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1. Summary

1. Summary

The development of lymphocytes is a precise, stepwise process that is subject to
multiple extrinsic as well as intrinsic molecular mechanisms that guide cell differentiation and
selection. Two essential regulators of lymphopoiesis are environmental signal mediators in the
form of cytokines and transcription factors. Both influence proliferation, survival, differentiation
and cell fate decisions.

In the present thesis, we investigated the role of the cytokines Flt3-ligand and IL-7 in
lymphocyte development by the use of various mutant mouse strains. Our results unraveled
crucial functions for both cytokines during lymphocyte differentiation. FIt3-ligand drives the
proliferation of uncommitted progenitor populations such as CLP and EPLM, whereas IL-7 has
a pro-survival effect on these cells. High levels of Fit3-ligand rescued the B-cell defect in
IL-77- mice due to the tremendous expansion of the CLP and EPLM populations, surpassing
the need for IL-7 as a survival factor. Thus, these observations clearly demonstrate that both,
Flt3-ligand as well as IL-7, function in a permissive mode in the commitment process towards
the B-cell lineage. FIt3 expression is suppressed upon commitment to the B-cell fate, but IL-7
has furthermore a proliferative function for committed CD19" progenitor cells. Constitutive
over-expression of both FIt3-ligand and IL-7 resulted in a lympho- and myelo-proliferative
disease. The two cytokines had a synergistic effect on the development of B cells, resulting in
the accumulation of progenitors also in peripheral lymphoid organs. Interestingly, even MPPs
could be detected in lymph nodes of these mice and transplantation experiments confirmed
the functionality of these progenitors, since they were capable of long-term multilineage
reconstitution. Thus, FIt3-ligand and IL-7 act in concert during lymphocyte development. We
further provided evidence that peripheral lymphoid organs have the capability to support
extramedullary hematopoiesis in pathological situations.

In a second study we focused on the molecular and transcriptional regulation of the first
essential checkpoint of the antigen-receptor rearrangement in T-cell development, called B-
selection. Even though almost half of the cells are eliminated at this checkpoint, only little is
known about the underlying molecular mechanisms. Improvement of the current staging of
thymocyte development by the addition of CD27 downregulation as a marker for cells that
failed productive B-chain rearrangement at the DN3 stage allowed us to investigate this
process in more detail than previously possible. Transcriptional analysis revealed a specific
expression of the transcription factor Duxbl in cells prior to B-selection. Transgenic expression
of Duxbl blocked the development of pre-T cells in vitro and in vivo due to increased apoptosis

and cell cycle arrest. Further studies revealed the involvement of the Oas/RNasel apoptosis
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pathway in this Duxbl-mediated developmental arrest. Additional expression of the pro-survival
factor Bcl2 partially rescued the block and in vitro knockdown experiments of Duxbl reduced
apoptosis induction within the DN3 compartment. Thus, the specific expression of Duxbl in
conjunction with the gain- and loss-of-function phenotypes of increased and reduced
apoptosis, respectively, provide clear evidence for a key role of Duxbl in the elimination of DN3
cells that are not able to recombine a functional p-chain.

Overall, the results presented in this thesis, provide important new insights on the cell-
extrinsic and -intrinsic regulation of differentiation and selection events in the development of
lymphocytes. Furthermore, they highlight the validity of in vivo models for the investigation of

immune cell development and function.



2. Introduction

2. Introduction

2.1. The hematopoietic system

All organs involved in blood cell production and function belong to the hematopoietic
system, including primarily bone marrow, spleen, thymus, and lymph nodes. The composition
of blood cells can be roughly divided into erythrocytes, leukocytes, and thrombocytes. The
function of thrombocytes, or platelets, is to prevent massive blood loss in the case of injuries
by the formation of a blood clot. The largest portion of the blood is built by erythrocytes, or red
blood cells, that are responsible for the oxygen transport throughout the body’s tissues via
binding of oxygen to hemoglobin that gives the cells their red color. By contrast, leukocytes
are named white blood cells. They are classified into two separate lineages: lymphoid,
composing mainly the adaptive immune system, and myeloid cells, composing mainly the
innate immune system, that together defend our body against invading pathogens and

transformed cells.

2.2. The hematopoietic stem cell

Due to the short lifespan of most mature blood cells, around 10" to 10'? cells have to
be newly generated every day in humans, a process that is termed hematopoiesis (Vaziri et
al., 1994). During ontogeny the site of ongoing hematopoiesis changes. The first wave of
hematopoietic cell production originates from the yolk sac at embryonic day (E) 7.5 and
subsequently moves to the aorta-gonad-mesonephros from where the fetal liver and the bone
marrow are seeded (Johnson and Moore, 1975; Medvinsky and Dzierzak, 1996; Orkin and
Zon, 2008). Fetal liver is the major place of hematopoiesis during embryogenesis whereas the
bone marrow is taking over after birth where it continues during adulthood. The only other
primary lymphoid organ, that is responsible for the production of T leukocytes, is the thymus,
which starts to be seeded already from E12 onwards (Boehm, 2008; Ramond et al., 2014).

The hematopoietic stem cell (HSC) is responsible for this continuous production due to
its two defining properties: self-renewal capacity and multipotentiality to differentiate into all
blood cell subsets. The first evidence for stem cell function in the hematopoietic system was
described in the beginning of the 1960 by James Till and Ernest McCulloch, and was based
on rescue of lethally irradiated mice by bone marrow transplantation (Becker et al., 1963;
McCulloch and Till, 1960; Till and Mc, 1961).

Technical improvements in the field of fluorescence-activated cell sorting (FACS)

resulted in the first characterization and purification of mouse HSCs in 1988 (Spangrude et al.,
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1988). Based on these experiments it is known that a Thy®"Sca1* population that lacks the
expression of lineage-specific markers (Lin") within the bone marrow contained the stem cell
activity resulting in long-term reconstitution of erythroid, myeloid, and lymphoid cell types after
transplantations. Since only about 25% of clonal reconstitutions by these cells were shown to
be long term (Morrison and Weissman, 1994; Spangrude et al., 1995) the phenotype of HSCs
was continuously refined and improved over the years. One important addition was c-kit
(CD117) surface expression as a positive marker for self-renewal and stem cell activity
resulting in the term LSK cells (L=Lin", S=Sca1*, K=c-kit") (Okada et al., 1992; Osawa et al.,
1996b). Moreover, stem cell purity was further improved with exclusion of CD34 and FIt3
(CD135) expression on these cells (Adolfsson et al., 2001; Christensen and Weissman, 2001;
Kondo et al., 1997b; Osawa et al., 1996a). Based on ability to long-term reconstitute lethally
irradiated mice, HSCs were subdivided into FIt3*CD34 long-term HSCs and FIt3'*CD34" short-
term HSCs (Brown et al., 2018; Yang et al., 2005). Additionally, also molecules belonging to
the SLAM family receptors were used to enrich for HSCs, marking them as CD150" and
CD48, resulting in almost 50% long-term multilineage reconstitution of single Lin'Sca1®
c-kit"CD150"CD48" cells (Kiel et al., 2005). Combining all described markers, the true HSCs
must reside within the Lin"Sca1*c-kit'FIt3>CD34'CD150°CD48  compartment. Another
approach to identify HSCs was developed by analyzing the exclusion of a fluorescent dye from
cells. One example for this strategy was described in 1996 using the fluorescent dye Hoechst
33342 (Goodell et al., 1996). Cells that excluded the Hoechst dye were shown in
transplantation experiments to be highly enriched for HSCs without the use of any other
marker.

The isolation of pure HSCs raised the possibility to investigate their cellular and
metabolic properties and differences to other cell types in detail. The work of several groups
revealed that HSCs are slowly dividing, mostly quiescent cells (Cabezas-Wallscheid et al.,
2017; Cheshier et al., 1999; Foudi et al., 2009; Wilson et al., 2008), with high glycolytic (Simsek
et al.,, 2010) but low mitochondrial activity (Vannini et al., 2016), that are dependent on
autophagy (Ho et al., 2017) and have a low protein synthesis rate (Laurenti and Gottgens,
2018; Signer et al., 2014).

2.3. Early hematopoiesis

The first population downstream of the HSC compartment has lost its self-renewal
capacity, but has retained the multipotentiality. These cells are therefore termed multipotent
progenitors (MPPs) and are still able to differentiate into all blood lineages. The description of
the common lymphoid progenitor (CLP), Lin"Sca1™c-kit™IL-7Ra*, (Kondo et al., 1997b) and
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the common myeloid progenitor (CMP), Lin"Sca1c-kit*IL-7Ra’FcyR“CD34 (Akashi et al.,
2000) by the group of Irving Weissman established the classical model of the hematopoietic
tree proposing a stepwise differentiation of the cells toward different lineages and the
simultaneous loss of other lineage potentials. In this view hematopoiesis is a unidirectional
program of a sequence of defined differentiation events with the HSC at the apex, developing

via restricted routes into all committed mature blood cell types (Figure 1).
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Figure 1 | Classical hematopoietic tree. Schematic representation of the classical hematopoietic tree with the
HSC at the apex and the mature populations at the end of the differentiation process. Arrows indicate developmental
progress and potential of the different progenitor populations. Colors indicate the affiliation of the populations to the
erythroid/megakaryocyte (red), myeloid (green), or lymphoid (blue) lineage. Multipotent progenitors are colored
grey. Progenitor populations with mixed lineage populations have the corresponding mixed colors
(erythroid/myeloid = yellow; lymphoid/myeloid = turquoise). HSC: hematopoietic stem cell, MPP: multipotent
progenitor, LMPP: lymphoid-primed multipotent progenitor, CMP: common myeloid progenitor, CLP: common
lymphoid progenitor, MEP: megakaryocytic-erythroid progenitor, GMP: granulocyte/macrophage progenitor, MkP:
megakaryocyte committed progenitor, ErP: erythrocyte progenitor, EPLM: early progenitor with lymphoid and
myeloid potential, EILP: early innate lymphoid progenitor, CDP: common dendritic cell progenitor, ILC: innate
lymphoid cell, ETP: early thymic progenitor.
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Based on these initial studies the first lineage decision subsequent of the MPP stage
would result in the bifurcation to either the lymphoid lineage via the CLP or to the
myeloid/erythroid lineage via the CMP. Thus, B, T, and innate lymphoid cells (ILCs), like
natural killer cells (NK cells), are the progeny of the CLPs. Although the origin of dendritic cells
(DCs) was controversial, a recent paper provided clear evidence for a lymphoid pathway for
the generation of plasmacytoid DCs (pDCs) via an interleukin-7 receptor (IL-7R) positive
progenitor (Rodrigues et al., 2018; Shortman and Naik, 2007). The CMP, on the other hand,
gives rise to megakaryocytes and erythrocytes via the megakaryocytic-erythroid progenitor
(MEP) and to monocytes/macrophages, granulocytes, and conventional DCs (cDCs) via the
granulocytic-monocytic progenitor (GMP). The master transcription factors for the
megakaryocytic-erythroid and granulocyte/monocyte lineages are Gata1 (Fujiwara et al., 1996;
Pevny et al., 1991; Shivdasani et al., 1997) and Pu.1 (DeKoter et al., 1998), respectively. Over-
expression of either one of these two factors was shown to result in a reprogramming of cells
towards their corresponding lineage (Kulessa et al., 1995; Nerlov and Graf, 1998). Thus,
hematopoietic development is not necessarily a unidirectional process, but contains the
plasticity to overcome lineage restriction under certain circumstances. Whether this happens
under normal undisturbed hematopoietic development is still unresolved.

The initial model of hematopoiesis was further challenged by the identification of
several progenitor populations containing mixed lymphoid and myeloid potential. Adolfsson et
al described the lymphoid-primed multipotent progenitor (LMPP), which is composed of the
cells with highest FIt3 expression within the LSK compartment, that were capable to generate
myeloid cells, like macrophages and granulocytes, but also lymphoid cells, like B and T cells
(Adolfsson et al., 2005). However, these cells had lost the potential to differentiate to
erythrocytes or megakaryocytes in vitro as well as in vivo. Based on these findings a revised
road for the earliest hematopoietic developmental steps was proposed, in which the
erythrocyte/megakaryocyte lineage restriction occurs before the lymphoid versus myeloid
decision. Therefore, the LMPP was placed upstream of the CLP and GMP populations.
Transcriptional analysis further confirmed the loss of an erythroid/megakaryocyte gene
expression profile with concomitant myeloid signatures and upregulation of genes associated
with lymphoid cells like Rag1, Rag2, Dntt, or lI7ra (Mansson et al., 2007). Another population
described to have mixed lineage potentials was the early progenitor with lymphoid and myeloid
potential (EPLM) (Balciunaite et al., 2005b). As the name implicates these cells contain B, T,
and myeloid potential and are defined as B220"CD117*CD19'NK1.1".

Due to the identification of progenitors with diverse cell fates and mixed lymphoid and
myeloid potentials, already in 2009 a new model for hematopoiesis was proposed. This
“pairwise model” for hematopoiesis argues against the strict predefined pathways and

branches of the classical hematopoietic tree and suggests instead that a specific cell fate can
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be reached by more than one route and more than one intermediate progenitor (Figure 2)
(Brown et al., 2018; Ceredig et al., 2009).

NK cell

Monocyte

Neutrophil
Megakaryocyte

Eosinophil
A X Erythrocyte

Basophil or mast cell

Figure 2 | Pairwise model of hematopoiesis. In this model hematopoiesis is depicted as a continuum of lineage
relationships between HSCs and different cell fates. Partial arcs represent known progenitor populations having
specific differentiation potentials and options. Overlapping arcs indicate that cell types can be reached by more
than one route during hematopoiesis. HSC: hematopoietic stem cell, NK cell: natural killer cell, DC: dendritic cell,
EPLM: early progenitor with lymphoid and myeloid potential, LMPP: lymphoid-primed multipotent progenitor. Taken
from (Brown et al., 2018).

2.3.1. Heterogeneity within early progenitors

The identification of progenitor populations described in the previous section were all
based on the expression of several surface markers. The mixed lineage potential that was
observed for some of these progenitors could therefore result from heterogeneity within these
defined populations. Technical progress in the field of single-cell analysis technologies and the
usage of reporter and fate-mapping mice stimulated an important progression in the
understanding of hematopoietic development and the composition of the progenitor

populations. For instance, single-cell RNA sequencing of the EPLM population separated the
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lymphoid-biased cells based on the overall gene expression profile, revealing that the Ly6D*
fraction contains only lymphoid-biased cells, whereas the Ly6D" fraction was a mixture of
different lineages (Alberti-Servera et al., 2017). A similar refinement was also implemented on
the CLP, identifying FIt3 as an additional marker to define lymphoid multipotentiality (Karsunky
et al., 2008). Furthermore, Ly6D was shown to mark the cells that were already biased to the
B-cell lineage within the CLPs, whereas the Ly6D" fraction contained also T- and NK-cell
potential (Inlay et al., 2009). Therefore, Ly6D* CLP were termed B-cell biased lymphoid
progenitors (BLP) and the Ly6D" fraction was termed all lymphoid progenitors (ALP). Single-
cell RNA sequencing of myeloid progenitors also revealed multiple progenitor subgroups,
which could be separated into 18 different subpopulations based on their transcriptional profile
(Paul et al., 2015). In particular the CMP was shown to be highly heterogeneous. Based on
CD105 and CD150 expression the CMP could be sub-fractionated into four subpopulations
with already defined lineage restrictions (Pronk et al., 2007). Using a Pu.1®¥f" Gata1mche™
double reporter mouse Tim Schroeder’s group was able to split the CMP population into cells
expressing high Pu.1 levels and cells expressing Gata1 with low or no Pu.1 expression. These
populations were shown to be already committed to the granulocyte/macrophage or
megakaryocyte/erythrocyte lineage, respectively, concluding that the CMP is a mixture of
GMPs and MEPs (Hoppe et al., 2016).

Even within the LSK compartment heterogeneity was described in several studies
revealing differing relative outputs to the different lineages (Copley et al., 2012). For instance,
labeling of LMPPs with lentiviral barcodes followed by subsequent transplantations into mice
separated the LMPP population into three main groups containing lymphoid-biased, myeloid-
biased, and DC-biased cells suggesting that the DC-fate should be considered as a distinct
lineage based on their separate ancestry (Naik et al., 2013). Likewise, MPPs could be
separated into three subpopulations based on the SLAM markers that were used to define
HSCs and FIt3 expression. Therewith, megakaryocytic/erythroid-biased MPP2 (FIt3"
CD1507CD48"), myeloid-biased MPP3 (FIt3*CD150°CD48%), and lymphoid-biased MPP4
(FIt3"CD150°CD48") were identified (Pietras et al., 2015). In line with these results CD150
downregulation within the CD34" LSK compartment was already previously linked with reduced
megakaryocyte/erythrocyte differentiation potential (Morita et al., 2010). Despite the detailed
analysis and phenotypical definition of HSCs several studies also revealed that the HSC
compartment itself contains some lineage bias already (Copley et al., 2012). The Miller-
Sieburg and Eaves groups showed a diverse relative output to the myeloid and lymphoid
lineages in limiting dilution analysis and single-cell transplantation experiments (Dykstra et al.,
2007; Muller-Sieburg et al., 2004). The expression of CD41 and CD86 likewise revealed
myeloid and lymphoid biased HSCs (Gekas and Graf, 2013; Shimazu et al., 2012).

Furthermore, by using a mouse model reporting the expression of von Willebrand factor (vWF)

12
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the HSC compartment was separated into VWF™ and VWF" cells (Sanjuan-Pla et al., 2013).
The results of this study identified VWF* platelet-primed HSCs to reside at the top of
hematopoiesis, further confirming that heterogeneity exists already at the stem cell level during
development.

Collectively, these data argue in favor of a revised model of hematopoiesis in which
imprinting to a specific lineage is initiated already at the HSC level resulting in a progressive

or graded commitment to the various differentiated cell types during hematopoiesis.

2.3.2. Steady-state hematopoiesis

The architecture of the hematopoietic tree is mainly built up by results derived from cell
potential measurements in colony or transplantation assays. However, this can be significantly
different in the unperturbed bone marrow environment. This issue was addressed by several
groups using barcoding and inducible labeling of HSCs. For instance, unique integration of the
“sleeping beauty” transposon in a doxycycline inducible system in stem and progenitor cells
was used to generate barcodes, which could be stably incorporated into the genome and
detectable by subsequent sequencing (Sun et al., 2014). Surprisingly, this system indicated
that HSCs contribute only partly to steady-state hematopoiesis in an unperturbed setting,
which is instead mainly driven by the MPP compartment. This result was further supported by
experiments using inducible fluorescent labeling of the HSC compartment (Busch et al., 2015).
Contrary to that, another group reported that HSCs indeed contribute more during steady state
hematopoiesis than proposed by the ones described above and that HSC contribution is
multilineage (Sawai et al., 2016).

Most recently two groups investigated lineage fates of stem cells and progenitors in
unperturbed hematopoiesis. The group of Hans-Reimer Rodewald generated a mouse model
enabling barcoding based on the Cre-loxP recombination system (Pei et al., 2017). Tagging of
single-cells was induced specifically in HSCs and analysis of different progenitor and mature
populations for their barcode overlap revealed that HSCs mostly gave rise to multiple lineages.
Furthermore, a major myelo-erythroid and a common lymphoid pathway was detected,
supporting the classical tree-like model of hematopoiesis. However, they lacked analysis of
megakaryocytic fate, which was addressed in detail by the group of Fernando D. Camargo.
They made use again of the doxycycline inducible transposon system revealing that
megakaryocyte lineage fate descends directly from long-term HSCs independently of other
hematopoietic fates (Rodriguez-Fraticelli et al., 2018). Furthermore, they were able to show
that progenitor subsets like CMP, GMP, and MEP consist largely of cells with unilineage
outcome, suggesting that these populations are composed of a mix of already lineage-

restricted cells. Multilineage outcome was only detected in the MPP populations with biases to

13



2. Introduction

different lineages, as described before. Therefore, their model is still in line with a progressive
developmental restriction to the different lineages, but it indicates that this is happening much
earlier during native hematopoiesis and is more clonally heterogeneous than previously

believed.

Taken together, the exact early developmental pathways from HSCs to the different
mature blood lineages have been studied extensively, but are still under debate and need
further analysis in the future in order to unravel the exact mechanisms and pathways

underlying hematopoiesis.

2.4. B-cell development

The development of B lymphocytes is an absolute requirement for the generation of a
fully functional adaptive immune system, as they are responsible for the production of
antibodies, that protect our body against all kind of harmful invading objects like pathogens
and venoms. During embryogenesis B-cell development takes place in the fetal liver and
postnatally in the bone marrow. The process involves several highly controlled successive
stages and checkpoints ensuring the generation of the B-cell receptor (BCR) consisting of a
heavy and light immunoglobulin chain, lacking self-reactivity. The capability of the BCR to
recognize the tremendous amounts of different antigens is achieved by random recombination
of gene segments facilitated by the recombination activated genes, Rag? and Rag2
(Mombaerts et al., 1992; Shinkai et al., 1992). The initial diversity is encoded by the presence
of multiple V-, D- (only heavy chain), and J-gene segments, which gets further increased by
the introduction of deletions and insertions during the recombination process at the V-D and
D-J junctions, resulting in a theoretical diversity of >10"® (Elhanati et al., 2015; Glanville et al.,
2009; Nadel and Feeney, 1997). Surface and intracellular markers, cell cycle status, as well
as the progress of rearrangement of the immunoglobulin heavy and light chain genes can be
used in order to divide the developmental pathway of B cells into separate stages (Ehlich et
al., 1994; Hardy and Hayakawa, 2001; Osmond et al., 1998; ten Boekel et al., 1995). Once B
cells have accomplished to successfully produce a functional BCR they undergo final
maturation processes in the spleen. During the course of an immune response, antigens are
detected via the BCR, which results in the final differentiation of B cells to either memory B
cells, which ensure a long-lasting protection against the pathogen, or plasma cells, which start

to secrete antibodies, the soluble form of the BCR, to fight against the infection.
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2.4.1. Lymphoid specification

Initial priming to the B-cell lineage takes place already within the LSK compartment.
Several important transcriptional regulators are involved in the initiation of the B-cell program.

At the MPP stage lkaros (encoded by lkfz1), Pu.1 (encoded by Spi1), E2A (encoded
by Tcf3), and Foxo1 have been associated with lymphoid priming of chromatin and enhancers
(Nutt and Kee, 2007). Thus, Pu.1 acts in a dose dependent manner in the decision between
the granulocyte/macrophage and the lymphoid fates. On the one hand, high Pu.1 levels will
drive the cells into the myeloid direction whereas lower Pu.1 concentrations favor a lymphoid
choice (DeKoter and Singh, 2000). lkaros is regulating this process by direct repression of
Spi1 via binding to its promoter (Zarnegar and Rothenberg, 2012). Mice deficient for either
Pu.1 or Ikaros displayed a severe defect in the formation of LMPPs and CLPs resulting in
arrested lymphopoiesis (Nichogiannopoulou et al., 1999; Scott et al., 1994; Yoshida et al.,
2006). Therefore, both factors are absolutely required for the first developmental stages of
lymphoid specification. Later on, they were shown to regulate FIt3 and IL-7R expression as
well as the earliest expression of lymphoid specific genes like Rag1, Rag2 and Dntt (Carotta
etal., 2010; DeKoter et al., 2002; Heizmann et al., 2013; Ng et al., 2009; Reynaud et al., 2008).
Since Pu.1 and Ikaros regulate the expression of FIt3 and IL-7R, which are markers that are
used to define LMPPs and CLPs, it was difficult to resolve the precise function and the exact
developmental stage at which these factors are absolutely required. However, recently the
group of Stephen Nutt reported, by the use of a Rag2 reporter mouse, that Pu.1 is indeed
essential for the developmental progression of MPPs towards LMPPs as well as the
subsequent formation of CLPs (Pang et al., 2018).

Moreover, the basic helix-loop-helix transcription factor E2A is involved at this early
timepoints of B lymphopoiesis. Mice deficient for E2A display a developmental block in the
development of B cells after the CLP stage (Bain et al., 1994; Zhuang et al., 1994). However,
E2A plays also a role in the formation of LMPPs from HSCs as shown by reduced LMPP
numbers in these mice and reduced transcription of lymphoid lineage genes (Dias et al., 2008).
E2A is likewise involved in the induction of lymphoid-associated genes including //7ra, Rag1,
and Dntt and interestingly, many of these genes share potential binding sites for Pu.1 and
Ikaros indicating that these factors act in concert in the regulation of early lymphoid priming
(Boller and Grosschedl, 2014). Furthermore, E2A promotes the expression of Foxo1, a factor
that was shown to be important at different stages during B-cell development including the

activation of Rag1 and IL-7R expression (Amin and Schlissel, 2008; Dengler et al., 2008).
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2.4.2. Commitment to the B-cell fate

Final commitment to the B-cell lineage is achieved by the upregulation of the
transcription factors Ebf1 (early B-cell factor 1) and Pax5 (paired box 5). These two factors are
exclusively expressed in B-cells in the hematopoietic system and mice deficient for either of
the two show a complete block of B lymphopoiesis, slightly earlier in development for Ebf1
than for Pax5 (Lin and Grosschedl, 1995; Urbanek et al., 1994).

Ebf1 was shown to become directly activated by E2A and since ectopic Ebf1
expression in E2A deficient mice is able to partially restore B-cell development, induction of
Ebf1 expression seems to be one of the key functions of E2A (Seet et al., 2004; Smith et al.,
2002). Ebf1 starts to be expressed at the BLP stage and its expression is mediated by two
distinct promoters. The distal a-promoter has potential bindings sites for E2A, Ikaros, Ebf1 and
shows responsiveness to Stat5 signaling, whereas the proximal B-promoter is driven by Ets1,
Pu.1, Runx1, and Pax5 (Roessler et al., 2007; Smith et al., 2002). Ebf1 in turn activates several
B-cell specific genes including Cd79a, Cd79b, Blk, Iglli1, Vpreb1 as well as Foxo1 and Pax5
(Akerblad et al., 1999; Akerblad and Sigvardsson, 1999; Hagman et al., 1991; Zandi et al.,
2008). Ebf1 bound regions in the genome were shown to be highly enriched in binding sites
for several other transcriptional regulators including E2A and Pax5, furthermore underpinning
the complex cross-regulatory feedback loops that stabilize specification and commitment to
the B-cell lineage (Gyory et al., 2012; Lin et al., 2010). In addition to its activating role Ebf1 is
also repressing several genes important for other lineages, thereby directly antagonizing
alternative cell fates. In particular, Tcf7 and Gata3, which are essential for early T-cell
development, are regulated by Ebf1 and were increased upon loss of Ebf1 (Banerjee et al.,
2013; Nechanitzky et al., 2013). Moreover, Id2, which is a key player for the development of
ILCs, and Id3 are directly repressed by Ebf1 (Thal et al., 2009). This in turn leads to an increase
of E2A activity, since Id proteins antagonize the DNA-binding ability of E proteins, thereby
further strengthening B-cell specification. Likewise, Ebf1 inhibits myeloid differentiation,
because of its repression of Cebpa (Pongubala et al., 2008). In summary, Ebf1 is repressing
important key regulators of the T cell, ILC, and myeloid fates. This is further confirmed by the
fact that inactivation of Ebf1 in already committed pro-B cells can result in a lineage conversion
to T cells and ILCs (Nechanitzky et al., 2013). In addition to its role in the regulation of gene
expression, Ebf1 acts furthermore on the epigenetic landscape, changing the chromatin
accessibility, thereby paving the way for B-cell programming (Boller et al., 2016; Lietal., 2018).

Upregulation of Pax5 is required to fully establish B-cell commitment. Mice deficient for
Pax5 exhibit an arrested B-cell development at the pro-B stage, which is characterized by the
expression of many B-cell specific genes and Dy to Ju rearrangements of the heavy

chain. (Nutt et al.,, 1999; Nutt et al., 1997). Normally pro-B cells are defined as
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B220*CD19°CD117°CD127", but since Pax5 is controlling the expression of CD19, these cells
are negative for this marker in Pax5 deficient mice (Nutt et al., 1998). Analysis for a
corresponding CD19 population in WT mice led to the discovery of the EPLM population
(Balciunaite et al., 2005b). Similar to the EPLM population, Pax5 deficient pro-B cells were
shown to retain the capability for in vitro and in vivo differentiation into myeloid and T-lymphoid
cells (Rolink et al., 1999b; Rolink et al., 2002). However, the clear-cut difference between these
cells is the high efficiency of EPLM to generate B-cells, which is completely missing in Pax5
deficient pro-B cells. Upon conditional inactivation of Pax5 already committed pro-B and even
mature B cells regained the possibility to differentiate into other lineages, further strengthening
the importance of this factor for the B-cell fate (Cobaleda et al., 2007; Mikkola et al., 2002).
Therefore, Pax5 is not only important for the commitment to the B-cell fate, but is also an
absolute requirement for all subsequent stages during the life of a B-cell. This is because it not
only establishes, but also maintains the global-lineage-specific architecture of B cells until its
downregulation upon plasma-cell differentiation (Horcher et al., 2001; Johanson et al., 2018;
Nutt et al., 2001). Similarly to Ebf1, components of the pre-BCR and BCR including CD19,
Bink, CD79a, and Igll1 are target genes of Pax5 (Cobaleda et al., 2007). Furthermore, Pax5
binds to the distal a-promoter of Ebf1 and therefore a main function of Pax5 is also to maintain
and enhance Ebf1 levels resulting in a positive feedback loop between these two factors
ensuring B-cell specification (Roessler et al., 2007). The importance of this feedback
mechanism is further illustrated by the fact that cells with heterozygous loss of both Ebf1 and
Pax5 displayed an increased T-cell potential in vivo and in vitro, demonstrating the
collaborative activity of these two factors in preserving B-cell identity (Ungerback et al., 2015).
However, Pax5 is not only acting as an activator but also as a repressor, promoting B-cell
commitment by inactivation of non-B-cell genes. This includes the genes encoding the surface
receptors Mcsf-R and Notch1, which are key players in myeloid and T-cell development,
respectively (Souabni et al., 2002; Tagoh et al., 2006). This also explains the fact that pro-B
cells deficient for Pax5 gain the capability to differentiate into myeloid and T-lymphoid cells.
Therefore, Pax5 represses surface receptors and Ebf1 antagonizes transcription factor genes

of alternative cell fates, resulting in a double-lock mechanism to establish B-cell specification.

2.4.3. Early developmental stages

After the BLP stage surface expression of B220 is one of the first markers associated
with B-cell progenitors. Therefore, the Ly6D* EPLM population might developmentally arise
from the BLP, which is also implied by the overlapping surface expression of c-kit (CD117), IL-
7R (CD127), and FIt3 (CD135) between these two populations. A large fraction of the Ly6D*

EPLM already expresses Ebf1, but is not yet fully committed to the B-cell lineage, since the
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cells still retain T-cell potential in limiting dilution assays (Alberti-Servera et al., 2017). Thus,
these Ebf1 positive cells most likely resemble the last stage before commitment to the B-cell
fate. Recently, the group of Mikael Sigvardsson revealed another way to dissect successive
developmental stages from the CLP until final commitment (Jensen et al., 2018). By the use
of the surface markers Gfra2 and Bst1 they were able to split BLPs into the three distinct
subpopulations BLP1, BLP2, and BLP3. Gfra2 upregulation in BLP2 cells coincided with Ebf1
induction and subsequently with the expression of B-cell specific genes. Thus, these cells most
likely overlap with the Ebf1*Ly6D" fraction of the EPLM population described above. At the
BLP3 stage, identified by additional Bst1 expression, cells are committed to the B-cell lineage
and Pax5 expression is initiated. All successive populations after commitment are marked by

the expression of CD19, which is induced by Pax5.

Ly6D* EPLM pro-B large pre-B small pre-B immature mature

B220
CD135 —

CD117
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Figure 3 | Early B-cell development. Schematic representation of early B-cell development stages in the bone
marrow. Sequential stages are connected by arrows indicating the developmental progression from Ly6D* EPLM
up to mature B cells. Recombination process is indicated in boxes above the different populations. Table below the
populations shows surface marker expression of the different populations (blue) as well as intracellular expression
of transcription factors and genes involved in the recombination process (green). EPLM: early progenitor with
lymphoid and myeloid potential

The different early developmental stages in the bone marrow can be further separated
by the use of the surface markers c-kit, CD25, IL-7R, CD93, by the status of the
rearrangements of the heavy and light chain loci, and by their cell cycle status (Figure 3)
(Ceredig and Rolink, 2002; Rolink et al., 1994; ten Boekel et al., 1995).
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The first committed cell, the pro-B cell, is marked by the expression of CD19 and c-kit
and is characterized genotypically by Du-Ju rearrangements of the heavy chain loci (ten Boekel
et al., 1995). After completion of the Vu-DnJu recombination cells are tested for an effective
rearrangement. Only if the recombination process resulted in the expression of a functional
heavy chain cells are allowed to proceed in development. This selection is achieved by the
formation of the pre-BCR, which is composed of the heavy chain and the surrogate light chain
proteins VpreB and A5, together with the signaling molecules Iga and p (Karasuyama et al.,
1990; Kitamura et al., 1992; Kudo and Melchers, 1987; Sakaguchi and Melchers,