero et al., 2015; Sheng et al., 2015).  

 

We recently reported that fully functional Toll-like receptors (TLRs) are expressed 

not only on mature E10.5 embryonic YS-derived macrophages (Balounova et al., 

2014) but also on the earliest precursors of EMPs (Balounova et al., 2019). These 

precursors display a TLR2+c-kit+ phenotype and coexist in E7.5 YS with TLR2–c-

kit+ precursors of the primitive wave. The coexpression of TLR2 on c-kit+ 

progenitors along with TIE2, CD31, and CD41 surface markers seems to predicate 
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the acquisition of functional competence for their multi-lineage EMP potential 

(Balounova et al., 2019). Since TLR2 expression allowed the distinction between 

emerging EMP precursors from precursors of primitive erythropoiesis, we used the 

TLR2 promoter activity (Tlr2Cre strain) to genetically ablate TLR2+ cells. The 

depletion of embryonic cells by TlrCre-mediated expression of diphtheria toxin 

resulted in embryonic lethality before E13.5, suggesting that embryos died due to 

improper development of EMPs (Balounova et al., 2019). In this genetic model, 

TLR2Cre-mediated ablation targeted all cells with an active Tlr2 locus, including 

those which ultimately failed to express surface TLR2, hence could be distinctly 

different from EMPs and their precursors. To obviate this limitation, we report here 

the generation of a novel knock-in mouse strain suitable for tracking and depletion 

of cells expressing TLR2 on the protein level. Using this animal model, we have 

shown that the production of EMPs and their progenies is critical for the survival 

of the embryos before the establishment of definitive adult hematopoiesis. 

 

3.2.2. RESULTS 

 

3.2.2.1. PHENOTYPIC EMPs EXPRESS TLR2 

 

A recent report suggested that at E8.5, the emergence of EMPs can be monitored 

by their expression of CD16/32 and CD41 surface markers which predict their 

differentiation to the erythroid as well as myeloid lineages (McGrath et al., 2015). 

Indeed, we found that c-kit+ CD16/32+ CD41+ EMPs (Supplementary Fig. 1) first 

appeared at low frequencies in the YS at E8.5 and dramatically increased in 

numbers by E9.5. Importantly, these phenotypical EMPs together with the above 

markers also coexpressed surface TLR2 (Fig. 1A). Consistent with the notion that 

EMPs originate in the YS and subsequently colonize the embryo via circulation, we 

first detected TLR2+ EMPs in the embryo proper (EP) at E9.5 (Fig. 1A and B). To 

confirm the functional competence of these EMPs in terms of their capacity to 

produce mixed hematopoietic colonies (Chen et al., 2011; McGrath et al., 2015), 

we sorted Ter119– c-kit+ CD16/32+ CD41+ TLR2+ cells from the E8.5 YS and 

performed a clonogenic assay. At day seven of cultivation, we observed mixed 
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colonies each containing both erythroid and myeloid lineages (Fig. 1C). At day 14, 

once their size and cellularity increased, we validated the presence of relevant 

hematopoietic lineages that formed these mixed colonies (Fig. 1D). This data 

confirmed that TLR2 is coexpressed on phenotypical EMPs.  

 

Figure 1. Erythro-myeloid progenitors express TLR2. (A) Expression of TLR2 (red 

histogram) is readily detectable on emerging phenotypical EMPs (Ter119– c-kit+ 

CD16/32+ CD41+, black gates) at E8.5 in YS and at E9.5 in EP (grey histograms 

represent the FMO controls). (B) Kinetics of appearance of EMPs in the YS and EP 

(mean ± SEM, n=24-36 embryos per each time point). (C) Morphology of an 

erythro-myeloid colony derived from EMPs on day seven of CFU clonogenic assay. 

TLR2+ c-kit+ CD16/32+ CD41+ cells were sorted and plated for CFU assay. (D) 

Morphology of cells derived from EMPs at day 14 of CFU clonogenic assay 

showing the presence of macrophages (mac), megakaryocytes (meg), granulocytes 

(gran), erythroblasts (ery), and red blood cell progenitors (rcp). Cells were stained 

by May-Grünwald-Giemsa staining.  
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3.2.2.2. GENERATION OF NOVEL TRANSGENIT MOUSE MODEL 

SUITABLE FOR DEPLETION OF TLR2+ CELLS 

 

To visualize the emergence of cells expressing TLR2 at the protein level and to 

investigate the effect of their deletion during embryonic development, we generated 

a novel Tlr2 knock-in reporter mouse model which also allows for the inducible 

elimination of TLR2+ cells which we refer to as the Tlr2Dtr mouse model. In this 

model, the red fluorescent protein (RFP) and diphtheria toxin receptor (DTR) 

sequences were linked via a P2A sequence and inserted into the Tlr2 locus before 

its stop codon using CRISPR/Cas9 technology (Fig. 2A, see Experimental 

procedures for details). The expression of DTR and RFP transgenes was first 

confirmed in adult bone marrow (BM) and BM-derived dendritic cells 

(Supplementary fig. 2A and B). Similarly, as illustrated in Fig. 2B, the expression 

of RFP in adult peritoneal macrophages was readily detectable. The functionality 

of the DTR cassette was tested by the intraperitoneal (i.p.) administration of 

diphtheria toxin (DT) which is transported to the interior of cells by DTR, resulting 

in cell death by the inhibition of protein synthesis (Collier, 2001). In the 

peritoneum, a majority of TLR2+ cells also coexpressed the macrophage marker 

F4/80 (Supplementary fig. 2C). 24 hours upon administration of DT, we observed 

the complete absence of the F4/80+ macrophage compartment in the peritoneum 

(Fig. 2D and E) and liver (Supplementary fig. 2D). In contrast to adult cells, the 

fluorescence intensity of RFP on embryonic TLR2+ cells in Tlr2Dtr embryos was 

weaker but reproducible (Fig. 2C). Unfortunately, such a dim signal was 

insufficient to microscopically visualize and map their emergence during the 

earliest embryonic hematopoietic development. Thus, in the following experiments, 

we took advantage of the sensitivity of the DTR system for TLR2+ cell-specific 

deletion in the early embryo to determine the importance of the EMP wave in 

embryonic development.  
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Figure 2. Generation of novel Tlr2Dtr mouse model suitable for the depletion of 

TLR2+ cells. (A) Scheme of the construct used for the generation of Tlr2Dtr 

transgenic mouse strain. RFP p2A-DTR (Red fluorescent protein–p2A–Diphtheria 

toxin receptor) sequence was inserted before the stop codon of the Tlr2 gene. 23-nt 

sequence containing the stop codon was chosen as the CRISPR target. (B and C) 

Representative comparative analysis of RFP fluorescence intensity between TLR2+ 
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cells isolated by peritoneal lavage of 6-week old Tlr2wt/wt mice (grey histogram) 

versus TlrDtr/wt (red histogram) (B) and TLR2+ cells isolated from Tlr2wt/wt (grey 

histogram) and TlrDtr/wt (red histogram) E9.5 embryos (pooled YS and EP) (C). (D) 

DT-mediated removal of TLR2 expressing F4/80+ macrophages from the peritoneal 

cavity in 6-week old Tlr2Dtr/wt mice. DT-treated Tlr2wt/wt and PBS-treated Tlr2Dtr/wt 

adult mice served as controls. (E) Statistical analysis in D was performed by 

unpaired two-tailed Student's t-test, ****p≤0.0001, mean ± SEM, n=3 for each of 

the control settings and n=10 for DT-treated TlrDtr/wt condition).  

 

 

3.2.2.3. ABLATION OF TLR2+ CELLS LEADS TO THE REDUCTION OF 

EMP NUMBERS 

 

First, we assessed whether the depletion of TLR2+ cells altered the frequency of 

emerging EMPs in early embryos. For this purpose, Tlr2wt/wt females were crossed 

with Tlr2Dtr/wt males to obtain Tlr2Dtr/wt and Tlr2wt/wt embryos in the same litter, the 

latter being used as controls (Fig. 3A). Time-pregnant females were i.p. double 

injected with DT over a 24-hour period, at E8.5 and E9.5 The embryos were then 

analysed 24 (at E10.5) and 48 hours later (at E11.5) (Fig. 3B). Flow cytometric 

analyses of TLR2+ cells from E10.5 YS samples showed a significant depletion of 

EMPs from Tlr2Dtr/wt compared to Tlr2wt/wt controls (Fig. 3C-F).  

 

It has been shown that EMPs originate from endothelial cells of the YS which 

undergo EHT. To exclude the possibility that the endothelial cells themselves 

express TLR2 and thus are sensitive to DT treatment, we tested the integrity of the 

YS vascular system. Notably, after DT-mediated depletion of TLR2+ cells, the YS 

tissue stained with a marker of endothelial cells, CD31, showed no apparent 

alteration in its cellularity and structure (Fig. 3G). This indicated that TLR2-driven 

DTR expression failed to occur in YS vasculature, and thus the administration of 

DT targeted emerging EMPs but not vascular endothelial cells from which EMPs 

originate. 
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When the liver develops, blood circulation is already established and EMPs can 

migrate to EP and populate the liver (Lux et al., 2008; Stremmel et al., 2018). This 

process starts around E8.5 and peaks at E10.5 (Stremmel et al., 2018). Therefore, 

we tested the prediction that the loss of EMPs in the YS translates to a decrease in 

EMPs counts in the FL. To this end, cell suspensions from E11.5 FL were stained 

for markers of EMPs and early erythroid progenitors (Azzoni et al., 2018; 

Balounova et al., 2019) (for a full gating strategy see Supplementary fig. 3). 

Importantly, FL EMPs were depleted with a similar efficiency as those in the YS. 

Furthermore, the decrease in EMPs was paralleled by the decrease of early erythroid 

progenitors (Fig. 3H-J). Together, this data showed that the TLRDTR mouse model 

is suitable for the depletion of early emerging EMPs. 
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Figure 3. EMPs are depleted in Tlr2Dtr/wt embryos upon DT administration. (A) 

Schematics of breeding of transgenic Tlr2Dtr/wt male with Tlr2wt/wt female. Wild-type 

embryos obtained in the same litter served as internal controls. (B) Timeline of the 

experiment. 600ng of DT was administered i.p. into time-pregnant females at E8.5 

and E9.5 (DT double treatment). Embryos were analyzed at E10.5 and E11.5. (C, 

D) Gating strategy for the enumeration of YS-derived c-kit+ cells and phenotypic 

EMPs (Ter119– c-kit+ CD16/32+ CD41+), respectively. (E, F) Graphs show the 

quantification of C and D, respectively (mean ± SEM, n=19-20 independent 

samples of YS for each displayed condition, ****p≤0.0001, ns = not significant, 

unpaired two-tailed Student's t-test. (G) YS isolated from E10.5 Tlr2wt/wt and 

Tlr2Dtr/wt DT double treated embryos (Fig.3B) were stained for CD31 and imaged 

(green) (upper panels, scale bar represents 500m) with their details (lower panel, 

scale bar represents 50m). (H) Gating strategy for EMPs (black gates) and early 
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erythroid progenitors (Early E) (red gate) in E11.5 fetal liver (FL). Quantification 

of EMP (I) and Early E (J) in E11.5 FL (shown in H) (mean ± SEM, n=5-7 

independent samples of FL for each displayed condition, **p≤0.01, ns = not 

significant, unpaired two-tailed Student's t-test).  

 

 

3.2.2.4. LOSS OF EMPs LEADS TO A DECREASE OF EMBRYONIC 

MACROPHAGES AND ERYTHROCYTES 

 

EMPs serve as the source of erythroid and myeloid cells which upon differentiation 

and maturation from these progenitors execute important functions necessary for 

proper embryonic development (Epelman et al., 2014; Chen et al., 2011; Perdiguero 

et al., 2015; Yosef et al., 2018). Thus, using the protocol for DT administration 

shown in Fig. 3B, we next assessed how the targeted depletion of TLR2+ cells 

translates to a specific decrease of mature myeloid and erythroid cells at E10.5 and 

E11.5 in the YS, and EP. First, we observed a significant decrease of TLR2+ cells 

in both the YS and EP from Tlr2Dtr/wt compared to control Tlr2wt/wt embryos (Fig. 

4A, B and 4F, G, respectively). This decrease was more pronounced two days after 

DT administration, i.e. at E11.5 (Fig. 4B and G). To assess if the loss of TLR2+ 

cells also impacts EMP-derived mature cells, we enumerated erythroid cells which 

would guarantee the proper oxygenation of tissues during development. Gating on 

Ter119+ cells, we observed no significant decrease of erythroid cells in the E10.5 

YS (Fig. 4A and C). This is consistent with the fact that at this time point, all 

Ter119+ erythrocytes represent EryP generated from the first wave of embryonic 

hematopoiesis and not from EMPs (Fraser et al., 2007; Kingsley et al., 2004). A 

similar situation was observed at E10.5 EP (Fig. 4F and H). However, at E11.5 

erythroid cells were dramatically decreased in EP (Fig. 4F bottom panels and H) 

but not in the YS (Fig. 4A bottom panels and C).  We also assessed the changes in 

the frequencies of F4/80+CD11b+ macrophages (for gating strategy see 

Supplementary fig. 4) in E10.5 and E11.5 embryos. As predicted, their decreased 

values in the YS and EP were readily detectable (Fig. 4D, E and 4I, J, respectively). 

This shows that in contrast to EryP which differentiate in the YS and blood stream, 
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the erythroid cells of EMP origin which expand and mature in the FL (McGrath et 

al., 2011) are efficiently depleted.  
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Figure 4. DT-mediated depletion of embryonic macrophages and erythrocytes in 

Tlr2Dtr/wt mice. Time-pregnant females bearing Tlr2Dtr/wt and Tlr2wt/wt embryos were 

treated as shown in Figure 3B. (A) Gating strategy for enumeration of E10.5 (blue) 

and E11.5 (black) YS-derived Ter119+ erythroid and total TLR2+ cells as well as 
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CD11b+F4/80+ embryonic macrophages (D) in Tlr2wt/wt and Tlr2DTR/wt embryos. (B) 

Quantification of TLR2+ cells, (C) erythroid cells, and (E) CD11b+ F4/80+ 

embryonic macrophages in YS shown in A and D, respectively (mean ± SEM, n=3-

6 independent samples of YS for each displayed item, ***p≤0.001, ns = not 

significant, unpaired two-tailed Student's t-test. (F) Gating strategy for 

enumeration of E10.5 (blue) and E11.5 (black) erythroid cells (Ter119+) and total 

TLR2+ cells as well as CD11b+ F4/80+ macrophages (I) in EP of Tlr2wt/wt and 

Tlr2Dtr/wt embryos. Quantification of (G) TLR2+ cells, (H) erythroid cells, and (J) 

CD11b+ F4/80+ macrophages (J) in EP shown in F and I, respectively (mean ± 

SEM, n=3-9 independent samples of EP for each displayed condition, *p<0.05, 

***p<0.001, ****p<0.0001, n.s.= not significant, unpaired two-tailed Student's t-

test).  

 

 

3.2.2.5. LOSS OF EMBRYONIC MACROPHAGES DOES NOT 

INFLUENCE A GENERATION OF HSCs IN AGM 

 

The presence of the YS-derived embryonic macrophages has been suggested to be 

essential for the generation of pre-HSC in the AGM (Mariani et al., 2019). To test 

this, we took advantage of our Tlr2Dtr/wt knock-in mice treated with DT, where the 

deletion of EMPs was accompanied by a significant decrease in embryonic 

macrophages. The presence of pre-HSCs was determined in the AGM regions of 

embryos treated and untreated with DT by either hematopoietic cell staining of 

cryosections and flow cytometry. The intra-aortic hematopoietic clusters in 

macrophage depleted Tlr2Dtr/wt aortic regions were formed normally (Fig. 5A) and 

the number of pre-HSCs in E10.5 AGM were largely comparable to their Tlr2wt/wt 

littermates (Fig. 5B and C). Thus, our results show that decreased number of EMP-

derived embryonic macrophages has no apparent effect on the generation of HSCs.  
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Figure 5. Generation of HSCs is intact in DT-treated Tlr2Dtr/wt mice. Time-

pregnant females bearing Tlr2Dtr/wt and Tlr2wt/wt embryos were treated as shown in 

figure 3B. (A) Visualization of hematopoietic clusters in AGM containing pre-HSCs 

by staining for CD31 (red), c-kit (green) and cell nuclei (DAPI). The scale bar 

represents 50m. (B) Pre-HSCs in AGM from DT double treated E10.5 Tlr2wt/wt 

and Tlr2Dtr/wt embryos were identified as CD31+ CD144+ CD41low CD45– c-kit+ 

CD201+ cells. Numbers beside the gates show frequencies. The gating strategy 

shown in Supplementary fig. 5 was adopted from previous reports (Balounova et 

al., 2019; Zhou et al., 2016). (C) Quantification of pre-HSCs shown in B (mean ± 

SEM, 4 embryos per genotype, unpaired two-tailed Student's t-test, ns = not 

significant).  
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3.2.2.6. THE DEPLETION OF TLR2+ CELLS IS EMBRYONICALLY 

LETHAL 

 

Considering the importance of EMP hematopoietic wave for the survival of the 

embryo (Chen et al., 2011), we asked whether the depletion of TLR2+ cells would 

have any physiological consequences. We noted that pregnant mice treated with DT 

at E8.5 and E9.5 (Fig. 3A and B) failed to give birth to Tlr2Dtr/wt transgenic pups 

(Fig. 6A). This suggested that the depletion of TLR2+ cells caused embryonic 

lethality. To identify the developmental stage at which the onset of lethality 

occurred, we analyzed double DT treated (at E8.5 and E9.5) embryos from E10.5 

to E14.5 (Fig. 6B). Since the number of Tlr2Dtr/wt and Tlr2wt/wt embryos obtained 

from crosses between Tlr2wt/wt females and Tlr2Dtr/wt males at 11.5 were comparable 

and consistent with the expected Mendelian distribution 1:1, we used the percentage 

of Tlr2Dtr/wt embryos per all embryos found as a reference for establishing 

approximate day of lethality of Tlr2Dtr/wt embryos. As shown in Fig. 6B, this 

percentage dropped dramatically from about 55% at E11.5 to ~19% and ~6% at 

E12.5 and E13.5, respectively. At E14.5 no viable transgenic Tlr2Dtr/wt embryos 

were found. A detailed examination of E12.5 embryos showed that in more than 

half of the cases, the Tlr2Dtr/wt embryos were all already dead with signs of severe 

anemia and retardation of development (Fig. 6C, bottom right panel). Importantly, 

the deletion of TLR2+ cells did not result in the significant diminishment of a 

minuscule subset of TLR2+ non-hematopoietic cells (Supplementary fig. 6). The 

most likely explanation is that these cells were not yet positive or they only 

expressed very low levels of TLR2 at E8.5-E9.5 and thus were not subjected to 

elimination. However, given the low cellularity of this cell subset it is unlikely that 

even if eliminated, they would have any impact on embryonic survival. Thus, our 

data strongly suggests that it is the targeted removal of TLR2+ EMPs and myeloid 

cells at E8.5-9.5 which critically contributed to embryonic lethality by E12.5. 
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Figure 6. The depletion of TLR2+ cells at E8.5-9.5 is embryonically lethal. (A) 

Untreated (black bars) and DT (double treated) time pregnant females at E7.5 and 

E8.5 (grey bars) showed no changes in the number of newborns with Tlr2Dtr/wt and 

Tlr2wt/wt genotypes. On the other hand, the administration of DT at E8.5 and E9.5 

resulted in the complete absence of newborns with Tlr2Dtr/wt genotype (white bars) 

(mean ± SEM, n = 4-5 litters per indicated treatment, unpaired two-tailed Student's 

t-test, ns = not significant). (B) Percentage of viable Tlr2Dtr/wt (Dtr) embryos among 

all viable embryos after DT double treatment at E8.5 and E9.5, assessed between 

E11.5 and E14.5 (mean ± SEM, n =7 litters for E11.5, n =10 litters for E12.5; n = 

4 litters for E13.5 and n=3 litters for E14.5, **p≤0.01, N.D.= non-detectable, 

unpaired two-tailed Student's t-test). (C) The morphology of Tlr2wt/wt and Tlr2Dtr/wt 

embryos double treated with DT at E8.5 and E9.5 microscopically examined 

between E10.5-E12.5. The white cross-mark denotes a deceased embryo. 
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3.2.3. DISCUSSION 

 

We have recently shown, that coexpression of TLR2 and c-kit on the precursors of 

EMPs by E7.5 serves as a suitable combinatorial surface marker for distinguishing 

emerging precursors of EMPs from the first embryonic wave (Balounova et al., 

2019). Consistent with this observation, we have shown that phenotypic EMPs that 

express c-kit+ CD16/32+ and CD41+ markers (McGrath et al., 2015) also display 

TLR2 on their surface. These TLR2+ EMPs isolated from E8.5 YS were capable of 

producing hematopoietic colonies with a mixed erythro-myeloid potential (Gomez 

Perdiguero et al., 2015; McGrath et al., 2015). Thus both, TLR2+c-kit+ 

CD16/32+CD41+ EMPs at E8.5 as well as their TLR2+c-kit+ EMP precursors 

(Balounova et al., 2019) are evenly capable of producing mixed colonies, attesting 

that TLR2 expression parallels the acquisition of EMP functional capabilities in 

early embryonic development. 

To assess the physiological importance of EMPs in embryonic development, we 

generated a new knock-in Tlr2Dtr mouse model suitable for depletion of cells 

expressing TLR2 during embryonic development. In contrast to the 

Tlr2CreRosa26DTA model (Balounova et al., 2019), where all cells with an active 

Tlr2 locus were deleted, DT treatment of Tlr2Dtr/wt embryos removed only cells 

which expressed TLR2 at the protein level at the time of DT administration. 

In Tlr2Dtr/wt embryos, the number of TLR2+ EMPs was decreased upon the 

administration of DT at E8.5 and E9.5. The reason why such treatment failed to 

delete EMPs completely is that EMPs are constantly replenished from the YS and 

during their emergence TLR2 expression is often low and only gradually 

increasing, allowing early EMPs escape this elimination process. Also, EMPs can 

be generated between E10.5-E11.5 when DT levels subside and become 

biologically inefficient. Technical obstacles, such as organ distribution and 

bioavailability of i.p. injected DT in pregnat females could also contribute to 

incomplete deletion of EMPs in this model. Importantly, the DT-mediated decrease 

of YS EMPs in E10.5 Tlr2Dtr/wt mice was not accompanied by the apparent 

destruction of YS hemogenic endothelium, supporting the notion that TLR2 is 
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sufficiently expressed only on cells phenotypically defined as EMPs and their 

myeloid progenies but not on bona-fide endothelial cells.  

YS-derived EMPs seed the FL where they start to produce hematopoietic cells 

(Gomez Perdiguero et al., 2015). Indeed, depletion of EMPs in the YS translated to 

a marked drop of c-kit+ CD16/32+ CD41+ EMPs followed by the decrease of both 

c-kit+ CD41–CD44+ CD71+ early erythroid progenitors as well as CD11b+ F4/80+ 

macrophages in the FL and EP. Thus, our data is in line with previous reports 

suggesting that the embryonic lethality observed around E12.5 was caused by the 

decrease in EMPs with a subsequent reduction of erythroid cells and embryonic 

macrophages which are essential for proper oxygenation and complex 

developmental processes of embryo (Azzoni et al., 2018; Balounova et al., 2019; 

Plein et al., 2018). 

It has been suggested that bone marrow-resident macrophages are important 

cellular components of the HSC niche where they contribute to the regulation of 

HSC mobilization and function (McCabe and MacNamara, 2016). Additionally, 

and in the context of this work, it has been proposed that embryonic macrophages 

could also be involved in the generation of functional HSCs from AGM in the 

mouse and zebrafish embryo (Mariani et al., 2019; Travnickova et al., 2015). In 

contrast, our data showed that at E10.5 the generation of HSC clusters was not 

affected by the diminished numbers of EMP-derived macrophages. However, the 

possibility that the diminishment of embryonic macrophages in our setting was not 

sufficient to unravel their functional involvement in this process cannot be 

excluded.  

Together, this and our previous studies demonstrated that TLR2 can be effectively 

used as the marker of EMPs and their progeny. Since TLRs, as well as their 

signaling adaptor protein MyD88 knock-out models show no developmental 

phenotype, TLR2 represents a suitable molecular tool for genetic manipulation of 

early hematopoietic progenitors which express this gene. While the exploration of 

Tlr2Dtr model in this study was restricted to the phenotype and function of EMPs at 

early embryonic stages, the coupled expression of TLR2, DTR and RFP in this 

mouse model allows for its effective implications in studies concerning the origin, 
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emergence, fate mapping and targeted deletion of TLR2+ cells not only in 

embryonic and fetal development but in adult animals. Another interesting question 

is whether TLR2, or any other pattern-recognition receptor (Li et al., 2014; Mariano 

et al., 2014) expressed on emerging EMPs (Balounova et al., 2019) which recognize 

pathogen-associated molecular patterns or danger-associated molecular patterns 

(Liu-Bryan et al., 2005; Shi et al., 2003; Vabulas et al., 2001), could be initially 

primed by endogenous ligands and thus provide activation signals to emerging 

components of immune system. Further investigation using available mouse models 

with manipulated Tlr2 locus could provide invaluable insight into these and other 

related questions.  

 

 

3.2.4. MATERIALS AND METHODS 

 

Mice  

For time pregnant females, the day of vaginal plug formation was considered as 

embryonic day 0.5 (E0.5). Embryos were strictly staged by standard criteria 

(Downs and Davies, 1993). Experiments were approved by the ethical committee 

of the IMG. 

 

Generation of Tlr2Dtr knock-in mouse strain  

Tlr2Dtr knock-in transgenic mouse was generated by inserting the RFP-p2A-DTR 

construct in front of the stop codon of TLR2 exon 3 via the Crisp/Cas9 system (Fig. 

2A). Specifically, each part of the TLR2-RFP-p2A-DTR construct was ligated to 

the pBluescript II SK plasmid. The TagRFP-T (RFP) fragment with the peptide 

linker was ligated into the HindIII restriction site at the 3´-end of Tlr2 exon 3. The 

5’-end of the synthesized p2A-DTR fragment was ligated to the 3’end of RFP using 

the EcoRI restriction site and its 3’-end was integrated in front of the stop codon of 

the Tlr2 Exon 3 via BamHI. This construct was then re-cloned into the pMSCV 

vector. Cas9 mRNA was prepared in a single step by in vitro transcription from the 

plasmid. The pronuclear injection of Cas9 mRNA, CRISPR gRNA sequence 5’-

GAGAACTGCAATAAAGTCCTAGG-3’, and the targeting of the construct into 
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C57BL/6 mouse zygotes was performed at the Transgenic Unit of IMG. Zygotes 

were transferred into the oviducts of pseudo-pregnant females.  

 

Genotyping 

PCR genotyping of Tlr2Dtr mice or embryos was performed using three primers. 

The first set of primers were designed to detect the presence of the 3’-end of the 

Tlr2 wt allele: (Tlr2-F: GAACTCTGACCCGCCCTTTA; Tlr2-R: 

CCAGTCAGTGCGACATAGGG). The second set was used to detect the Tlr2 

transgenic allele: (Tlr2-F: GAACTCTGACCCGCCCTTTA; RFP-R: 

GGGCGAAGAGCTGATTAAGG). The size of the PCR products obtained were 

643 bp and 434 bp for the wt and transgenic allele, respectively. 

 

Processing of tissues for flow cytometry 

Timed pregnant females were euthanized by cervical dislocation. Embryos were 

removed from the uterus and washed with 4°C phosphate-buffered saline (PBS). 

To obtain a single-cell suspension, the YS from E7.5 – E11.5 embryos or FL were 

transferred to Hank's Balanced Salt Solution (HBSS) containing 1mg/ml Dispase 

and incubated at 37°C for 10 minutes with occasional pipetting. To stop the 

dissociation process, embryos were washed in ice-cold PBS supplemented with 

2mM EDTA and 3% FSC. The cell suspension was then passed through a 50µm 

cell strainer and centrifuged at 380g for 7min at 4°C. 

 

Flow cytometry and cell sorting 

After Fc receptor blocking (in experiments where CD16/32 was not stained) with 

rat anti-mouse CD16/32 antibody, single-cell suspensions were stained with 

fluorochrome conjugated or biotinylated monoclonal antibodies for 30 min on ice. 

Where appropriate, cells were washed and incubated with an APC-labelled 

streptavidin conjugate for 20 min. The full list of antibodies can be found in 

Supplementary Table 1. Samples were analyzed using the LSRII flow cytometer 

(BD Biosciences). FCM analysis was performed using FlowJo software (FlowJo, 

LCC). Cell debris and dead cells were excluded from the analysis based on their 

scatter signals and with viability dye staining, Hoechst 33258 (Sigma-Aldrich). 
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Colony Forming Assay 

Colony forming unit  (CFU-C) clonogenic assay was performed in Methocult 

M3434 medium (Stem Cell Technologies) as described elsewhere (Jung et al., 

2000). E8.5 embryos were staged by somite counting. The YS were isolated, 

pooled, and the resulting cell suspension was prepared for cell sorting as described 

above.  Live cells were gated on the basis of the Hoechst 33258 signal. Cells were 

sorted into FCS-coated tubes filled with Methocult M3434 and directly plated in 

culture dishes according to the manufacturer’s instructions. At day 14, colonies 

were picked, washed once, transferred onto slides using Cytospin centrifugation and 

subsequently stained with May-Grünwald-Giemsa for morphological evaluation.  

 

Immunofluorescence imaging and analysis 

E10.5 and E11.5 embryos were fixed overnight in 4% paraformaldehyde (Sigma-

Aldrich) at 4°C. After fixation, embryos were incubated overnight at 4°C in 30% 

sucrose dissolved in PBS and then embedded in OCT compound (Vendor). 

Cryoblocks were cut at a thickness of 10μm and then blocked with PBS containing 

5% BSA (w/v) and 0.1% Triton X-100 for 1 hour at room temperature. Samples 

were stained overnight at 4°C with c-kit, CD31 or/and F4/80 primary antibodies, 

washed, then incubated with the appropriate secondary antibodies for 1 hour at 

room temperature in dark. Cell nuclei were stained with DAPI. Samples were 

mounted with Vectashield mounting medium and visualized using a Leica DM6000 

epifluorescence microscope. Images were processed using Image J software. 

 

Depletion of TLR2 positive cells in embryos 

The initial assessment of the functionality of theTLR2-RFP-DTR cassette in Tlr2Dtr 

mice (Fig. 2D) was performed by intraperitoneal (i.p.) injection of a single-dose 

(600ng in 100 l of PBS) of Diphtheria toxin (DT, Sigma Aldrich) into 6-week old 

animals and its effect was analyzed after 24 hours. To deplete TLR2+ cells in early 

embryogenesis, C57Bl/6J wild type (wt) females were crossed with Tlr2Dtr/wt males 

to obtain embryos of both wt and transgenic phenotypes. 600ng of DT was 

administered i.p. to C57Bl/6J time-pregnant females at E8.5 and E9.5. DT double 
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treated embryos were removed from the uterus and depletion of TLR2 cells was 

analyzed microscopically and by flow cytometry at the indicated time points. The 

dosage of DT was optimized to obtain the most significant decrease of TLR2+ cells 

without apparent toxic side effect.  

 

Gene expression analysis by qRT-PCR 

Total RNA from bone marrow cells was extracted using RNeasy Plus Micro Kit 

(Qiagen) and reverse transcribed using RevertAid transcriptase and random 

hexamers (ThermoFisher). Quantitative RT-PCR (qRT-PCR) was performed using 

the LightCycler 480 SYBR Green I Master mix (Roche) on a LightCycler 480 II 

(Roche). Each sample was tested in technical duplicates. Gene expression was 

calculated by relative quantification using the housekeeping gene, Gapdh. Primers 

were designed using Primer-BLAST (NCBI, NIH). 

 

Generation of bone marrow-derived dendritic cells 

Mouse femurs were isolated, Bone marrow was flushed from isolated mouse femurs 

with a 27G needle with cold RPMI and dissolved. Red blood cells were depleted 

with ACK lysis buffer. The cell suspension was centrifuged at 380g for 7 min at 

4°C. Cells were cultured at a concentration of 106 cells/ml in RPMI supplemented 

with 5ng/ml GM-CSF. The medium was replaced at day three of cultivation. Cells 

were collected at day seven of cultivation for the experiment. 

 

Preparation of aortic region for FACS analysis 

The caudal region was isolated from E10.5 embryos. The AGM region was gently 

removed by tweezers and digested by Dispase (1mg/ml) to obtain a cell suspension 

for FACS analysis. 
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3.2.6. SUPPORTING INFORMATION 

 

Supplementary Figure 1 

 

 

Supplementary Figure 1. Gating strategy for EMPs. Gating strategy (upper 

panels) with relevant FMO controls (lower panels) are provided. Cells were gated 

as singlets, live, with c-kit+ CD16/32+ CD41+ phenotype. Nearly all EMPs fall into 

or on the borderline of TLR2 positivity (upper panel). Gating strategy is shown on 

E9.5 YS.  
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Supplementary Figure 2 

 

 

Supplementary Figure 2. Tlr2Dtr mouse model for efficient depletion of TLR2+ 

cells. (A) Expression of Tlr2 and Dtr mRNA in the bone marrow isolated from 

Tlr2wt/wt and Tlr2Dtr/wt mice. Total RNA was isolated from bone marrow. Obtained 

values were normalized to the expression of a reference gene, Gapdh (n=3). (B) 

Expression of RFP assessed by fluorescent microscopy (antibody staining- 

describe) of bone marrow-derived dendritic cells generated from Tlr2wt/w (left 

panel) and  Tlr2Dtr/wt (right panel) animals (we do not know how you have generated 

DCs). Scale bar represents 25um (C) Cells from peritoneal lavage were gated on 

TLR2+. Nearly all F4/80+ mouse peritoneal macrophages coexpress TLR2+ . (D) 

Depletion of F4/80+ cells in the liver after intraperitoneal injection of DT. Samples 

were analyzed 24 hours after injection. Scale bar represents 50 μm.  
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Supplementary Figure 3 

 

 

 

Supplementary Figure 3. Gating strategy for EMPs and Early erythroid 

progenitors in the fetal liver. Singlets and live cells were first gated for Ter119– 

phenotype. This subset was then separated into c-kit+CD41− subpopulation (red 

gate) used for the identification of Early erythroid cells of c-kit+ CD41− CD44+ 

CD71+ phenotype and c-kit+CD41+ subset (black gate) used for the identification 

EMPs of c-kit+ CD41+ CD16/32+ phenotype. 
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Supplementary Figure 4 

 

 

Supplementary Figure 4. Gating strategy for embryonic macrophages. Embryonic 

macrophages were gated as follows: cells, singlets, live, Ter119− and CD11b+ 

F4/80+ population. A representative sample from E10.5 YS (A) and EP (B) is 

shown. 
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Supplementary Figure 5 

 

  

Supplementary Figure 5. Gating strategy for pre-HSCs isolated from the AGM. 

E10.5 AGM was isolated and the cell suspension prepared. We gated on cells, 

singlets, Ter119−, CD31+ CD144+, CD41low CD45− and then finally on the c-kit+ 

CD201+ population. 
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Supplementary Figure 6 

 

 

Supplementary Figure 6. DT-mediated elimination of TLR2+ cells does not 

impact the cellularity of TLR2+ lineage− cells. DT was administered i.p. into time-

pregnant females of Tlr2wt/wt and Tlr2Dtr/wt mice at E8.5 and E9.5. Gating strategy 

for non-hematopoietic TLR2+ CD45−c-kit– cells (red gates) at E10.5 in EP is shown 

(left dot plots). The quantification of the presence of these cells in EP at E10.5 and 

E11.5 is provided in the scatter graphs, n=3, 2-4 embryos of the same genotype per 

experiment (unpaired two-tailed Student's t-test), ns=not significant.  
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Table 1. List of used antibodies 
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3.3. TRANSMEMBRANE ADAPTOR PROTEIN WBP1L REGULATES 

CXCR4 SIGNALLING AND MURINE HAEMATOPOIESIS 

 

WW domain-binding protein 1-like (WBP1L) also known as an outcome predictor 

of acute leukemia 1 (OPAL1) is associated with childhood acute lymphoblastic 

leukemia. Its mRNA increase correlates with the favorable outcome of this disease 

and puts him into the group of the potential prognostic markers (Ross et al., 2003; 

Yeoh et al., 2002). This protein is still not well characterized and nothing is known 

about its physiological function. 

Borna et. al. showed that WBP1L is the negative regulator of chemokine receptor 

CXCR4 in broad hematopoietic subsets by its interaction with NEDD4‐family 

ubiquitin ligases. In the end, these processes regulate CXCR4 ubiquitination and its 

expression. WBP1L deficiency resulted in the alterations in B cell development and 

enhanced bone marrow transplantation efficiency. These data showed that WBP1L 

is a newly characterized regulator of CXCR4 signaling. 

The expression of CXCR4 mRNA in embryo was firstly described in 1999 

(McGrath et al., 1999). CXCR4 is starting to be increased together with CX3CR1 

from E10.0 to E10.5 on embryonic macrophages in YS and surrounding the AGM 

region. Their ligands were increased on endothelial cells in the AGM region which 

attract them there (Mariani et al., 2019). These findings suggest that embryonic 

macrophages using receptor-ligand interactions for tracking as adult myeloid cells. 

It has been shown, that migration of embryonic pre-macrophages and macrophages 

to the developing organs is happening in the CX3CR1 dependent manner (Stremmel 

et al., 2018). We predicted that in the mice with WBP1L deletion the CXCR4 

activity will be dysregulated and may influence the migration of embryonic 

macrophages from YS to the EP. We have found that the frequencies of embryonic 

macrophages are increased in YS from E10.5 but the frequencies of macrophages 

in the EP were unchanged.  

In the case of adults, the impaired WBP1L function resulted in the perturbation of 

B cell development, increased ability of bone marrow stem and progenitor cells 
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reconstitution after the transplantation and increased progenitor cell homing into 

the bone marrow. It is still unclear if some of these phenotypes can be attributed to 

the CXCR4 hyperactivity.  

 

Applicant’s contribution: FACS analysis of embryonic YS and EP at E10.5 and 

E11.5. The analysis of c-kit+CD45-, c-kit+CD45+ (contains EMPs) and c-kit-

CD45+ populations and embryonic macrophages. 



 
 

92 
 

 

 

 

 



 
 

93 
 

 

 

 

 



 
 

94 
 

 

 

 

 



 
 

95 
 

 

 



 
 

96 
 



 
 

97 
 

 



 
 

98 
 



 
 

99 
 



 
 

100 
 



 
 

101 
 



 
 

102 
 



 
 

103 
 



 
 

104 
 

 

 



 
 

105 
 

3.4. TOLL-LIKE RECEPTOR SIGNALING IN THYMIC EPITHELIUM 

CONTROLS THE RECRUITMENT OF CD14+ MONOCYTE-DERIVED 

DCS AND GENERATION OF TREG CELLS 

The negative selection of T cells occurs in the thymic medulla where the antigen-

presenting cells such as dendritic cells (DCs) or medullary thymic epithelial cells 

(mTECs) express and present self-antigens (Oukka et al., 1996). This presentation 

leads to the deletion of self-reactive T-cells (Liston et al., 2003) or their conversion 

to the T-regulatory cells (Tregs) (Aschenbrenner et al., 2007).  

Recent studies showed, that cooperative antigen transfer (CAT) from mTECs to 

DCs is involved in thymic tolerance (Lancaster et al., 2019; Leventhal et al., 2016). 

Thymic DCs can be divided into thymus resident Xcr1+CD8a+Sirpa- classical type 

1 DCs (cDC1) and DCs with extrathymic origin: B220+ plasmacytoid DCs (pDCs) 

and Xcr1-CD8a-Sirpa+ migratory classical type 2 DCs (cDC2) (Li et al., 2009). 

cDCs1 and cDCs2 migrate to the close proximity of mTECs in chemokine 

dependent manner (Baba et al., 2009; Lei et al., 2011) and CAT from mTECs to the 

above mentioned DC subsets occurs (Kroger et al., 2017). 

Vobořil et. al. showed that mTECs express TLRs, especially TLR9, the stimulation 

of which leads to the production of chemokines which regulate the influx of a novel 

monocyte-derived DC (CD14+moDC) into the thymic medulla with its subsequent 

increase in CAT from mTECs. This also correlated with increased production of 

Tregs. Correspondingly, the deletion of Myd88 (an adaptor molecule for TLR9 

signaling) in TECs resulted in the decreased thymic Treg output. This data suggests, 

that TLR9/Myd88 signaling in TECs is important in the generation of Treg in the 

thymus. 

 

Applicant’s contribution: Preparation of thymi samples for the cryosections. 

Optimization of immunostaining. Preparation of representative microscopic 

images. Microscopical analysis of sections and statistical analysis. 

Experimental help during the revision process. 
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4. GENERAL DISCUSSION 

Understanding of the major developmental steps and factors involved in the process 

of embryonic hematopoiesis and ontogenetical relationships between the 

progenitors of hematopoietic waves is crucial for further advancement of 

therapeutic approaches and tools needed for the treatment of hematopoietic diseases 

and malignancies. 

A marker that would specifically label only one embryonic hematopoietic wave is 

not available. However, experimental separation and isolation of progenitors of a 

particular wave is of critical importance to characterize molecular processes 

associated with their emergence, maintenance and function. Our discoveries 

regarding the origin and appearance of the first hematopoietic cells are based on the 

premise of our previous study showing that the embryonic macrophages express a 

battery of TLRs (Balounova et al., 2014), receptors recognizing the PAMPs (Li et 

al., 2014; Mariano et al., 2014) and DAMPs (Kariko et al., 2004; Liu-Bryan et al., 

2005; Shi et al., 2003; Vabulas et al., 2001). At the beginning, we observed that the 

TLR2 is expressed in E7.5 YS and the emergence of its expression correlates with 

the presence of hemogenic endothelium in the YS (Ferkowicz et al., 2003; Huber 

et al., 2004; Tanaka et al., 2012). This knowledge provided a breeding ground for 

the following research where we asked the question concerning the possibility that 

the first hematopoietic cells in the YS could express TLR2. Indeed, we showed that 

YS hematopoietic progenitor cells express the TLR2 from E7.5. Given the general 

consensus, that the first primitive wave starts at E7.25-E7.5 (Ferkowicz et al., 2003; 

Isern et al., 2011) the expression of TLR2 at E7.5 YS could indicate that TLR2 

marks the formation of the first hematopoietic wave. This assumption would be 

further supported by the traditional view that the second transient definitive 

hematopoietic wave (EMPs) arise at E8.25-E8.5 in the YS (McGrath et al., 2015; 

Palis et al., 1999). In addition, until recently, there was no specific marker which 

would distinguish the primitive from EMP wave. Both of these YS progenitors 

share the expression of c-kit (Ferkowicz et al., 2003; Kierdorf et al., 2013; McGrath 

et al., 2015). When we isolated c-kit+TLR2- and c-kit+TLR2+ cells from E7.5 YS 

and perform the in vitro clonogenic assay, we found that while TLR2- population 

possesses the ability to generate the primitive erythrocytes of the first wave, the 
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TLR2+ population produced mixed colonies with the erythro-myeloid potential 

typical for EMPs. This finding showed for the first time that TLR2 marks the 

appearance of EMP wave in the YS and that the hematopoietic precursors with 

erythro-myeloid potential emerge one day earlier than previously thought (McGrath 

et al., 2015; Palis et al., 1999). Based on this data, it seems that the EMP wave 

emerges in parallel with the first primitive wave, or immediately after. These 

findings could provide important insight into the origin of tissue-resident 

macrophages, especially microglia. One theory postulates that microglia originate 

from the primitive wave which is the first to emerge. That was documented using 

several inducible mice strains, such as Runx1, Tie2, or c-kit driver (Ginhoux et al., 

2010; Sheng et al., 2015). However, we incline to the possibility is that microglia 

originate from EMPs which coexists with the primitive wave at E7.5 in the YS. 

These conclusions are also supported by experiments that used a Csf1r reporter 

mouse in which the expression of the reporter is induced on EMPs and still 

efficiently labels also microglia (Gomez Perdiguero et al., 2015). Thus, our data 

support the scenario that microglia are of EMP origin. 

To support this hypothesis experimentally, we have generated a constitutively 

(Tlr2Cre) and hydroxy-tamoxifen (OH) inducible (Tlr2CreERT) mouse strains where 

the Cre-recombinase is under the control of TLR2 promoter. Using Tlr2Cre mice we 

have confirmed that the first labeling of YS cells with hematopoietic potential starts 

at E7.5. In addition, cell labeling using the TLR2 promoter, we showed that TLR2+ 

EMPs give rise to the myeloid cells in the fetal liver, which is the typical attribute 

of EMPs. 

Interestingly, using the TLR2CreERT we also showed that the early pre-HSCs in AGM 

are labeled when induced at E8.5 by tamoxifen. This data is in agreement with the 

report showing the early labeling of pre-HSCs using c-kit reporter mice at the same 

time (Sheng et al., 2015). It seems that the TLRs program is ontogenically 

synchronized in YS and AGM hemogenic endothelium during the process of EHT 

transition despite their origin from the different endothelial cells (Chen et al., 2011; 

Yokomizo et al., 2019).  
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To demonstrate the indispensability of the hematopoietic waves during embryonic 

development, we used the TLR2Cre mouse strain bred with RosaDTA mouse strain. 

In this system, the activity of the TLR2 promoter leads to the permanent ablation 

of TLR2+ cells in the developing embryo. The ablation of TLR2+ cells resulted in 

the deletion of EMPs and its descendant population together with HSCs, but 

primitive erythropoiesis stayed intact. These deletional experiments strongly 

supported the prediction, that the TLR2 is initially activated in EMPs and HSCs but 

not in the erythroid progenitors of the primitive hematopoietic wave. The 

constitutive deletion of TLR2+ cells resulted in embryonic lethality at E12.5. 

However, this cell depletion system displays certain limitations. The active TLR2 

promoter activates the DTA constitutively, therefore, we could not declare, if the 

embryonic lethality is caused by the deletion of EMPs, HSCs, or their combination. 

For this reason, we generated a novel knock-in mouse strain Tlr2Dtr in which the 

DTR is under TLR2 promoter. All the cells which express TLR2 on the protein 

level are efficiently depleted after the administration of DT. The advantage of this 

system is that the DT acts fast, metabolizes rapidly and thus is removed from the 

system relatively briskly (Saito et al., 2001). Using this system, we applied the DT 

twice at E8.5 and E9.5, i.e. at the beginning of the generation of fully developed 

EMPs, which are phenotypically defined as c-kit+ CD16/32+ CD41+ cells. The DT 

administration resulted in the deletion of EMPs and its progeny, leaving the 

primitive erythrocytes intact. On the other hand, the generation of HSCs remained 

intact. The deletion of EMPs led to the embryonic lethality at the same time as we 

reported in TLR2Cre RosaDTA mice. This result suggests that the deletion of EMPs 

but not HSCs is the reason for embryonic lethality at the indicated time point of 

development.  

It has been shown that TLRs are expressed on adult HSCs in the bone marrow where 

their stimulation preferentially drives the generation of myeloid cells in 

inflammatory conditions (De Luca et al., 2009; Megias et al., 2012). Recently it has 

been shown that inflammatory signaling plays the role in the generation of 

embryonic hematopoietic cells in zebrafish as well in mice (Espin-Palazon et al., 

2014; Li et al., 2014; Mariani et al., 2019; Orelio et al., 2008). Based on these 

studies, there is the possibility that TLR/Myd88 signaling may play a role in the 
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proper development of functional hematopoietic cells in the embryo. It is the open 

question of what could be the TLRs ligand in the aseptic conditions of the uterus. 

One possibility is that embryonic TLRs sense endogenous ligands originating from 

an extracellular matrix such as proteoglycans or glycoproteins as was described in 

adults (Johnson et al., 2002; Okamura et al., 2001). The other scenario may involve 

exogenous ligands originating from bacteria with the ability to pass through the 

placenta. The utilization of novel mouse models or germ-free animals may resolve 

this question. 

The seeding of peripheral tissues by hematopoietic cells is a crucial process for the 

proper development of enlarging embryo and hematopoietic system (Collier, 2001; 

Ingman et al., 2006; McGrath et al., 2008; Paolicelli et al., 2011; Yosef et al., 2018). 

It has been shown, that EMPs, pre-macrophages, and macrophages seed the 

developing embryo based on the CX3CR1 signaling (Stremmel et al., 2018). 

Another candidate that may be involved in the migration of EMPs and its myeloid 

descendant population is CXCR4 which is the second most pronounced chemokine 

receptor after CX3CR1 in the embryo (Mariani et al., 2019). CXCR4 mRNA was 

firstly identified in early embryos at the end of 20th century (McGrath et al., 1999) 

and its protein expression was upregulated together with CX3CR on E10.5 

macrophages surrounding the AGM region where the endothelial cells in AGM 

express their ligands and attract them to the AGM region to facilitate the production 

of transplantable HSC (Mariani et al., 2019). Using the knock-out mice where 

WBP1L (OPAL1) is deleted and the CXCR4 signaling is enhanced, we decided to 

measure if the trafficking or the frequencies of the EMPs and macrophages are 

changed in the embryo from E10.5 to E11.5 where is the peak of the trafficking of 

these cells from YS to EP (Stremmel et al., 2018). We have found that the 

frequencies of embryonic macrophages in YS are higher in the embryos lacking the 

WBP1L compare to the wild-type littermate controls. But the frequencies of 

macrophages in EP were unchanged. These results suggest that the enhanced 

CXCR4 expression and its activity plays a role in the generation of embryonic 

macrophages or that they traffic less from YS to the EP and stay predominantly in 

YS. The unchanged numbers in the EP may suggest that the EMPs and 

macrophages from YS migrate to the EP and they proliferate there more than in the 
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normal conditions and thus compensate for the worsening of the trafficking of 

EMPs and macrophages from YS to EP. 

WBP1L is mainly associated with childhood acute lymphoblastic leukemia and the 

increase in its mRNA correlates with the favorable outcome of this disease (Ross et 

al., 2003; Yeoh et al., 2002). The protein regulates the ubiquitination of CXCR4 

and its expression. The lack of WBP1L resulted in the CXCR4 enhanced expression 

and activation. The hyperactivity of CXCR4 signaling resulted in the increased 

hematopoietic progenitor cell homing to the bone marrow, increased ability of bone 

marrow stem, and progenitor cells to reconstitute hematopoiesis after irradiation. In 

addition, the perturbation in B cell development was also observed. Based on these 

results it seems that enhanced CXCR4 expression and signaling may not play a very 

important role in macrophage development and trafficking but in the generation of 

transplantable HSCs which can be applied in human medicine. 

At the end, we found that mTECshigh, which are known to play an important role in 

the selection of T cells in the thymus (Hinterberger et al., 2010; Oukka et al., 1996), 

express a battery of TLRs, specifically TLR9. Its signaling drives the expression of 

chemokines and genes which are associated with their development into the post-

Aire development of mTECs. We showed that the receptors for these chemokines 

are predominantly expressed by the Sirpα+ CD14+moDCs in the thymus. 

CD14+moDCs are enriched in the thymus after the TLR9/Myd88 stimulation of 

mTECs. This stimulation led not only to the enrichment of CD14+moDCs but even 

the subsequent CAT was observed. We also showed that the TLR9/Myd88 

signaling is important for the proper development of thymic CD73–CD25+Foxp3+ 

Tregs. These findings open the field for a new question regarding the endogenous 

ligands of TLRs and their influence in the proper development of the hematopoietic 

system. 

Taken together TLR2 expression and its signaling in the immune-privileged tissue 

(embryo) and in the mTECs raise the question about the endogenous TLRs ligands 

and its function in the development and homeostatic functions. The utility of germ-

free mice may at least in part address these questions. 
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5. CONCLUSIONS 

This paper is based on three original articles: one shared first author and two with 

the contribution as the co-author. Next on one manuscript which is in revision. In 

addition, the presented thesis is supported by one paper, related to the TLRs in the 

intestine. The results can be summed up as follows: 

 

I) Next, we found that the expression of TLR2 on c-kit+ cells allows the 

discrimination of EMPs from the primitive erythroid wave at E7.5. Using 

transgenic mice Tlr2Cre and Tlr2CreERT generated in our laboratory we 

confirmed that these cells give rise to the EMPs and its progeny. 

Endogenous labeling of cells with an active Tlr2 locus showed, that even 

embryonic HSCs can be labeled. Both EMPs and HSCs originate from 

different anatomical locations and different endothelial cells. These findings 

suggest that the onset of their Tlr2 promoter activity seems to be 

ontogenically synchronized during EHT. 

 

II) Using the CRISPR/Cas system we generated novel knock-in mouse strain 

TLR2-RFP-DTR. This mouse strain enables us to delete TLR2+ cells in a 

time-dependent manner after the administration of DT. We use this tool to 

delete TLR2 cells during embryonic development. The deletion resulted in 

a decrease of EMPs and its products, but the HSCs seems to be intact. The 

deletion of cells resulted in embryonic lethality at E12.5. 

 

III)  Regarding the enhanced expression and activation of CXCR4 the 

frequencies of embryonic macrophages in YS were increased. The 

perturbation in B cell development increased the ability of HSCs to 

reconstitute hematopoiesis after transplantation and increased progenitor 

homing to the bone marrow was described. 

 

IV) We demonstrated, that the TLR9/Myd88 signaling in thymic mTECs is 

important for the proper generation of thymic CD73–CD25+Foxp3+ Tregs.  
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