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Early B cell development in the bone marrow ensures the replenishment of the peripheral B cell pool. Immature B
cells continuously develop from hematopoietic stem cells, in a process guided by an intricate network of tran-
scription factors as well as chemokine and cytokine signals. Humans and mice possess somewhat similar regu-

xouse latory mechanisms of B lymphopoiesis. The continuous discovery of monogenetic defects that impact early B cell
uman . . P ops . . . .

Transcription factors development in humans substantiates the similarities and differences with B cell development in mice. These
Cytokines differences become relevant when targeted therapeutic approaches are used in patients; therefore, predicting

potential immunological adverse events is crucial. In this review, we have provided a phenotypical classification
of human and murine early progenitors and B cell stages, based on surface and intracellular protein expression.
Further, we have critically compared the role of key transcription factors (Ikaros, E2A, EBF1, PAX5, and Aiolos)
and chemo- or cytokine signals (FLT3, c-kit, IL-7R, and CXCR4) during homeostatic and aberrant B lympho-

poiesis in both humans and mice.

1. Introduction

The peripheral B cell pool is maintained by continuous generation of
immature B cells in the bone marrow (BM). Immature B cells develop
from hematopoietic stem cells (HSCs). The activation of lymphoid genes
results in specification into the lymphoid lineage, whereas subsequent
suppression of alternative lineages ensures B cell fate commitment.
Differences in multipotency, immunoglobulin heavy (IgH) and light
chain (IgL) rearrangement, stage-specific transcription factors (TFs),
and surface/intracellular markers lead to distinct developmental stages.

HSC maintenance and multilineage differentiation are controlled by
signals provided by HSC niche. Specifically, the maintenance of the HSC
pool depends on the expression of CXCL12 and stem cell factor (SCF)
produced by bone marrow stromal cells [1,2]. HSCs give rise to a
heterogenous population of multipotent progenitors (MPPs), which
have the potential to reconstitute the lymphoid compartment [3]. The
expression of EBF1 in MPPs favors lymphoid-primed multipotent pro-
genitor (LMPP) fate by downregulating C/EBPa (Fig. 1). Alternatively,

high C/EBPa and PU.1 levels promote common myeloid progenitor
(CMP) differentiation [4,5]. In CMPs, PU.1 or GATA1 expression pro-
mote the development of granulocyte-monocyte progenitors (GMPs) or
megakaryocyte-erythroid progenitors (MEPs), respectively. Fms-like
tyrosine kinase 3 (FLT3) signaling promotes LMPP maturation into
common lymphoid progenitors (CLPs) by  upregulating
lymphoid-specific genes (E2a, Il7ra, and Ebf1) [6]. CLPs give rise to B, T,
innate lymphoid (ILCs), and NK cells. B cell commitment is defined by
the expression of paired box protein 5 (PAX5) that represses alternative
lineage genes, such as Notchl (T «cells) or Csfrl (mono-
cytes/macrophages), and concomitantly upregulates B cell-specific
genes (Cd19, Igll5, and Cd79a) [7-9]. E2A and EBF1 in pro-B cells pro-
mote the expression of Recombination Activating Gene (RAG) proteins
[10,11] and the initiation of the IgH DJ gene recombination [12]. Ter-
minal deoxynucleotidyl transferase (TdT) enhances the diversity of the
Ig repertoire by randomly adding nucleotides to DNA single strands.
Cytoplasmic IgH expression characterizes the pre-BII large cell stage,
when the IgH is paired with the surrogate IgL chain (SLC), which is
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composed of lambda 5 (A5) and VpreB, to form the pre-B cell receptor
(pre-BCR) [13]. Pre-BCR and IL-7 signaling induce several rounds of
proliferation, leading to clonal expansion of pre-BII large cells that
successfully recombine IgH. Pre-BII large cells exit the cell cycle, prog-
ress to the pre-BII small stage, and rearrange the IgL VJ genes. Ulti-
mately, heavy and light chains are assembled into IgM/BCR and
expressed on the surface of immature B cells. Central tolerance prevents
the escape of self-reactive cells from the BM. The process involves
engagement and signaling of the BCR [14] and depends on levels of PI3K
activation [15]. Autoreactive B cells may undergo secondary IgL rear-
rangement (receptor editing). The remaining autoreactive cells either
undergo apoptosis (clonal deletion), or become anergic with low BCR
expression and signaling [16,17]. However, the regulatory processes are
leaky and more than 50% of antibodies in the immature compartment
are self-reactive or polyreactive [18].

Primary immunodeficiencies with defined genetic defects, targeted
B-cell therapies, B-cell reconstitution after HSC transplantation, or B-cell
depletion allow for the study of mechanisms and requirements for
human B lymphopoiesis and highlight the differences between mouse
and human B cell development. For example, B cell reconstitution re-
quires approximately 6-12 weeks after B cell depletion in mice [19],
however the same process takes 6-12 months in humans [20,21].
Furthermore, murine B lymphopoiesis requires IL-7 signaling, whereas
the human counterpart is dependent more strongly on pre-BCR signaling
rather than IL-7 signaling [22].

Pre-BCR signaling is an essential checkpoint during the transition
from large to small pre-BII cell stage via regulation of allelic exclusion,
positive/negative selection, and developmental progression, reviewed
in [23]. Previous studies have reported the activation of the pre-BCR in a
ligand-dependent or ligand-independent manner, whereby the contri-
bution of each is not fully understood. Ligand-dependent pre-BCR acti-
vation is mediated by A5 that binds to galectin-1 and heparane sulfate
expressed by murine stromal cells [24-26]. The identification of
galectin-1" IL-7~ stromal cells supports existence of a pre-B niche, which
favors the ligation of the pre-BCR [27]. The mechanism of
ligand-independent (also known as autonomous) pre-BCR signaling was
proposed after pre-BCR' B cells were observed to proliferate in the
absence of stromal cells in a culture [28]. Hereby, multiple pre-BCRs
auto-aggregate using positively charged arginine residues located in
the A5, which are not required for galectin-1 binding but support the
interactions between pre-BCR and heparane sulfate [24,29]. Therefore,
the complete deletion of A5 in mice results in more severe phenotype
than the exchange of positively charged amino acids in the N-terminal of
non-Ig-like tail of A5 [29]. Recently, it has been proposed that
ligand-dependent and -independent signaling can act synergistically by
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promoting extensive activation or compensating for each other if one is
insufficient (such as poor ligand-independent signaling owing to low
pre-BCR expression) [30].

The overall need for pre-BCR signaling during B lymphopoiesis
varies between mice and humans, as discussed in [31] and [32]. Mu-
tations in genes coding for signaling components of the pre-BCR
signaling pathway result in agammaglobulinemia and B lymphopenia.
X-linked agammaglobulinemia (XLA) is caused by mutations in the
Bruton’s tyrosine kinase (BTK). Human BTK mutations severely impair
transition from pre-BI to cytoplasmic IgM™ (cyIlgM™) pre-BII cells and
subsequently cause lymphopenia (<1% peripheral CD19" B cells) [33].
In contrast, mutations in murine Btk result in a less severe phenotype
with reduced peripheral B cells (50% of control) and normal frequencies
and absolute numbers of BM B cell populations [34]. Mutations in the
murine pre-BCR components (Igu, VpreB, A5, Iga, and Igp) only partly
resemble the human phenotype [32]. For instance, patients with mu-
tations in the Igu chain present with recurrent infections [35], extremely
low peripheral B (<0.01% of peripheral cells), and BM cylgM*cells [36],
which resembles homozygous Igu-mutated mice showing a strong
decrease in IgM " immature B cells in the BM and the periphery [37]. A
similar phenotype is observed in patients with Iga, Igf, and A5 mutations
[38-40]. Conversely, murine deletion of the SLC
(VpreB1~/~VpreB2~/~A57/7) results in a decreased yet present devel-
opment of immature (IgM'CD19") and mature B cells
(IgM*CD1971gD™ ™) in the BM and spleen, respectively. The molecular
mechanisms responsible for the distinct requirements for pre-BCR
signaling in mice and humans remain to be elucidated. However, the
compensatory effect of other Tec kinases possibly explains the relatively
mild phenotype observed in BTK-mutant mice [41]. Interestingly, mu-
tations in the zinc transporter ZIP7 result in diminished concentration of
cytoplasmic free zinc, increased phosphatase activity, decreased phos-
phorylation of signaling molecules downstream of the pre-BCR, and
reduced B cell numbers in mice. In humans, such mutations result in
agammaglobulinemia [42]. Altogether, these data support the hypoth-
esis that global impairment of pre-BCR signaling can also impair murine
B cell development; however, it has more severe consequences in human
B lymphopoiesis.

This review aims to highlight the similarities and differences in the
early B cell development in mice and humans. Specifically, it focuses on
the distinct phenotypical classification of early B cell subpopulations
and the impact of central transcriptional and signaling networks in both
species.
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Fig. 1. Hematopoiesis is a continuous process of priming and
specification into respective cell lineages. Hematopoietic stem cells
(HSCs) give rise to multipotent progenitors (MPPs). Development
of common myeloid progenitors (CMPs) requires high C/EBPa and
PU.1 expression. CMPs develop into granulocyte-monocyte pro-
genitors (GMPs) by high PU.1 expression and megakaryocyte-
erythroid progenitors (MEP) by GATA1l expression. CMPs are
progenitors of monocytes, dendritic cells (DCs) and neutrophils,
while GMPs develop into megakaryocytes and erythrocytes. E2A,
FLT3, EBF1, Ikaros guide MPPs towards lymphoid-primed multi-
potent progenitors (LMPPs). LMPPs develop through synergistic
action of E2A, IL-7R and CXCR4 into common lymphoid pro-
genitors (CLPs). CLPs give rise to T, NK, B and innate lymphoid
cells (ILCs). Created with BioRender.com.
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2. Definition of murine and human early B cell stages

The stages in B lymphopoiesis are defined by distinct gene signatures
[43], nevertheless, flow cytometry remains the most common method to
identify early B cells. In the early 1990's, Hardy et al. divided murine B
lymphopoiesis into fractions, namely “Hardy’s fractions”, based on the
expression of surface markers such as CD220, CD43, BP-1 and CD24
(Fig. 2) [44,45]. This classification is still in use [46,47].

Most of the studies on human B lymphopoiesis were conducted on
BM samples [48,49] ex vivo and cultures of cord blood (CB)- or
BM-derived CD34" progenitors [50,51] in vitro ([193]). As shown in
Fig. 2, we propose key markers to define seven major subpopulations
beginning from the CLP stage. The key markers include CD10, CD38,
cytoplasmic CD79a (cyCD79a; Iga), CD19, cyIgM, cyCD179a (VpreB),
and surface IgM (sIgM). Exclusion markers, such as CD33 for myeloid
cells, facilitate flow cytometric analysis of early B cells. Evidently,
distinct populations are defined by different markers in humans and
mouse. This is mainly because key markers exhibit a different expression
pattern in the two species. For example, CD34 expression identifies
human HSCs and hematopoietic progenitors, whereas murine HSCs are
enriched in the CD34'°"/~ compartment [52]. CD10 marks human but
not murine CLPs and developing B cells in the BM [53], whereas the
expression of isoforms of CD45 differ between murine (CD45R/B220)
and human (CD45RA) B cell development [54]. In addition, early B cells
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isolated from CB, BM or fetal liver may show differences in expression of
selected markers. For example, the phenotype of early B cell progenitors
appears to be different in human fetal and adult BM, especially with
regard to the expression of CD10 in pre-pro-B cells (Fig. 2) [55].

The technological advancements in the field of multidimensional
flow cytometry and mass cytometry (Cytometry by Time of Flight
[CyTOF]) have improved the possibility of defining populations.
Nevertheless, in some studies, as little as two markers (VpreB/IgM and
CD22/CD45) are used to define up to eight subpopulations [56,57],
thereby complicating comparisons among human studies. A further level
of complexity is that the unequivocal assignment of marker expressions
to specific stages is missing. For example, CD19 expression is attributed
to pro-B or to pre-Bl cell stage [58,59], underlying the need for
harmonization in the definition of the developmental stages to improve
comparability among studies.

3. Regulatory transcriptional network during early B cell
development

The timely and coordinated expression of TFs, such as Ikaros, E2A,
EBF1, PAX-5, and Aiolos (Fig. 3) ensures functional development and
prevents hematopoietic malignancies. In mice, TF function is often
studied using genetic modifications, such as overexpression/knock-
out/-down/-in. In contrast, human studies rely on patients with
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Fig. 2. Markers defining murine and human B cell precursors stages. Bold font indicates the expression of the respective marker in the specific population. Early pro-
B cells are found in fetal but not in adult human B lymphopoiesis. HSC: hematopoietic stem cell; LMPP: lymphoid-primed multipotent progenitor; CLP: common
lymphoid progenitors; Murine Hardy fractions (Frac. A-D) are indicated in parenthesis. Murine classification: HSC (Lin~, c-kit", Sca-1", CD150", CD487); LMPP
(Lin~, c-kit", Sca-17, CD48%, FIt3", CD34™); CLP (c-kit", Scal™, Flt3*, IL-7Ra*, Ly6D ™/ ~, B220~, CD43™); Frac. A/early pro-B (c-kit™, FIt3*, B220*, CD43", CD19,
CD24~, BP17); Frac. B/pro-B cells (c-kit™/~, Flt3~, B220*, CD43", CD19™, CD24*, BP1"); Frac. C/pre-BI cells (c-kit~, B220™, CD43, CD19", CD24*, BP1*, CD257);
Frac. C’/pre-BII large cells (B220", CD43™/~, CD19", CD24*, BP1*, CD25™"); Frac. D/pre-BII small cells (B220", CD43~, CD19", CD24", BP1%/~, CD25™, surface
IgM"); Frac. E/immature B cells (B220", CD19", CD24", BP1~, CD25, sIgM ™). Human classification: HSC (CD34", Lin~, CD38~, CD90™, CD45RA™) [191,192];
LMPP (CD34", Lin~, CD38, CD90~, CD45RA*, CD107), CLP (CD34", Lin~, CD38"%, CD45RA™", CD10"), early pro-B cells (CD34", CD38%, CD45RA", CD10,
CD19"); pro-B cells (CD34*, CD38", CD45RA*Y, CD10", CD19~, cytosolic CD79a™, TdT™"); pre-BI cells (CD34"/~, CD38*, CD45RA™, CD10", CD19", cyCD79a*,
TdT"/~, cyCD179a", cylgM); pre-BII large cells (CD34~, CD38", CD45RA ", CD10", CD19", cyCD79a*, TdT~, cyCD179a", cylgM™); pre-BII small cells (CD38™,
CD45RA™, CD10%, CD19", cyCD79a*, cyCD179at/~, cylgM™, sigM~); immature B cells (CD38", CD45RA™, CD10*, CD19", cyCD79a*, cyCD179a ", cylgM™, sigM ™,
IgD’/ ). Created with BioRender.com.
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Fig. 3. Timely and coordinated expression of transcription factors (Ikaros, E2A, EBF1, PAX5, Aiolos) and intracellular proteins (Ki67, RAG1, TdT) in B lympho-
poiesis. Bold font indicates marker expression that was also reported in humans (EBF1, PAX5: [193]; Ikaros: [61]; Ki67: [51]; TdT: [49]). Created with Bio-

Render.com.

disease-causing genetic mutations or in vivo/in vitro studies. Here, we
have reviewed the function of the above-mentioned TFs in murine and
human B lymphopoiesis and their clinical relevance.

3.1. Ikaros

Ikaros (encoded by IKZF1) is expressed throughout B lymphopoiesis
in the BM, beginning from the early progenitor stage in both mice and
humans [60,61]. Ikaros is a member of the Ikaros protein family (Ikaros,
Aiolos, Helios, Pegasus, and Eos) that contain zinc-finger domains at
their N-terminus enabling DNA-binding and at the C-terminus enabling
homodimerization and heterodimerization with other members of the
family [62]. In murine B lymphopoiesis, Ikaros promotes lymphoid
specification by inducing lymphoid-specific genes, such as Fit3, Dnitt,
Il7r, and Ragl [63]. A defect in Ikaros shows a drastic effect in B lym-
phopoiesis in mice — Ikaros ™~ mice exhibit a complete lack of fetal and
adult B cells [64], a conditional knock-out of Ikaros from the pro-B cell
stage results in the blocking of B cell development at the pro- to pre-B
cell transition (Table 1) [65]. B cells (also T and NK cells) are absent
in homozygous carriers of mutations in the dimerization domain [66]. In
humans, more than 30 variants in more than 100 individuals have been
described. The impact on B lymphopoiesis ranges from a reduction in
CLP development, near absence of B cells, and almost complete hypo-
gammaglobulinemia for autosomal dominant heterozygous IKZF1 mu-
tation in the DNA binding domain [56,63], to extremely low B cell
numbers in heterozygous mutations affecting the dimerization domain
leading to haploinsufficiency. Moreover, heterozygous mutations
affecting the DNA binding domain cause haploinsufficiency resulting in
reduced B cell numbers and a progressive loss of B cells and Ig levels,
reviewed in [67]. Notably, human IKZF1 mutations also result in more
severe phenotypes, such as combined immunodeficiency that is partly
ameliorated by HSC transplantation [68]. However, direct comparison
between murine and human Ikaros mutations remains difficult. Murine
IKZF1 mutations are often presented as homozygous exon deletions
exhibiting severe phenotypes; whereas in humans, majority of Ikaros
mutations are found as heterozygous point mutations [67]. Additionally,
in mice, other Ikaros family members were shown to compensate for
Ikaros deficiency [69]. Whether this can also occur in humans has not
been studied. In fact, Helios may compensate for complete Ikaros loss as
it is expressed in early progenitors and binds to similar DNA-sequences
as those of Ikaros [70,71]. To date, Ikaros has been identified as a key
protein during murine and human B lymphopoiesis, mutation or over-
expression of which impairs lymphoid and/or early B cell development.

3.2. Ikaros and Aiolos as treatment targets

Tkaros acts as a tumor suppressor gene during the transition from
large to small pre-BII cell stage, as its aberrant expression causes high-
risk T- and B acute lymphoblastic leukemia (T- and B-ALL) in mice
and humans [72-74]. In contrast, increased expression of Ikaros and
Aiolos is observed in multiple myeloma (MM) and systemic lupus ery-
thematosus (SLE) [75,76]. Immunomodulatory imide drugs (IMiDs)
promote ubiquitination and subsequent degradation of Tkaros and Aiolos
in the proteasome and are therefore used in the treatment of MM and
investigated in the context of SLE. Treatment with IMiDs results in cell
cycle exit and cell death of MM cells [76,77]. IMiD treatment in healthy
controls rapidly reduces peripheral B cell numbers [78]. The effect of
Ikaros and Aiolos degradation mediated by IMiDs on peripheral B cells
versus early B cells remains to be elucidated. In summary, the role of
Ikaros in regulating leukemogenesis was demonstrated in both mice and
humans.

3.3. E2A/EBF1

E2A proteins, namely E12 and E47 (encoded by Tcf3), as well as
EBF1 (encoded by Ebf1) are essential regulators of early B cell devel-
opment, which establish permissive chromatin structure and directly
activate lymphoid and B-specific genes [10,79]. In mice, E2A is
expressed prior to EBF1 and regulates the quiescence of HSCs by pro-
moting the expression of the G; checkpoint regulator p21. Mutation of
p21 induces HSC expansion [80,81]. Later, E2A is required for the
murine development of LMPPs in a dose-dependent manner because its
homozygous mutation strongly reduces the number of LMPPs, whereas
heterozygous mutation exhibits intermediate phenotype [82,83]. At the
CLP stage, E2A induces the expression of Foxol, Il7r, Dntt, and EbfI,
thereby promoting the B cell fate [84,85]. E2A has been shown to
activate Ragl expression by positively regulating the enhancer/pro-
moter regions and the chromatin accessibility of the Ragl locus [10].
Further, E2A induces and maintains the expression of PAX5 in murine
pro-B cells and promotes the open chromatin structure of the Igk genes in
both murine pre-B cell line and germinal center B cells [86-88]. In
humans, autosomal dominant heterozygous mutations in TCF3 (coding
for E2A) have been reported (Table 1) [89-91]. A described mutation,
localized in the part of gene that codes for the E47 subunit, impairs DNA
binding. These patients present with agammaglobulinemia and mark-
edly reduced but detectable peripheral B cells that have an unusual
phenotype — they lack functional Ig rearrangement and surface BCR but
demonstrate increased CD19 levels and express CD20, CD22, and CD38
[90]. Interestingly, homozygous missense mutations in E47 result in low
B cell numbers and hypogammaglobulinemia, which is a milder
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Table 1

Summary of murine and human mutations in key transcription factors and their

respective phenotype.

Target  Phenotype mouse Clinical phenotype Ref.

Ikaros Tkzf1°V/PN (Aex4-5, Heterozygous mutations: [67,75,
KO of DNA-binding haploinsufficiency/dominant 771
domains 1-3): no B, T, negative disease-causing
NK cells, increased mutations: immunodeficiency
postnatal death (hypogammaglobulinemia, B
Tkzf1°/"; normal lymphopenia), autoimmunity
lymphopoiesis, (SLE-like), and malignancy (T-
predisposition for ALL, B-ALL, MM)
thymic derived Enhanced expression: malignancy
leukemia (MM), autoimmunity (SLE)

Tkzf1 ~/~ (Aex8, absent
protein expression):
absent lymphocyte
progenitors, absent B,
T, NK cells

IszlL/ L (hypomorphic
Aex2, reduced protein
expression): impaired
development at the
pro- and pre-B cell
transition

E2A Homozygous Heterozygous mutations: [82,
mutations (E47 7, autosomal dominant phenotype: 89-91,
absent protein agammaglobulinemia, reduced 188]
expression): pro-, pre-and mature B cells,

Decrease in all: LMPPs, presence of BCR-negative

CLPs, ETPs, B cells, peripheral B cells

increased postnatal Homozygous mutations: Low B
death, impaired cells, hypogammaglobulinemia,
postnatal growth subclasses deficiency, B-ALL
Heterozygous

mutation (E47%/7):

intermediate

phenotype (LMPPs,

CLPs, ETPs, B cells |)

EBF1 Homo-/heterozygous Heterozygous mutation: second [92,96,
mutation (EBF /™ hit mutation resulting in 97]
absent protein malignancy (B-ALL)
expression):
developmental block
at the pro-B cell stage,
absent peripheral B
cells, malignancy (B-

ALL)

PAXS5 Homozygous mutation ~ Compound heterozygous [103,
(Aex2, KO of DNA- mutations: severe 111-114]
binding domain, hypogammaglobulinemia and
absent protein neurologic disorders, malignancy
expression): (B-ALL)
developmental block
at the pre-B stage,
lethality after 3 weeks
of birth, altered
midbrain development

Aiolos Homozygous Heterozygous mutation, [75,77,
mutation: Tkzf3™/~ dominant-negative phenotype: 119-122]

(Aex7, absent protein
expression): reduced
IgM" B cells in BM, B
cell lymphoma
Tkzf3C158R;
developmental block
at the pre-pro-B to pre-
B cell stage, reduced
splenic B cells
Tkzf3V15%: decrease in
all: peripheral B cells,
serum IgG/IgA/IgM,
follicular B cells, IgD
expression
Heterozygous
mutation: Tkzf3%158R;
Similar phenotype

Aiolos (G159R): reduced
peripheral B cells,
hypogammaglobulinemia,
lymphoma

Aiolos (N160S): normal to
increased B cells,
hypogammaglobulinemia,
infections

Enhanced expression: malignancy
(MM, CLL), autoimmunity (SLE)

Immunology Letters 261 (2023) 1-12

Table 1 (continued)

Target  Phenotype mouse Clinical phenotype Ref.

(milder) compared to
homozygous mutation
Tkz£3N15%: normal
peripheral B cells,
reduced follicular B
cells, increased
marginal zone B cells

Abbreviations: Knock-out (KO); Systemic lupus erythematosus (SLE); T acute
lymphoblastic leukemia (T-ALL); B acute lymphoblastic leukemia (B-ALL);
multiple myeloma (MM); lymphoid-primed multipotent progenitor (LMPP);
common lymphoid progenitor (CLP); early T-cell progenitor (ETP); B cell re-
ceptor (BCR); bone marrow (BM); multiple myeloma (MM); chronic lymphocytic
leukemia (CLL).

phenotype compared to heterozygous mutations [89,91]. In mice, E2A
appears to play a fundamental role in the first phase of lymphoid dif-
ferentiation, as homozygous E2A mutations result in a block at the LMPP
stage. In contrast, E2A (E47) appears to be required in humans at a later
stage of development in a dose-dependent manner as B cells are reduced
yet present in homozygous TCF3 mutations. Additionally, in humans,
E2A appears to be fundamental in regulating BCR rearrangement, as the
generated B cells are devoid of surface BCR, whereas in mice, this
phenotype has not been observed.

EBF1 mutations have a severe impact on murine B lymphopoiesis.
Ebf1~/~ mice lack peripheral B cells and exhibit a developmental block
at the B2207CD43" stage [92]. Further, EBF1 promotes permissive
chromatin state for B-lymphoid enhancers in murine MPP populations
and restricts myelopoiesis by downregulating C/EBPa expression,
thereby facilitating B lymphopoiesis [4]. The Raglhigh CLPs strongly
upregulate Ebf1 expression, which is modulated by two promoters with
binding sites for E2A, Ikaros, and PAX5 [93]. When upregulated, EBF1
together with E2A and FOXO1 form positive feedback loops and a TF
network that altogether regulate the B cell fate [6,85]. PAX5 antago-
nizes EBF1 by repressing Myc expression, thereby regulating the pro-
liferation of murine pro-B cells [94]. At the pre-BI stage, EBF1 induces
the Igll1 (A5) expression by outcompeting Ikaros at the promoter site
[95].

To date, there have been no reports of mutations in EBF1 resulting in
primary immunodeficiency. In human and murine B-ALL, mono- and
biallelic mutations of EBF1 synergizing with other regulators (such as
PAX5) have been observed, implying a role for EBF1 in tumor sup-
pression [96-98]. Indeed, EBF1 induces CD79A, CD79B, and CD19 in
human lymphoma cell lines but fails to promote the expression of direct
targets, such as PAX5 or FOXO1, indicating cell- or stage-specific func-
tion. [99,100]. Another potentially conserved function of EBF1 to
induce Myc expression has recently been demonstrated in an EBV
infection model of human tonsillar B cells [101,102]. In summary, E2A
and EBF1 proteins represent major regulators of murine B lymphopoiesis
by regulating the chromatin structure and promoting the expression of
Pax5, CD19, CD79A/B, and Dntt. In contrast, E2A appears to have a
prominent role in regulation of heavy chain rearrangement and B cell
output in humans. For both E2A and EBF1, further studies in humans
will be required to determine their role in promoting early B cell
development.

3.4. PAX5

The key role of PAX5 in early B lymphopoiesis was discovered by
Busslinger et al., who first described the impaired development of
B2201CD43" progenitors and subsequent strong reduction in surface
IgM " immature B cells in the BM of Pax5~/~ mice [103]. PAX5 promotes
the expression of critical B cell genes such as Cd19, Cd79a, Vpreb, and
Ikzf3 while repressing the genes for early progenitor (FIt3), T (Notchl),
and myeloid cells (Csfr1) [7,8,104,105]. PAXS5 is required to maintain



J. Korzhenevich et al.

the B cell fate. If PAX5 is absent, as in conditional Pax5 knockout in
committed IgMJ’IgDhigh B cells, B cells can dedifferentiate into uncom-
mitted progenitors that can further differentiate and finally establish
normal distribution of T cell populations when transplanted into T-cell
deficient Rag2~/~mice [106]. Further, PAX5 regulates the global
genomic structure in murine pro-B cells as it promotes distal Vi gene
segment recombination by recruiting the CTCF and cohesin complex
[107,108]. Of note, several transcriptional networks, which are based on
gene expression profiles and protein-DNA or protein-protein in-
teractions, identify PAX5 together with Ikaros, EBF1, FOXO1, and
RUNX1 as central components in B cell commitment, whereas concur-
rent mutations within the network provoke human B-ALL [109,110]. In
fact, murine and human PAX5 mutations either initiate B-ALL or serve as
second hit mutations leading to malignant transformation by changing
cell metabolism with extensive glucose uptake and ATP production in
pre-B cells [111,112]. Furthermore, murine heterozygous PAX5 muta-
tion (Pax5%/7) and constitutive STAT5 signaling synergize to induce
B-ALL in 100% of mutated mice by derepressing the expression of Myc
and Bcl2 oncogenes [113]. Compound heterozygous mutations in PAX5
have been described in one patient, with hypogammaglobulinemia, se-
vere B lymphopenia, and autism spectrum disorders [114]. Knock-in
mutations in a mouse model presented the phenotypes of impaired
transition after the pro-B cell stage, hypogammaglobulinemia, and
neurological disorders, indicating a similar role for PAX5 in both species
[114]. Thus, PAX5 plays a crucial role during murine and human B cell
commitment by inducing and maintaining B cell fate while repressing
the development of alternative lineages and the formation of B-ALL.

3.5. Aiolos

Aiolos (encoded by IKZF3) is a member of the Ikaros protein family.
In mice, Aiolos is strongly upregulated by interferon regulating factors 4
and 8 (IRF4/IRF8) during the transition from large to small pre-BII cell
stage and forms homo- or heterodimers with Ikaros [115,116]. Together
with Ikaros, Aiolos downregulates the expression of pre-BCR compo-
nents VpreB and A5 to cease proliferation induced by the pre-BCR and
IL-7R signaling, thereby promoting further development into pre-BII
small cells [117,118]. In mice, Aiolos deficiency reduces the frequency
of BM-derived IgM* cells and promotes an activated phenotype of pe-
ripheral B cells and B cell lymphomas [119]. Interestingly, human het-
erozygous point mutations in DNA-binding zinc finger domain 2 of the
IKZF3 gene have different outcomes. Aiolos®>°} patients exhibit
diminished B cell development, low B cell numbers, and susceptibility to
lymphomas, whereas AiolosN1608 patients display normal or increased B
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cell numbers [120,121]. The corresponding mouse models reflect the
phenotype observed in the heterozygous Aiolos®*>°R patient confirming
reduction of peripheral B cells owing to a partial block at the pre-pro-B
to pre-B cell transition [120]. Further, similar to SLE and MM, over-
expression of Aiolos promotes cell survival in chronic lymphocytic leu-
kemia (CLL) [122]. In summary, Aiolos’ synergy with Ikaros to
downregulate pre-BCR signaling during the transition from pre-BII large
to pre-BII small cells has been demonstrated in mice but not yet in
humans. In contrast, aberrant Aiolos expression inducing leukemia
(B-ALL, MM) was confirmed in both species.

4. Cytokine and chemokine signaling

Alterations in cytokine and chemokine signaling lead to aberrant
early B cell development and leukemogenesis in both mice and humans
(Table 2). Here, we have reviewed the existing knowledge about major
murine and human cyto- and chemokine signals during early B cell
development.

4.1. FLT3/c-kit signaling

In murine B lymphopoiesis, FLT3 is expressed between the short-
term HSC (ST-HSCs) and the pro-B cell stages, where its down-
regulation by PAX5 is an essential developmental step [105,123]. Ikaros
activates the expression of FLT3, which ensures the development of
LMPPs; as demonstrated in Ikaros, FLT3, and FLT3 ligand (FLT3L)
mutant mice that show low LMPP frequency [104,124,125]. Most of our
knowledge about FLT3 signaling during early B cell development is
based on murine (conditional) knockout and overexpression models of
FLT3 or FLT3L [126]. FLT3 signaling induces the proliferative burst of
LMPPs, multipotent Ly6D~ and B cell-primed Ly6D™ CLPs, thereby
expanding the pool of early progenitors. FLT3 signaling must be regu-
lated since its overabundance not only strongly impairs the development
of murine pre-B and immature B cells, presumably owing to reduced
Ebf1 and Pax5 expression, but also diminishes erythroid and megakar-
yocytic output causing anemia after 10 weeks of birth [127,128].
Therefore, whether FLT3 signaling has a permissive or an instructive
role during B lymphopoiesis is still debated, as it either promotes pro-
liferation of FLT3" progenitors or actively regulates the fate decision
between lymphoid/myeloid and megakaryocyte/erythrocyte lineages,
respectively.

In humans, the addition of FLT3 to IL-3/IL-6/SCF in vitro stimulated
BM-derived early progenitors (CD34"CD387) and increased their
expansion by 15.6-fold after 21 days of culture compared to the IL-3/IL-

Table 2
Summary of murine and human mutations in key chemokines and cytokines and their respective phenotype.
Target Phenotype mouse Clinical phenotype Ref.
FLT3(L) Loss-of-function mutation: Reduction of all: LMPP, Gain-of-function mutations: malignancy (AML, B-ALL) [124-127,130,
signaling CLPs and IgM™ B cells 131]
Gain-of-function mutations: anemia; reduction of
platelets and erythroid progenitors
c-kit/SCF Loss-of-function mutation: synergy with FLT3 Gain-of-function mutations: mastocytosis [134,141]
signaling mutation: strong reduction of B220" progenitors
and pro-B cells
Gain-of-function mutations: B-ALL-like disease
IL-7(R) Loss-of-function mutation: developmental block at Loss-of-function mutations: T-, B+, NK+ SCID (reduced diversity of IgH repertoire in B [151,152,161,
signaling pro-B cell stage, lack of peripheral B cells cells), partial block at pro-B cell stage, reduced pro-B cell proliferation, reduced 167-169,193]
Gain-of-function mutations: malignancy (T-ALL, B-  expression of PAX-5, EBF1 and E2A
ALL) Gain-of-function mutations: malignancy (T-ALL, B-ALL)
CXCR4/ Loss-of-function mutation: reduction of CLP, Gain-of-function mutations: WHIM syndrome (hypogammaglobulinemia, reduced B [181,182,184,
CXCL12 expansion of HSCs cells); phosphorylation connected to poor outcome of B-ALL 189,190]
signaling Gain-of-function mutations: WHIM-like disease,

malignancy (CLL)

Some of the phenotypes were added in the table but were not described in the main text.
Abbreviations: lymphoid-primed multipotent progenitor (LMPP); common lymphoid progenitor (CLP); acute myeloid leukemia (AML); B acute lymphoblastic leu-
kemia (B-ALL); T acute lymphoblastic leukemia (T-ALL); severe combined immunodeficiency (SCID); hematopoietic stem cell (HSC); chronic lymphocytic leukemia

(CLL).
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6/SCF-only condition [129]. Interestingly, CB-derived CD347CD38~
progenitors exhibited a mere 2-fold increase, indicating higher depen-
dence on FLT3 signaling during adult B lymphopoiesis. FLT3 mutations
resulting in constitutive receptor signaling and consequent proliferation
of early progenitors cause acute myeloid leukemia (AML) and B-ALL
[130,131]. Selective FLT3 inhibitors were approved for treating AML.
The inhibitors present an opportunity to study the functions of FLT3
signaling in human B lymphopoiesis either during clinical studies or by
applying FLT3-inhibitor to CD34" progenitor-based in vitro cultures
[132].

C-kit and FLT3 belong to the same protein family of tyrosine kinases
and their similarities in protein and genomic loci structure indicate a
common ancestral gene and similar function in B lymphopoiesis [133].
In fact, FLT3- and c-kit- double knockout mice exhibit a more severe
phenotype with a significant decrease in absolute and relative numbers
of B220" lymphocytes and pro-/pre-B cells and neonatal death
compared to FLT3-deficient mice [134]. Further, synergy of SCF and
CXCL12 promotes the survival and/or proliferation of unipotent
Lin~c-kit"IL-7R" B cell precursors (CLPs) [135]. However, the role of
SCF/c-kit signals after the CLP stage appears to be negligible in mice, as
c-kit expression is downregulated at the CLP/pro-B cell stage. Similar to
FLT3, the dependence of B lymphopoiesis on c-kit signaling appears to
vary during ontogeny, as implicated by the ability of c-kit-deficient fetal
liver cells to develop into IgM‘immature B cells after transfer into
Rag2~/~ mice [136,137]. The role of c-kit in controlling the proliferation
of hematopoietic progenitors is supported by its high expression in
cycling murine HSCs and the observation that blocking
anti-c-kit-antibody 2 (ACK-2) causes a transient depletion of ~99% of
murine HSCs [138-140]. Interestingly, c-kit mutations resulting in
constitutive activation of c-kit provoke B-ALL-like disease in mice.
However, thus far, such incidents have not been reported in human
patients with B-ALL [141]. Notably, the binding of SCF to c-kit in human
CD34" progenitors not only induces proliferation similar to mice but
also promotes adherence to fibronectin, which is a prevalent protein
within the BM niche [142]. Also, microscopic images reveal c-kit/SCF
signaling to anchor HSCs in the endosteal region of murine BM [143]. In
summary, FLT3 signaling has been primarily linked to the proliferative
response of both murine and human early hematopoietic progenitors
(HSCs, MPPs). In contrast, enhanced proliferation of early progenitors
by synergistic effect of FLT3 and c-kit was confirmed in mice but not in
humans. Further, c-kit regulates the retention of early progenitors in
murine and human BM niches.

4.2. IL-7R signaling

BM stromal cells produce IL-7, which binds to the IL-7 receptor (IL-
7R). IL-7R comprises the IL-7Ra (CD127) and common y chain (IL-7Ry,
CD132) and signals via transphosphorylation of the associated Janus
kinases (JAK1 and JAK3), which in turn phosphorylate STAT1 and
STATS5. Activation of STAT1 and STAT3 is crucial for the pre-pro-B to
pro-B cell transition as observed in STAT3-deficient mice [144,145].
IL-7R  signaling also induces the MAPK/Erk and the
phosphoinositide-3-kinase (PI3K) pathways that together with pre-BCR
signals promote the proliferation of murine pre-B cells [146]. However,
the roles of IL-7 and pre-BCR signaling during the proliferative burst of
pre-B cells are still discussed. Here, IL-7R signaling was proposed as the
main driver of pre-B cell expansion. In support of this model, murine
IL-7, but not pre-BCR signaling, was shown to induce the PI3K-AKT
pathway [146], whereas the MAPK/Erk axis downstream of the
pre-BCR promotes cell cycle exit and LC recombination [118]. In
contrast, pre-BCR signaling was reported to support pre-B cell prolifer-
ation by lowering the threshold of the required IL-7 concentration
through the MAPK/Erk pathway [147,148]. In particular, pre-BCR
regulates the sensitivity towards IL-7 through Iga (CD79a), which is
dispensable for pre-B cell proliferation but not development [149]. Also,
the absence of both IL-7R and pre-BCR (VpreB’/ 7) exacerbates the loss
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of pre-BII cells by 7-8-fold compared to IL-7R mutation alone, after
correcting for the potential effect of IL-7R mutation on pre-BI cells
[150]. Still, the loss of pre-BII cells was more dependent on IL-7R than
on pre-BCR, as indicated by a 160- and 20-fold decrease in pre-BII cells,
respectively, in singly mutated mice.

Murine IL-7/IL-7Ra mutations abrogate B cell development at the
B2207CD24" pro-B cell stage and result in a lack of IgM* immature B
cells [151,152]. IL-7 was shown to regulate various critical aspects of
both murine and human B lymphopoiesis such as proliferation,
apoptosis, recombination, and stage-specific gene expression, as
reviewed in [153]. In mice, IL-7 signaling maintains the LMPP popula-
tion and promotes B cell commitment in CLPs by inducing EbfI, which
conversely upregulates Pax5 expression [154]. Further, IL-7 regulates
the expression of anti-apoptotic Bcl2 protein, thereby facilitating the
survival of murine pro-B cells [155]. Later, CXCR4-CXCL12 signaling
and the downregulation of adhesion proteins (focal adhesion kinase
[FAK] and VLA-4) promote the withdrawal of murine pre-B cells from
IL-7-producing stromal cells [156]. Attenuated IL-7 signaling, combined
with Ikaros and Aiolos, promotes cell cycle exit by Myc downregulation
during the transition from large to small pre-BII cells, simultaneously
activating Ragl/2, Igk, and IgA expression [157,158]. One of the mech-
anisms that promote Igk expression upon IL-7 withdrawal might involve
replacing STAT5 from the Igk loci with Ikaros, thereby reducing the
suppressive histone methylation by Ezh2 [159,160].

In contrast to those in mice, mutations in IL-7Ra, IL-7Ry, or JAK3 in
humans result in severe combined immunodeficiency (SCID) with
impaired T cell development. However, early B cell development is
conserved, as revealed by the normal frequency of CD20" peripheral B
cells [22,161]. Therefore, human B lymphopoiesis is considered to be
less dependent on IL-7 signaling. In vitro culture studies, recapitulating
B lymphopoiesis from CB-derived CD34" early progenitors [51],
revealed that IL-7 induces proliferation of CLP/pro-B cells (CD19 IgM ")
in humans, similar to that in mice. In contrast, human
CD10"7CD34 cylgM™ pre-B cells do not proliferate upon IL-7 stimulation
[162]. A potential explanation for this is that the outcome of IL-7R
engagement is species- and cell stage-specific. In particular, human
IL-7 activates the JAK/STAT and the PI3K pathways in CD34" thymo-
cytes, whereas in CD107CD19" B cell precursors, IL-7 involves only the
JAK/STAT and not the PI3K axis [163]. This is in contrast to the ob-
servations in mice, where IL-7 activates both pathways in CD107CD19"
B cell precursors. A recent study of the BM of IL-7Ra deficient patients
revealed that IL-7 signaling has an instructive role on human B cell
development, by promoting EBF1, E2A and PAX-5 expression and pro-B
cell proliferation and inhibiting myeloid development ([193]).

The existing data suggest that IL-7-dependence increases from fetal
to adult B lymphopoiesis in both mice and humans [50]. In fact, murine
HSCs from the fetal liver of IL-7Ra-mutated mice continued to produce
B220"IgM" peripheral B cells in contrast to HSCs isolated from BM of
4-week-old mice [164]. Human IL-7Ra expression increases from fetal
BM-derived pro-B cells to its pediatric counterpart, indicating higher
IL-7 dependence after birth [165]. FLT3 expression shows an opposite
trend — higher expression in fetal pro-B cells compared to pediatric
pro-B cells, potentially explaining the lower IL-7 dependence in fetal B
lymphopoiesis as FLT3 also promotes proliferation and survival of mu-
rine CLPs [166]. IL-7R signaling drives N-nucleotide addition during IgH
rearrangement by promoting TdT expression in IL-7Ra-mutated pa-
tients, indicating a role of IL-7 signaling in shaping the diversity of the
repertoire [165]. However, constitutive IL-7 signaling caused by IL-7Ra
or STAT5 gain-of-function mutations favors T- and B-ALL in mice and
humans [167-169]. In the murine model of B-ALL, caused by hetero-
zygous PAX5 mutation, transient administration of a JAK1/JAK2 in-
hibitor, ruxolitinib, was shown to prevent B-ALL by increasing apoptosis
in the pre-leukemic cells [170]. JAK inhibitors (ruxolitinib, tofacitinib)
are established in the treatment of autoimmune diseases (such as
rheumatoid arthritis). Interestingly, JAK inhibitor treatment results in a
transient increase in peripheral B cell numbers [171,172]. Whether the
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increase in B cell number is caused by the enhanced BM B cell matura-
tion remains unknown. Altogether, the similarities and differences be-
tween mice and humans warrant further studies to define the role of IL-7
signaling in human B cell development.

4.3. CXCR4 signaling

CXCR4 and its ligand CXCL12 (alternatively: SDF-1a) mediate B cell
development, migration, and ultimately central tolerance during both
murine and human B lymphopoiesis. In mice, conditional CXCR4-
deficiency in hematopoietic progenitors impairs the development of
MPPs, first into multipotent CLPs and later into B-cell-primed Ly6D"
CLPs, as shown by their 3- and 8-fold decrease, respectively [173].
Moreover, CXCR4 ensures coordinated migration of early B cells within
the BM niche. CXCR4 guides CLPs into the proximity of CXCL12IL-7"
stromal cells where CLPs develop into proliferative and non-motile
pro-B cells that exhibit increased adherence to the stroma by express-
ing the a4pl (VLA-4) heterodimer and FAK [156,173]. Upon pre-BCR
signaling, large pre-BIl cells downregulate the expression of
a4pl/FAK, concomitantly upregulating CXCR4 and migrating towards
IL-7 CXCL12" stromal cells [174]. In general, CXCR4 is a part of an
intricate regulatory network that facilitates the transition of large to
small pre-BII cells as the CXCR4-mediated withdrawal from
IL-7-producing cells leads to transcriptional changes and CXCR4 induces
NF«B signaling, which is essential for the formation of small pre-BII cells
[175]. Moreover, CXCR4 builds a feed-forward loop by inducing Irf4 and
Irf8, which in turn induce Cxcr4 and Ikzf3, ultimately downregulating
pre-BCR signaling [115,174]. CXCR4 signaling promotes ERK activa-
tion, which is crucial for Igk transcription in murine small pre-BII cells
[174]. At the immature cell stage, CXCR4 signaling is downregulated,
which induces the migration of non-autoreactive immature B cells into
periphery [176]. In contrast, self-antigen engagement, indicating
autoreactivity, increases CXCR4 expression and prevents egress of mu-
rine immature B cells from the BM [177]. This process also appears to be
active in human immature cells as shown in humanized immunodefi-
cient mice that express a self-antigen (Hck) and are reconstituted with
human CB HSCs [178]. Thus, Igk™ immature B cells are autoreactive and
exhibit higher CXCR4 expression compared to non-autoreactive control
cells. In this model, autoreactive Igk™ immature B cells show a 2-fold
increase in the periphery upon CXCR4 antagonist (AMD3100, plerix-
afor) treatment, validating the role of CXCR4 in preventing the leakage
of human autoreactive cells into the periphery. In mice and humans,
AMD3100 treatment also mobilizes CD34" progenitors that are nor-
mally contained in the BM niche because of CXCR4 [179,180]. However,
prolonged AMD3100 treatment may promote proliferation of the
mobilized progenitors as CXCR4 regulates the quiescence of murine
HSCs as shown by the expansion of LSK (Lin™ Sca-1 T ckit™) cells in
Cxcl12~/~ mice [181]. Gain-of-function mutations in CXCR4 result in
WHIM syndrome, characterized by warts, hypogammaglobulinemia,
infections, and myelokathexis. In these patients, BM is hypercellular,
whereas the B cell compartment features hypogammaglobulinemia,
markedly reduced circulating B cells, restricted IgH variable region di-
versity, impaired class switching, and poor responses towards vaccines
[182]. The immature B cells appear sequestered in the BM because of
CXCR4 as observed after AMD3100 treatment in patients with WHIM,
which increases the transitional/immature B cell numbers within hours
of drug administration [183]. In human disease, the phosphorylated
form of CXCR4 was connected to poor outcome in adult patients with
B-ALL [184], however, further CXCR4-mediated mechanisms in human
B lymphopoiesis are yet to be elucidated. Overall, CXCR4 signaling was
shown to mediate retention and the migration of early progenitors/B
cells in the BM niche, facilitating the large to small pre-BII cell transition
and preventing the egress of autoreactive B cells into the periphery, in
both mice and humans.
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5. Outlook

Existing studies highlight the differences between mouse and human
B cell development, particularly with regard to the role played by pre-
BCR and cytokine signaling as well as the function of specific tran-
scription factors. Hence, there is a need for more detailed human studies
to dissect the signals that guide B lymphopoiesis. Several tools have been
used to uncover the molecular mechanisms driving B cell development.
For example, the mechanism through which CXCR4 signaling regulates
central tolerance has been demonstrated in humanized mice [178]. In
vitro modeling of B cell development from CD34" progenitors could
uncover intrinsic defects and non-permissive BM environment in com-
mon variable immunodeficiency (CVID) [132]. Healthy subjects treated
with Ikaros/Aiolos modulator iberdomide during a phase 1 study
showed rapid decrease in peripheral B cells [78]. BM-organoids have
been demonstrated to reproduce monocyte and macrophage lineage but
not B cell development. Nevertheless, BM organoids, mimicking the
complexity of a HSC niche, might be used in future to investigate
patient-specific B lymphopoiesis and/or as a drug-testing platform [185,
186]. Furthermore, the modeling of specific human mutations into mice
can facilitate the transfer of knowledge and observations between the
species. IKZF3 or PAX5 specific mutations found in patients were
modeled into mice, revealing a phenotype strikingly similar to that
observed in humans [114,120].

Several questions remain unaddressed regarding the control of early
B cell development. One pertains to the role of human IL-7 signaling in
fetal and adult B lymphopoiesis. Another pertains to the mechanistical
function of Ikaros/Aiolos, CXCR4, and FLT3/c-kit in human B lympho-
poiesis. This is important because modulators of these signals (lenali-
domide, AMD3100, gilteritinib) have already been approved for
treatment. The study of human early B cell development upon lenali-
domide treatment could provide insights into the observed occurrence of
secondary malignancies [187]. Deeper understanding of signals and
regulation of human early B cell development enables the prediction of
potential adverse events from targeted therapies and paves the way for
the identification of new targets to modulate development. This can be
of importance both in autoimmune diseases and in the carcinogenic
transformation of early B cell stages.
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