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Abstract

As the unique source of diverse immunoglobulin repertoires, B lymphocytes are an indispensable
part of humoral immunity. B cell progenitors progress through sequential and mutually exclusive
states of proliferation and recombination, co-ordinated by cytokines and chemokines. Mutations
affecting the crucial pre-B cell checkpoint result in immunodeficiency, autoimmunity, and
leukemia. This checkpoint was previously modeled by the signaling of two opposing receptors,
IL-7R and the pre-BCR. We provide an update to this model in which three receptors, IL-7R, pre-
BCR, and CXCR4, work in concert to coordinate both the proper positioning of B cell progenitors
in the bone marrow (BM) microenvironment and their progression through the pre-B checkpoint.
Furthermore, signaling initiated by all three receptors directly instructs cell fate and developmental
progression.

Mammalian B Cell Development in the Bone Marrow

BM-derived lymphoid progenitor cells commit to the B cell lineage in response to signals
from the BM microenvironment. The hallmark of B lymphopoiesis is the sequential
rearrangement of the locus encoding immunoglobulin heavy chains (IgH/Igu) followed by
loci encoding immunoglobulin light chains (IgL/Igx; followed, if necessary, by Ig\).
Rearrangement of /gm (Igu) starts with diversity (D) and joining (J) gene segments in pre-
pro-B cells. Subsequent recombination of variable (V) to rearranged D(J) is completed in
pro-B cells, at which point cells become committed to the B lineage [1,2]. Developing B
cells are then driven to proliferate by interleukin-7 receptor (IL-7R) signaling in response to
IL-7 secreted by BM stromal cells [1,2]. The successfully rearranged Igu then associates
with the surrogate light chain (SLC: A5 and VpreB) and the signaling molecules Iga and
Igp to form the pre-B cell receptor complex (pre-BCR) that is expressed on the cell surface
of pre-B cells [1,2]. Pre-B cells then undergo a proliferative burst associated with both pre-
BCR and IL-7R signaling [3]. Subsequently, large pre-B cells exit the cell cycle and initiate
IgL recombination, attempting recombination first at the Igx locus (/gk) [3,4]. This occurs in
resting small pre-B cells where there is concurrent repression of pre-BCR expression [1,5].
The rearranged Igx light chain then associates with the Igu heavy chain to form the B cell
receptor (BCR) on the surface of immature B cells [6]. Autoreactive early immature B cells
bearing an Igx light chain can diminish autoreactivity by consecutive rearrangements of
available Vx and Jx gene segments at the /gk locus and subsequent VA-JA joining [6,7].
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This process of receptor editing (see Glossary) helps to ensure a diverse peripheral
repertoire that is tolerant to self, as extensively reviewed elsewhere [6,7]. The selected
immature B cells then migrate from the BM to the spleen and lymph nodes as mature B cells
to become organized in B cell follicles [7,8].

During the developmental progression of B cells, the pre-B cell stage is a crucial
developmental checkpoint. The SLC probes Igu fitness, and the expression of the pre-BCR
enables the pre-B cell pool to proliferate in an IL-7-dependent manner [1,9]. Proliferation
and DNA rearrangement are strictly segregated processes because concurrent replication and
introduction of double-strand breaks during recombination would compromise genomic
integrity [10]. Mutations or alterations that affect this checkpoint can result in the
development of pre-B cell leukemias, primary immunodeficiencies, and systemic
autoimmunity [1,8,9,11]. In this review we highlight a central mechanism regulating the pre-
B cell developmental checkpoint, and we provide a novel model for how the dynamically
regulated receptors expressed on progenitor B cells balance proliferation and differentiation
by integrating cell-intrinsic and microenvironmental cues.

IL-7R Signaling in Mammalian B Cell Development

IL-7 is a crucial cytokine secreted by BM stromal cells that plays an important role in B cell
lineage commitment and development [8]. The IL-7R is expressed on early B cell
progenitors and is composed of the IL-7Ra. chain (CD127), which confers specificity to
IL-7, and the common y-chain receptor (yc, also known as CD132) [12]. Mice lacking
IL-7R have a severe impairment in B lymphopoiesis [13]. IL-7R is essential for the growth,
proliferation, and survival of all the progenitor stages from common lymphoid progenitors
(CLPs) to large pre-B cells [1,3,13]. Although B cell development is thought to be less
dependent on IL-7R signaling in humans, most of the regulatory responses downstream of
IL-7R are similar in mice and humans [14,15]. Indeed, many patients with IL-7Ra
mutations have low titers of serum immunoglobulins, suggesting defective peripheral B cell
function [1,14,15]. Furthermore, later studies examined the role of IL7R signaling in human
B cell development using /n vivo xenograft models, and concluded that B cell development
in humans is absolutely dependent on IL7R signaling [16,17].

IL-7 binds to the IL-7Ra chain and induces dimerization of the a and -y chains, bringing
associated Janus kinases (JAK1 and JAK3) together, and stimulating their
transphosphorylation and activation [18-20]. Activated JAK kinases phosphorylate a
tyrosine residue (Y449) on the IL-7Ra chain, allowing the recruitment of the transcription
factors STAT5A/B [18,19]. The development of B cells is arrested at the pre-pro-B cell
stage in Star5a/t™'~ mice [18,19], and constitutive STATS expression can compensate for
many functions of IL-7R signaling even in cultured progenitor B cells derived from human
cord blood [19,20]. In addition to the JAK-STAT pathway, IL-7R signaling also activates the
phosphoinositide-3 kinase (P13K)—protein kinase B (PKB or AKT) pathway [13,19-21]
(Figure 1). Indeed, /n vivo deletion of the PI3K regulatory subunit p85a., or the catalytic
subunits p110a and p1108, impairs mouse B cell development [22,23].
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The Role of IL-7R in Survival and Proliferation

One of the major functions of activated STAT5 is to ensure the survival of pro-B cells
(Figure 1) [18,19]. STATS5 activates the prosurvival factors myeloid cell leukemia sequence 1
(MCL1) and B cell lymphoma 2 (BCL2) in both mice and humans [19,24,25]. Indeed,
constitutive expression of BCL2 in Sfaf5~~ mice partially rescues pro-B cell development
[24,25]. In addition, the activation of the PI3K-AKT pathway phosphorylates and promotes
the nuclear export of the forkhead box protein O (FOXO) family of transcription factors that
induce proapoptotic protein BCL2 interacting mediator of cell death (BIM; encoded by
Bcl211b) in mouse and human cells lines [26]. AKT also directly phosphorylates and
inactivates the proapoptotic factor BCL2 antagonist of cell death (BAD) in mouse BM B
cells [27]. Therefore, IL-7R signaling promotes the survival of pro-B cells by both
upregulating survival signaling and repressing apoptotic signaling. In addition, STAT5
enhances the proliferation of B cell progenitors by inducing cyclin D3 (encoded by Ccnd3),
which is required for the proliferation of both pro-B and pre-B cells in mice [28,29] (Figure
1). In contrast to Stat5, deficiency of both the catalytic subunits (p110a. and p1108p) of
PI3K, or deficiency of PI3K negative regulator phosphatase and tyrosine homolog (PTEN),
in mice does not impair pro-B cell proliferation, suggesting that the PI3K-AKT pathway
only plays a role in the survival (and not in the proliferation) of developing B cells
[21,22,30].

IL-7R Signaling Regulates Metabolism by Promoting Glycolysis

Increased glucose uptake and glycolysis is a signature of the proliferative pro-B cells and
large pre-B cells, whereas resting small pre-B cells have a higher oxidative phosphorylation
to glycolysis ratio [31-33]. In IL-7-responsive B cell progenitors, IL-7R signaling promotes
glycolysis via AKT and MYC [1,32]. IL-7R signaling also stimulates the phospholipase
Cy—diacylglycerol (PLC-y—DAG) pathway for subsequent activation of mTOR which,
together with MY C, supports anabolism by upregulating glycolysis [1,32,34,35]. The
regulation of Mycby IL-7R signaling is evident from observations that withdrawal of IL-7
in mouse pre-B cell cultures reduces Myc expression, and that the overexpression of Myc
prevents exit from the cell cycle in response to IL-7 withdrawal [36]. Although the signaling
pathways leading to increased MY C expression in proliferating large pre-B cells are not
known, candidates include PI3K, extracellular signal-regulated kinase (ERK), and nuclear
factor-xB (NF-xB) [32,37,38]. Of note, B-lymphoid transcription factors such as PAX5 and
IKAROS (encoded by /kzf7) can function as metabolic gatekeepers by limiting the amount
of cellular ATP to concentrations that are insufficient for malignant transformation [33].

Regulation of Immunoglobulin Recombination by IL-7R

IL-7R signaling is crucial for preventing premature /gk recombination [21,25,29]. The
expression of Ragl and Rag?2is absolutely necessary for immunoglobulin gene
recombination [39]. IL-7R signaling inhibits RAG expression in mice via PI3K-Akt-
mediated phosphorylation and inactivation of the transcription factors FOXO1 and FOXO3A
that directly activate Rag expression [21,40,41]. Two other downstream effectors induced by
IL-7R signaling, STAT5 and cyclin D3, are also essential for inhibiting premature /gk
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recombination in mice [21,30,42,43] (Figure 1). They intricately coordinate the epigenetic
landscape of the /gk locus, making it inaccessible to the RAG enzymes while the cell is
proliferating [42,43]. IL-7-mediated suppression of premature /gk rearrangement is also the
most definitive function so far described for IL-7 in human B cell development [44]. A more
extensive discussion of the epigenetic regulation of /gk recombination is given in Box 1.

It remains unclear how Igu recombination occurs in pro-B cells which are highly dependent
on IL-7R signaling. The pro-B cell pool in mice is heterogeneous for IL-7R surface
expression, which positively correlates with active STATS5 and negatively correlates with
FOXO1 and Rag expression in mice [45]. Therefore, there could be two pro-B cell states:
one that proliferates in response to IL-7 receptor signaling, and one that undergoes IgH
recombination. However, FOXO1 facilitates | gH locus contraction and enhances Vi gene
accessibility [46], whereas active STATS is recruited to Vi genes to promote local active
histone acetylation that facilitates distal Vy gene recombination in mouse pro-B cells [47].
Therefore, in pro-B cells, both IL-7R high and low expression might enable IgH
recombination [45,47].

Pre-BCR Signaling

Successful assembly of the V-D-J gene segments in pro-B cells results in the expression of
the Igp heavy chain (UHC) and surface expression of the pre-BCR. Pre-BCR-mediated
signaling (Figure 2A) is activated in a cell-autonomous manner, and pre-BCR surface
expression seems to regulate both cell proliferation and survival [48,49]. The pre-BCR is
composed of two identical membrane-anchored pHC subunits and two SLC subunits (SLC, a
non-covalent complex of A5 and VpreB molecules) covalently bound to each of the uyHCs
and the signaling subunits Iga. and Igp [50]. B cells do not develop beyond the progenitor B
stage in Ragl/ Rag2-deficient (lacking pHC) [51,52] and /ga- and /gB- deficient mice
[53,54]. However, deficiency of the SLC components in mice results in a partial
developmental block at the pre-B cell stage [54]. Albeit inefficiently, relative to wild-type
(WT) mice, SLC deficient mice produce elevated titers of antinuclear antibodies (ANAS) in
their serum, and show evidence of negative selection escape of pre-B cells expressing
prototypic autoantibody heavy chains, leading to mature autoantibody secreting B cells in
the periphery [55]. This suggests that one function of the pre-BCR is to select against
autoreactivity, making the pre-B cell stage a tolerance checkpoint. In human B cell
development, the SLC appears to play a more crucial role because no mature B cells are
generated in the absence of A5 expression, as has been observed in patients carrying A5
mutations [56,57].

Pre-BCR Mediated Regulation of the Cell Cycle

Generation of pre-BCR-expressing large pre-B cells is characterized by an initial
proliferative phase /in vivo with four to five rounds of cell division [58]. Although mouse
pre-B cells require both pre-BCR and IL-7 for expansion, this proliferative burst is largely
attributed to the PI3K-AKT pathway and to MY C-dependent induction of cyclin D3, which
are activated downstream of IL-7R signaling [1,3,8,21,29,36]. The proliferative pre-B cell
pool does not expand and survive well without IL-7 in culture, even though the cells express
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pre-BCR [21,29,43]. Thus, although pre-BCR expression is associated with a proliferative
burst in large pre-B cells, it is unclear whether this burst is directly mediated by the pre-
BCR.

lgk recombination requires exit from the cell cycle to maintain genomic integrity, prompting
extensive study of cell-autonomous pre-BCR signaling and the gene regulatory mechanisms
that limit proliferation [1,4,8,10]. Based on the observation that pre-BCR signaling silences
the expression of the SLC, and subsequently the expression of the pre-BCR itself [59], loss
of SLC expression via multiple cell divisions was postulated to be responsible for attenuated
pre-BCR-mediated proliferative signaling and subsequent exit from the cell cycle [59,60].
However, constitutive expression of SLC in mouse pre-B cells /n vivo demonstrated that
downregulation of the pre-BCR is not required for cell-cycle exit, but instead that pre-BCR
expression and downstream signaling are necessary to cease proliferation and to prevent
constitutive B cell activation [5].

Initially, pre-BCR signaling (Figure 2A) activates SRC kinasessuch as LYN, FYN, and
BLKthat phosphorylate immunoreceptor tyrosine-based activation motifs (ITAMs) on
Iga and Igp cytoplasmic tails, facilitating the intracellular recruitment and activation of
spleen tyrosine kinase (SYK) [61,62]. SYK signaling leads to induction of B cell linker
protein (BLNK, also known as SLP65), Bruton tyrosine kinase (BTK), and PLC-y2. Loss of
SYK, BLNK, BTK, or PLC-y2 results in a block in early B cell development in mice [63-
65]. Thus, the central event of pre-BCR signaling is the activation of the SYK-BLNK
module, which eventually functions to cease cell proliferation downstream of the pre-BCR
[21,64,65].

The SYK-BLNK axis also represses the PIBK-AKT pathway, which is upregulated by
IL-7R signaling and actively represses PAX5 [21]. Inhibition of PI3BK-AKT derepresses
PAXS5 and FOXO1, both of which are necessary for optimal expression of SYK and BLNK
[21]. Moreover, BLNK induces the activation of the mitogen-activated protein kinase p38,
which phosphorylates and augments FOXO1 activity in mice [21]. FOXO1 and PAX5 are
also necessary for the induction of interferon-regulatory factor 4 (IRF4) expression through
SYK-BLNK signaling in mice [21]. IRF4 together with its binding partner IRF8 negatively
regulates pre-B cell proliferation by inducing the expression of transcription factors
IKAROQOS and AIOLOS (encoded by /kz13) [66]. IKAROS and AIOLOS directly suppress c-
Myc expression and induce expression of the cell-cycle inhibitor p27 to downregulate cyclin
D3 in cultured mouse pre-B cells, thereby facilitating exit from the cell cycle [36]. In
addition, the low-energy state generated by extensive proliferation activates AM P-activated
protein kinase (AMPK) to antagonize mTORC1 and restrict protein synthesis [35,67].
Furthermore, mutation of the gene encoding the AMPK binding partner folliculin-interacting
protein 1 (FNIP1) in mice, leads to an excessive cell growth-mediated block in
differentiation at the large pre-B cell stage [35]. AMPK can also directly phosphorylate and
activate recombinant RAG1 in human and mouse cell lines, and likely contributes to /gk
recombination [67].
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Regulation of Igk Recombination by the Pre-BCR

Cell-cycle exit of pre-B cells is necessary, but not sufficient, to induce /gk recombination
[68]. Constitutive expression of the pre-BCR results in induction of /gk recombination [5].
In mouse RagZ~'~ pro-B cells, transgenic expression of pHC induces /gk locus accessibility,
which is required for efficient /gk recombination [69]. Furthermore, deficiency of one or
more pre-BCR signaling components enhances proliferation and reduces /gk recombination,
suggesting that the pre-BCR plays an active role in light-chain recombination [65,69,70].

Downstream of the pre-BCR, the RAS-ERK pathway plays an important role in /gk
recombination by inducing the expression of Rag1/2[29,71,72] (Figure 2A). In addition,
this signaling increases the expression of the transcription factor E2A (encoded by 7¢7£3)
while repressing its inhibitor ID3, thus enhancing the availability of free E2A, which then
activates /gk enhancers, regulates /gk locus accessibility, and upregulates /gk germline
transcription in mice [29,73]. Binding of E2A at the intronic enhancer of the /gklocus (iEx)
activates this regulatory element and allows recruitment of the cotranscriptional activators
CBP and p300 to decorate H3 histones flanking Ck and Jk regions with acetyl groups
(histone H3 acetylation, H3Ac), thereby making the region accessible to the recombination
machinery in mouse pre-B cells [29,73,74]. Furthermore, the RAS-ERK pathway directly
induces phosphorylation of serine 10 in histone H3 (H3S10p) which, in combination with
E2A-mediated acetylation of H3K9 and H3K14 (H3K4AcK14Ac), sets up a specific
epigenetic landscape (H3K9ACcS10pK14Ac) to recruit the epigenetic reader BRWD1
(Bromodomain and WD repeat-containing protein 1) at the putative recombination center at
Jk [75,76]. BRWDL1 then repositions nucleosomes relative to GAGA motifs (where ERK can
also be directly recruited [77]) to recruit RAG complex binding, thus making Jk segments
accessible for recombination in mouse cells [75].

In addition to E2A, pre-BCR signaling induces the expression of IRF4 and IRFS8, that are
required for /gk recombination, thus silencing pre-B cell proliferation and suppressing the
SLC [66,68]. In mice, IRF4 and IRF8 also complement the function of E2A by binding to
and activating /gk enhancers: iEx, the 3’ enhancer located 9 kb downstream of iEx [68].
Therefore, with attenuated IL-7 culture conditions, pre-BCR signaling sets up several
feedforward and feedback regulatory loops that are necessary for successful /gk
recombination. The significance of reduced IL-7R signaling in pre-BCR-mediated /gk
recombination is discussed in detail in Box 2.

Importance of the BM Microenvironment in B Cell Development

The dominance of IL-7R signaling over pre-BCR signaling prompts the question of how pre-
B cells are able to overcome IL-7R signaling. The answer to this question lies in the
localization of progenitor B cells within the BM microenvironment where B cells develop
(Figure 3A, Key Figure). The BM microenvironment provides the extracellular cues
necessary to determine cell fate [78-80], either by defining a specific signaling program or
by changing the signaling threshold for a differentiation event. Therefore, positioning away
from IL-7"9" microniches within the BM was postulated to reinforce the switch from IL-7R
signaling to pre-BCR signaling to allow progression through development [1,21,68,78]. In
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support of this model, downstream of the pre-BCR, IRF4 was found to induce the expression
of the CXC chemokine receptor 4 (CXCR4) in mouse pre-B cells, conferring responsiveness
to CXC-chemokine ligand 12 (CXCL12) [21,68].

A previous study of the BM microenvironment suggested that IL-7-producing stromal cells
are distinct and spatially distributed away from the CXCL12-producing stroma [78].
However, later studies using mouse BM showed that most of the stromal cells that highly
express IL-7 also express CXCL12 [80,81]. A recent mouse study of BM stromal cells at
single-cell resolution further showed that the fraction of mesenchymal stromal cells that
highly express both //7and Cxc/12is relatively small (~14%), but most cells that highly
express Cxcl12express //7only at a low level [82]. Consistent with these observations,
using high-power confocal microscopy, our study identified three distinct major populations
of stromal cells in mice: IL-7"e9/lowexCL12gh, L-7-iMCXCL12MoN, and
IL-7MghcXCL12!oW [86]. Examination of whole BM single planes revealed a widespread
distribution of each cell type, and indicated that the BM is a mosaic of IL-7- and CXCL12-
producing cells with varying degrees of IL-7 and CXCL12 expression, creating microniches
that are relatively high in IL-7 and/or high in CXCL12 expression [82,83].

There is a significant difference in the localization of pro-B and pre-B cells in mouse BM
niches [80,81,83]. Pro-B cells, which express higher amounts of focal adhesion kinase
(FAK) and the integrin very late antigen 4 (VLA4) than pre-B cells, are more adherent to
vascular cell adhesion molecule 1 (VCAM-1) in I1L-7"9 stroma [79]. High-power
microscopy of mouse BM revealed that proliferating large B cells mostly localize to high
IL-7Mi9" microniches [83]. By contrast, small pre-B cells specifically reside in niches
enriched in 1L-7"e9/lowC X CL12N9h stromal cells [83]. However, both IL-7R and CXCR4
were downregulated in immature B cells [83]. This is consistent with the flow-cytometric
observation that the cell-surface expression levels of IL-7R and CXCR4 are reciprocally
regulated during developmental progression from pro-B, to large pre-B, to small pre-B cells
in mouse BM [83]. Indeed, intravital two-photon microscopy in the calvarial mouse BM
showed that pro-B cells are non-motile and pre-B cells are mostly motile [79,81]. Although
pro-B and large pre-B cells can migrate along an IL-7 gradient /n vitro [83], direct
comparison of /n vitro chemotaxis revealed that both large and small pre-B cells are highly
responsive to CXCL12-mediated migration [68,83]. Large pre-B cells showed the strongest
chemotaxis to CXCL12, whereas small pre-B cells — that have even higher CXCR4 cell-
surface densities — were found in intimate contact with the 1L-7"9/lowCXCL12i9" stroma
[83]. This repositioning of pre-B cells in CXCL12M9" microniches was severely impaired in
mice when Cxcr4 was conditionally deleted in large pre-B cells (Cxcr4Vfi pp1CTe/*) [83].
Therefore, CXCR4 is necessary to shift signaling from IL-7R to the pre-BCR, positioning
small pre-B cells away from IL-7M9" niches, thus enabling these cells to escape IL-7
mediated proliferation and initiating /gk recombination [83].

CXCR4 Signaling

The movement of pre-B cells away from IL-7"9" microenvironments by CXCR4 can explain
the initiation and subsequent dominance of pre-BCR signaling over IL-7R signaling.
However, several questions remain unanswered. First, given that activation of pre-BCR
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signaling is associated with concurrent repression of pre-BCR expression, the model fails to
explain how the pre-BCR provides continuous signals for /gk recombination in small pre-B
cells. Second, it is unclear whether initial transient pre-BCR signaling is sufficient to execute
the entire developmental program in small pre-B cells, or whether other signals are required.

Withdrawal of IL-7 in vitro was thought to be sufficient for pre-BCR activation, cell-cycle
exit, and subsequent /gk recombination, both in mice and humans [21,29,43,44,68].
However, most of these experiments were performed using the stromal feeder cell line OP9,
which expresses CXCL12, thus obscuring the exact role of CXCR4 signaling [84]. The
aforementioned recent study found that most small pre-B cells are in tight contact with
IL-7neg/lowc X CL12Miah stromal cells, with high local accumulations of extracellular
CXCL12 [83] (Figure 3A inset). Furthermore, because small pre-B cells harbor CXCL12 in
their cytoplasm, this suggests that CXCL12 may have been recently internalized in the
process [83]. This observation prompted the idea that CXCR4 might have an additional
signaling role beyond modulating the localization of pre-B cells.

B cell progenitors express CXCR4 in various amounts during all stages of B cell
development in the BM: from hematopoietic stem cells (HSCs) to mature B cells, and
CXCR4 also plays a major role in B cell precursor homing (Figure 3B) [1,78,83]. In
addition, CXCR4 has been associated with various cellular processes such as embryonic
development, organogenesis, hematopoiesis, neuronal development, organogenesis,
vascularization, and malignancies when these processes are deregulated [78,85-87].

Embryonic lethality in CXCR4- and CXCL12-deficient mice, that have impaired
hematopoiesis, has made it difficult to understand the specific role of CXCR4 in the
development of pre-B cells [86,87]. Early studies of CXCR4 deficiency in B cells using
either fetal liver Cxcr47/~ chimeras [86] or B lineage-specific deletion of the /oxP-flanked
(floxed) Cxcr4 locus (Cexr4V/fy by CD19-Cre [88] revealed developmental arrest at the pro-
B/pre-B cell stages. However, the Cxcr4 '~ fetal liver chimeras were limited by poor
generation of B cells, and deletion by CD19-Cre was incomplete in early B cell populations,
where up to 60% of Cxcr4fl x Cd19-cre mice expressed CXCR4 in pre-B cells [88]. To
address this issue, Cxcr4 was conditionally deleted via MbI-cre which provided near-
complete deletion in all committed B cell progenitors from the large pre-B cell stage [83].
This study revealed that CXCR4 is necessary to generate small pre-B cells, but not earlier
progenitors [83]. In addition, the epigenetic and transcriptional signature of small pre-B cells
from these CXCRA4-deficient mice resembled that of WT proliferative large pre-B cells,
suggesting a developmental block at this stage [83]. To understand the true effect of
CXCL12, a novel /n vitro murine pre-B cell culture requiring no stromal feeder cell line was
established where IL-7 and/or CXCL12 were externally supplemented [83]. High-
throughput sequencing, flow-cytometry, and immunoglobulin gene recombination assays of
cultured pre-B cells from CXCR4-sufficient and -deficient mice, with or without IL-7, and
with or without CXCL12 /n vitro, confirmed the direct role of CXCRA4 in exiting the cell
cycle and initiating /gk recombination at the small pre-B cell stage of development [83].
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A Positive Feedback Loop Drives CXCR4 Signaling

Successful WHC recombination and the expression of pre-BCR leads to the upregulation of
the transcription factor IRF4, which in turn activates CXCR4 expression [68,83] (Figure
2A). Once active, CXCR4 acts on IRF4 and increases its expression gradually from large to
small pre-B cells [83]. The pre-BCR induces an IRF4/CXCR4 feedforward loop, driving
cells to enter a motile phase by turning IL-7-responsive cells into CXCL12-sensitive cells.
Thus, even in the presence of IL-7, CXCL12 expression appears to predominate and causes
developing B cells to be positioned in CXCL2-rich areas within the murine BM [83], thus
escaping the proproliferative effects of IL-7, and activating the CXCR4-CXCL12 signaling
axis that is necessary to start /gk recombination [1,21,29,43,83].

CXCR4 Signaling in Cell-Cycle Exit and Survival

The CXCR4/CXCL12 signaling pathway serves to promote cell survival, as well as to
support the role of the pre-BCR in inhibiting proliferation. CXCR4 induces the expression
of NF-xB, promoting cell survival [7,83]. In addition, it represses the proapoptotic proteins
BIM and BID. CXCR4 also aids the pre-BCR in promoting cell-cycle escape by amplifying
a feedforward loop of ERK activation in mice [83]. This induces AIOLOS, which is
necessary to cease cell-cycle progression via repression of cyclin D3. Overall, CXCR4/
CXCL12 signaling in pre-B cells complements almost all of the functions initiated by the
pre-BCR, including survival, by maintaining MCL1 amounts, and the continuation of
differentiation programs, even when pre-BCR surface expression is attenuated by CXCR4
[83]. As a result, the initiation of complex CXCR4-dependent programs provides an
extended time-window for completion of IgL recombination and for the surface expression
of the BCR in newly formed immature B cells.

CXCR4 Promotes Igk Recombination and Late B Lymphopoiesis

The CXCR4-CXCL12 signaling pathway (Figure 2A) also coordinates the induction of both
transcription factor networks and chromatin-remodeling complexes that dictate which
regulatory sites are open to transcription factor binding at late stages of B lymphopoiesis in
mice [1,83,89]. It induces the expression of IRF4 and NF-xB — both are crucial for late B
lymphopoiesis [7,83,89]. In addition, CXCR4 signaling enhances chromatin accessibility to
sites bound by multiple mediators of late lymphopoiesis, including IRF4, IRF8, E2A, SPIB,
PAX5, and FOXO1 [21,43,75,83]. Conversely, sites bound by early mediators of B cell
development, such as MYC and STATS5, become inaccessible upon CXCR4 signaling
[21,25,43,75,83]. Because CXCR4 induces the expression of BRWD1, it is likely that at
least some CXCR4-dependent changes in chromatin accessibility are mediated by BRWD1,
which both opens enhancers of late lymphopoiesis and represses early developmental
programs [75,89]. In addition to promoting late B lymphopoiesis, CXCR4 induces the
transcription of Ragl/Rag2and is essential for productive /gk recombination [39,76,83]. The
induction of Rag1/RagZ2 expression is partly dependent on ERK activation [29,72,83], which
is also involved in most of the transcriptional program downstream of CXCR4 [83].
Furthermore, ERK activation downstream of CXCR4-CXCL12 signaling in mouse small
pre-B cells is necessary to repress cell-cycle genes completely and to induce transcription of
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lgk and other late B cell differentiation-associated genes [75,83]. In addition, CXCR4
induces NF-xB in small pre-B cells, which has been shown to facilitate IgA. recombination
[7,83]. These observations therefore suggest a so far undefined role of CXCR4 in receptor
editing. Altogether, CXCR4 signaling takes over the signaling previously initiated by the
pre-BCR, and is essential for the development of immature B cells with a functional surface
BCR.

Concluding Remarks

Previous models of late B cell development were developed with a two-receptor system in
which IL-7R drives proliferation in pro-B and large pre-B cells, whereas expression of the
pre-BCR in small pre-B cells directs cell-cycle exit and /gk recombination when IL-7
signaling is attenuated [1]. Now, by combining previous knowledge of B cell development,
the visualization of B cell progenitors at different developmental stages in specific BM
microenvironments, and a detailed understanding of CXCR4 signaling in late B
lymphopoiesis, a new model of B cell development has emerged in which the coordinated
signaling of three receptors, IL-7R, pre-BCR, and CXCR4, dictates differentiation from the
pro-B to immature B cell stages, at least in mice. In brief, IL-7R signaling drives
proliferation, maintains a pro-proliferative metabolic state, represses RAG protein
expression, and genetically and epigenetically prevents premature IgL recombination
[21,28-34,40-43,68]. Pre-BCR signaling, instead of promoting transit across a discrete
‘checkpoint’, initiates a complex CXCR4-dependent program that guides B cell progenitors
through a precise epigenetic and transcriptional program. Finally, CXCR4-CXCL12-
dependent signaling takes charge of pre-BCR signals and completes differentiation of small
pre-B cells accompanied by downregulation of pre-BCR expression to generate functional
immature B cells [83]. CXCR4 signaling further ensures the completion of /gk
recombination by favoring the induction of Rag expression and maintaining the activity of
the non-homologous end-joining (NVHEJ) repair pathway versus homologous recombination
(HR) DNA repair [83,90]. Dysregulation of IL-7R, pre-BCR, and CXCR4 signaling is
associated with many human diseases. Therefore, it is the constant interplay and integration
of environmental cues via appropriate receptors that determines cell fate and orchestrates B
lymphopoiesis. A series of feedforward and feedback loops between the signaling cascades
of IL-7R, pre-BCR, and CXCR4 ensures the dominance of one receptor at any one time.
These mechanisms reveal the regulatory logic of the pre-B cell developmental checkpoint
but raise several unanswered fundamental issues (see Outstanding Questions).
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an enzyme that helps to maintain homeostasis of cellular energy by activating glucose and
fatty acid uptake and oxidation

Common lymphoid progenitors (CL Ps)
can give rise to B cells, T cells, dendritic cells, and natural killer cells, but lack myeloid and
erythroid potential

Focal adhesion kinase (FAK)
a cytoplasmic tyrosine kinase that contributes to integrin-mediated signal transduction and
migration by regulating actin cytoskeleton remodeling

Histone acetylation

a dynamic epigenetic modification of chromatin in which lysine residue(s) of histone
molecules are reversibly acetylated by histone acetyttransferases; acetylation is generally
associated with permissive activation of gene regulatory regions

Histone H3 acetylation (H3Ac)
a post-translational histone modification of a lysine residue on the amino-terminal tail of
histone 3; H3Ac is considered to be a mark of transcriptionally active chromatin

IgH locus contraction

the process of large-scale contraction of the immunoglobulin heavy-chain (/gH) locus in
developing B cells that are poised to undergo IgH V(D)J recombination. This contraction
brings the recombining V, D, and J loci into close 3D proximity

Immunor eceptor tyrosine-based activation motifs (I TAMS)
conserved sequences of four amino acids in the cytoplasmic tails of non-catalytic tyrosine-
phosphorylated receptors. They are important for signal transduction in immune cells

mTOR
a serine/threonine protein kinase and member of the PI3K-related kinase family that
regulates cell growth, proliferation, motility, survival, transcription, and protein synthesis

Receptor editing
antibody gene rearrangement in a B lymphocyte to replace an already existing antigen
receptor to mitigate autoreactivity

SRC kinases
a family of non-receptor tyrosine kinases that includes nine members: SRC, YES, FYN,
FGR, LCK, HCK, BLK, and LYN

STAT5A/B
two highly related proteins. Once phosphorylated and activated, STAT5 proteins dimerize
and bind to DNA response elements, inducing transcription of their target genes

Transcription factories
transcription foci or discrete sites where transcription occurs in the nucleus; in transcription
factories several RNA polymerases are thought to be associated with the nuclear matrix

Trends Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McLean and Mandal

References

1.

10.

11.

12.

13.

Page 12

Clark MR et al. (2014) Orchestrating B cell lymphopoiesis through interplay of IL-7 receptor and
pre-B cell receptor signalling. Nat. Rev. Immunol 14, 69-80 [PubMed: 24378843]

. Schlissel MS (2003) Regulating antigen-receptor gene assembly. Nat. Rev. Immunol 3, 890-899

[PubMed: 14668805]

. Erlandsson L et al. (2005) Both the pre-BCR and the IL-7Ra are essential for expansion at the pre-

BII cell stage in vivo. Eur. J. Immunol 35, 1969-1976 [PubMed: 15909309]

. Geier JK and Schlissel MS (2006) Pre-BCR signals and the control of Ig gene rearrangements.

Semin. Immunol 18, 31-39 [PubMed: 16386923]

. van Loo PF et al. (2007) Surrogate-light-chain silencing is not critical for the limitation of pre-B cell

expansion but is for the termination of constitutive signaling. Immunity 27, 468-480 [PubMed:
17869135]

. Nemazee D (2006) Receptor editing in lymphocyte development and central tolerance. Nat. Rev.

Immunol 6, 728-740 [PubMed: 16998507]

. Derudder E et al. (2009) Development of immunoglobulin lambda-chain-positive B cells, but not

editing of immunoglobulin kappa-chain, depends on NF-kappaB signals. Nat. Immunol 10, 647—
654 [PubMed: 19412180]

. Petkau G and Turner M (2019) Signalling circuits that direct early B-cell development. Blochem. J

476, 769-778

. Herzog S et al. (2009) Regulation of B-cell proliferation and differentiation by pre-B-cell receptor

signalling. Nat. Rev. Immunol 9, 195-205 [PubMed: 19240758]

Bassing CH and Alt FW (2004) The cellular response to general and programmed DNA double
strand breaks. DNA Repair (Amst) 3, 781-796 [PubMed: 15279764]

Katerndah CDS et al. (2017) Antagonism ofB cell enhancer networks by STAT5 drives leukemia
and poor patient survival. Nat. Immunol 18, 694-704 [PubMed: 28369050]

Noguchi M et al. (1993) Interleukin-2 receptor gamma chain: a functional component of the
interleukin-7 receptor. Science 262, 1877-1880 [PubMed: 8266077]

Corcoran AE et al. (1998) Impaired immunoglobulin gene rearrangement in mice lacking the IL-7
receptor. Nature 391, 904-907 [PubMed: 9495344]

14. Puel A et al. (1998) Defective IL7R expression in T-B* NK* severe combined immunodeficiency.

15.

16.

Nat. Genet 20, 394-397 [PubMed: 9843216]

Giliani S et al. (2005) Interleukin-7 receptor a (IL-7Ra) deficiency: cellular and molecular bases.
Analysis of clinical, immunological, and molecular features in 16 novel patients. Immunol. Rev
203, 110-126 [PubMed: 15661025]

Parrish YK et al. (2009) IL-7-dependence in human B lymphopoiesis increases during progression
of ontogeny from cord blood to bone marrow. J. Immunol 182, 4255-4266 [PubMed: 19299724]

17. Milford TA et al. (2016) TSLP or IL-7 provide an IL-7Ra signal that is critical for human B

lymphopoiesis. Eur. J. Immunol 46, 2155-2161 [PubMed: 27325567]

18. Venkitaraman AR and Cowling RJ (1994) Interleukin-7 induces the association of

phosphatidylinositol 3-kinase with the alpha chain of the interleukin-7 receptor.Eur. J. Immunol
24, 2168-2174 [PubMed: 7522165]

19. Goetz CA et al. (2004) STATS5 activation underlies IL7 receptor-dependent B cell development. J.

Immunol 172, 4770-4778 [PubMed: 15067053]

20. Johnson SE et al. (2005) Murine and human IL-7 activate STAT5 and induce proliferation of

normal human pro-B cells. J. Immunol 175, 7325-7331 [PubMed: 16301638]

21. Ochiai K et al. (2012) A self-reinforcing regulatory network triggered by limiting IL-7 activates

pre-BCR signaling and differentiation. Nat. Immunol 13, 300-307 [PubMed: 22267219]

22. Ramadani F et al. (2010) The PI3K isoforms p110a and p1106 are essential for pre-B cell receptor

signaling and B cell development. Sci. Signal 3, ra60 [PubMed: 20699475]

23. Fruman DA et al. (1999) Impaired B cell development and proliferation in absence of

phosphoinositide 3-kinase p85a. Science 283, 393-397 [PubMed: 9888855]

Trends Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McLean and Mandal

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 13

Jiang Q et al. (2004) Distinct regions of the interleukin-7 receptor regulate different Bcl2 family
members. Mol. Cell. Biol 24, 6501-6513 [PubMed: 15226449]

Malin S et al. (2010) Role of STATS5 in controlling cell survival and immunoglobulin gene
recombination during pro-B cell development. Nat. Immunol 11, 171-179 [PubMed: 19946273]
Essafi A et al. (2005) Direct transcriptional regulation of Bim by FoxO3a mediates STI571-
induced apoptosis in Bcr—Abl-expressing cells. Oncogene 24, 2317-2329 [PubMed: 15688014]
Gisele V et al. (2014) PDK1 regulates B cell differentiation and homeostasis. PNAS USA 111,
9573-9578 [PubMed: 24979759]

Cooper AB et al. (2006) A unique function for cyclin D3 in early B cell development. Nat.
Immunol 7, 489-497 [PubMed: 16582912]

Mandal M et al. (2009) Ras orchestrates cell cycle exit and light chain recombination during early
B cell development. Nat. Immunol 10, 1110-1117 [PubMed: 19734904]

Powers SE et al. (2012) Subnuclear cyclin D3 compartments and the coordinated regulation of
proliferation and immunoglobulin variable gene repression. J. Exp. Med 209, 2199-2213
[PubMed: 23109711]

Urbanczyk S et al. (2018) Regulation of energy metabolism during early B lymphocyte
development. Int J. Mol. Sci. 27, E2192

Zeng H et al. (2018) Discrete roles and bifurcation of PTEN signaling and mTORC1-mediated
anabolic metabolism underlie IL-7-driven B lymphopoiesis. Sci. Adv 4, eaar5701 [PubMed:
29399633]

Chan LN et al. (2017) Metabolic gatekeeper function of B-lymphoid transcription factors. Nature
542, 479-483 [PubMed: 28192788]

Wofford JA et al. (2007) IL-7 promotes Glutl trafficking and glucose uptake via STAT5-mediated
activation of Akt to support T cell sumival. Blood 111, 2101-2112 [PubMed: 18042802]

Park H et al. (2012) Disruption of Fnip1 reveals a metabolic checkpoint controlling B lymphocyte
development. Immunity 36, 769-781 [PubMed: 22608497]

Ma S et al. (2010) Ikaros and Aiolos inhibit pre-B cell proliferation by directly suppressing c-Myc
expression. Mol. Cell. Biol 30, 4149-4158 [PubMed: 20566697]

Grumont RJ et al. (2002) Cell growth is controlled by phosphatidylinosotol 3-kinase-dependent
induction of Rel/NF-xB regulated c-myc transcription. Mol. Cell 10, 1283-1294 [PubMed:
12504005]

Yasuda T et al. (2008) Erk kinases link pre-B cell receptor signaling to transcriptional events
required for early B cell expansion. Immunity 28, 499-508 [PubMed: 18356083]

Oettinger MA et al. (1990) RAG-1 and RAG-2, adjacent genes that synergistically activate V(D)J
recombination. Science 248, 1517-1523 [PubMed: 2360047]

Herzog S et al. (2008) SLP-65 regulates immunoglobulin light chain gene recombination through
the PI3BK-PKB-Foxo pathway. Nat. Immunol 9, 623-631 [PubMed: 18488031]

Amin RH and Schlissel MS (2008) Foxo1l directly regulates the transcription of recombination-
activating genes during B cell development. Nat. Immunol 9, 613-622 [PubMed: 18469817]
Karki S et al. (2018) Regulated capture of Vx gene topologically associating domains by
transcription factories. Cell Rep. 24, 2443-2456 [PubMed: 30157436]

Mandal M et al. (2011) Epigenetic repression of the 1g-x locus by STAT5-mediated recruitment of
the histone methyltransferase Ezh2. Nat Immunol. 12, 1212-1220 [PubMed: 22037603]

Nodland SE et al. (2011) IL-7R expression and IL-7 signaling confer a distinct phenotype on
developing human B-lineage cells. Blood 118, 2116-2127 [PubMed: 21680796]

Johnson K et al. (2012) IL-7 functionally segregates the pro-B cell stage by regulating transcription
of recombination mediators across cell cycle. J. Immunol 188, 6084—-6092 [PubMed: 22581861]
Alkhatib A et al. (2012) FoxO1 induces Ikaros splicing to promote immunoglobulin gene
recombination. J. Exp. Med 209, 395-406 [PubMed: 22291095]

Bertolino E et al. (2005) Regulation of interleukin 7-dependent immunoglobulin heavy-chain
variable gene rearrangements by transcription factor STATS. Nat. Immunol 6, 836-843 [PubMed:
16025120]

Trends Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McLean and Mandal

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 14

Ubelhart R et al. (2010) N-linked glycosylation selectively regulates autonomous precursor BCR
function. Nat. Immunol 11, 759-765 [PubMed: 20622883]

Kawano Y et al. (2006) Pre-B cell receptor assesses the quality of IgH chains and tunes the pre-B
cell repertoire by delivering differential signals. J. Immunol 177, 2242-2249 [PubMed: 16887984]

Winkler TH and Martensson IL (2018) The role of the pre-B cell receptor in B cell development,
repertoire selection, and tolerance. Front. Immunol 9, 2423 [PubMed: 30498490]

Mombaerts P et al. (1992) RAG-1-deficient mice have no mature B and T lymphocytes. Cell 68,
869-877 [PubMed: 1547488]

Shinkai Y and Alt FW (1992) RAG-2-deficient mice lack mature lymphocytes owing to inability to
intiate V(D)J rearrangement. Cell 68, 855-867 [PubMed: 1547487]

Kitamura D et al. (1991) A B cell-deficient mouse by targeted disruption of the membrane exon of
the immunoglobulin mu chain gene. Nature 350, 423-426 [PubMed: 1901381] Pelanda R et al.
(2002) B cell progenitors are arrested in maturation but have intact VDJ recombination in the
absence of Ig-alpha and Ig-beta. J. Immunol 169, 865-872 [PubMed: 12097390]

Shimizu T et al. (2002) VpreB1/VpreB2/lambda 5 triple-deficient mice show impaired B cell
development but functional allelic exclusion of the IgH locus. J. Immunol 168, 6286-6293
[PubMed: 12055243]

Keenan RA et al. (2008) Censoring of autoreactive B cell development by the pre-B cell receptor.
Science 321, 696-699 [PubMed: 18566249]

Minegishi Y et al. (1998) Mutations in the human lambda5/14.1 gene result in B cell deficiency
and agammaglobulinemia. J. Exp. Med 187, 71-77 [PubMed: 9419212]

Moens LN et al. (2014) Diagnostics of primary immunodeficiency diseases: a sequencing capture
approach. PLoS ONE 9, e114901 [PubMed: 25502423]

Rolink AG et al. (2000) Precursor B cell receptor-dependent B cell proliferation and differentiation
does not require the bone marrow or fetal liver environment. J. Exp. Med 191, 23-32 [PubMed:
10620602]

Parker MJ et al. (2005) The pre-B-cell receptor induces silencing of VpreB and A5 transcription.
EMBO J. 24, 3895-3905 [PubMed: 16281060]

Melchers F (2005) The pre-B-cell receptor: selector of fitting immunoglobulin heavy chains for the
B-cell repertoire. Nat. Rev. Immunol 5, 578-584 [PubMed: 15999097]

Flaswinkel H and Reth M (1994) Dual role of the tyrosine activation motif of the 1g-alpha protein
during signal transduction via the B cell antigen receptor. EMBO J. 13, 83-89 [PubMed: 8306975]
Rolli V et al. (2002) Amplification of B cell antigen receptor signaling by a Syk/ITAM positive
feedback bop. Mol. Cell 10, 1057-1069 [PubMed: 12453414]

Turner M et al. (1995) Perinatal lethality and blocked B-cell development in mice lacking the
tyrosine kinase Syk. Nature 378, 298-302 [PubMed: 7477352]

Jumaa H et al. (1999) Abnormal development and function of B lymphocytes in mice deficient for
the signaling adaptor protein SLP-65. Immunity 11, 547-554 [PubMed: 10591180]

Xu S et al. (2007) Combined deficiencies in Bruton tyrosine kinase and phospholipase Cy2 arrest
B-cell development at a pre-BCR* stage. Blood 109, 3377-3384 [PubMed: 17164342]

Ma S et al. (2008) Interferon regulatory factors 4 and 8 induce the expression of Ikaros and Aiolos
to downregulate pre-B-cell receptor and promote cell-cycle withdrawal in pre-B-cell development.
Blood 111, 1396-1403 [PubMed: 17971486]

Um JH et al. (2013) Metabolic sensor AMPK directly phosphorylates RAG1 protein and regulates
V(D)J recombination. Proc. Nati. Acad. Sci. U. S. A 110, 9873-9878

Johnson K et al. (2008) Regulation of immunoglobulin light-chain recombination by the
transcription factor IRF-4 and the attenuation of interleukin-7 signaling. Immunity 28, 335-345
[PubMed: 18280186]

Stanhope-Baker P et al. (1996) Cell type-specific chromatin structure determines the targeting of
V(D)J recombinase activity in vitro. Cell 85, 887-897 [PubMed: 8681383]

Flemming A et al. (2003) The adaptor protein SLP-65 acts as a tumor suppressor that limits pre-B
cell expansion. Nat. Immunol 4, 38-43 [PubMed: 12436112]

Trends Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McLean and Mandal

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Page 15

Shaw AC et al. (1999) Activated Ras signals developmental progression of recombinase-activating
gene (RAG)-deficient pro-B lymphocytes. J. Exp. Med 189, 123-129 [PubMed: 9874569]

Shaw AC et al. (1999) Induction of Ig light chain gene rearrangement in heavy chain-deficient B
cells by activated Ras. Proc. Nati. Acad. Sci. U. S. A 96, 2239-2243

Lazorchak AS et al. (2006) E2A and IRF-4/Pip promote chromatin modification and transcription
of the immunoglobulin x locus in pre-B cells. Mol. Cell. Biol 26, 810-821 [PubMed: 16428437]

Sakamoto S et al. (2012) E2A and CBP/p300 act in synergy to promote chromatin accessibility of
the immunoglobulin x locus. J. Immunol 188, 5547-5560 [PubMed: 22544934]

Mandal M et al. (2015) Histone reader BRWD1 targets and restricts recombination to the 1g-kappa
locus. Nat. Immunol 16, 1094-1103 [PubMed: 26301565]

Schatz DG and Ji Y (2011) Recombination centers and the orchestration of V/(D)J recombination.
Nat. Rev. Immunol 11, 251-263 [PubMed: 21394103]

Tee WW et al. (2014) Erk1/2 activity promotes chromatin features and RNAPII phosphorylation at
developmental promoters in mouse ESCs. Cell 156, 678-690 [PubMed: 24529373]

Tokoyoda K et al. (2004) Cellular niches controlling B lymphocyte behavior within bone marrow
during development. Immunity 20, 707-718 [PubMed: 15189736]

Zehentmeier S and Pereira JP (2019) Cell circuits and niches controlling B cell development.
Immunol. Rev 289, 142-157 [PubMed: 30977190]

Cordeiro Gomes A et al. (2016) Hematopoietic stem cell niches produce lineage-instructive signals
to control multipotent progenitor differentiation. Immunity 45, 1219-1231 [PubMed: 27913094]

Fistonich C et al. (2018) Cell circuits between B cell progenitors and I1L-7(+) mesenchymal
progenitor cells control B cell development. J. Exp. Med 215, 2586-2599 [PubMed: 30158115]

Tikhonova AN et al. (2019) The bone marrow microenvironment at single-cell resolution. Nature
569, 222-228 [PubMed: 30971824]

Mandal M et al. (2019) CXCRA4 signaling directs Igkrecombination and the molecular mechanisms
of late B lymphopoiesis. Nat Immunol 20, 1393-1403 [PubMed: 31477919]

Lagergren A et al. (2007) The Cxcl12, periostin, and Cc/9 genes are direct targets for early B-cell
factor in OP-9 stroma cells. J. Biol. Chem 282, 14454-14462 [PubMed: 17374609]

Nagasawa T et al. (1996) Defects of B-cell lymphopoiesis and bone-marrow myelopoiesis in mice
lacking the CXC chemokine PBSF/SDF-1. Nature 382, 635-638 [PubMed: 8757135]

Ma Q et al. (1998) Impaired B-lymphopoiesis, myelopoiesis, and derailed cerebellar neuron
migration in CXCR4- and SDF-1-deficient mice. Proc. Nati. Acad. Sci. U. S. A 95, 9448-9453

Ratajczak MZ et al. (2006) The pleiotropic effects of the SDF-1-CXCR4 axis in organogenesis,
regeneration and tumorigenesis. Leukemia 20, 1915-1924 [PubMed: 16900209]

Nie Y et al. (2004) The role of CXCR4 in maintaining peripheral B cell compartments and
humoral immunity. J. Exp. Med 200, 1145-1156 [PubMed: 15520246]

Mandal M et al. (2018) BRWD1 orchestrates epigenetic landscape of late B lymphopoiesis. Nat.
Commun 9, 3888 [PubMed: 30250168]

Malu S et al. (2012) Role of non-homologous end joining in V (D)J recombination. Immunol. Res
54, 233-246 [PubMed: 22569912]

Lundstrédm W et al. (2012) IL-7 in human health and disease. Semin. Immunol 24, 218-224
[PubMed: 22410365]

Kawai T and Malech HL (2009) WHIM syndrome: congenital immune deficiency disease. Curr.
Opin. Hematol 16, 20-26 [PubMed: 19057201]

Liu Q et al. (2016) WHIM syndrome caused by Waldenstrém’s macroglobulinemia-associated
mutation CXCR4 (L329fs). J. Clin. Immunol 36, 397-405 [PubMed: 27059040]

Barata JT et al. (2019) Flip the coin: IL-7 and IL-7R in health and disease. Nat. Immunol 1584—
1593 [PubMed: 31745336]

Alsadeq A et al. (2018) IL7R is associated with CNS infiltration and relapse in pediatric B-cell
precursor acute lymphoblastic leukemia. Blood 132, 1614-1617 [PubMed: 30154115]

McDermott DH et al. (2015) Chromothriptic cure of WHIM syndrome. Cell 160, 686—699
[PubMed: 25662009]

Trends Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny

1duosnuey Joyiny

McLean and Mandal Page 16

97. Lundmark F et al. (2007) Variation in interleukin 7 receptor alpha chain (IL7R) influences risk of
multiple sclerosis. Nat. Genet 39, 1108-1113 [PubMed: 17660816]

98. Anderson CA et al. (2011) (2011) Meta-analysis identifies 29 additional ulcerative colitis risk loci,
increasing the number of confirmed associations to 47. Nat. Genet 43, 246-252 [PubMed:
21297633]

99. Mells GF et al. (2011) Genome-wide association study identifies 12 new susceptibility loci for
primary biliary cirrhosis. Nat. Genet 43, 329-332 [PubMed: 21399635]

100. Todd JA et al. (2007) Robust associations of four new chromosome regions from genome-wide

analyses of type 1 diabetes. Nat. Genet 39, 857-864 [PubMed: 17554260]

101. Wang A (2010) et al. (2010) Dysregulated expression of CXCR4/CXCL12 in subsets of patients
with systemic lupus erythematosus. Arthritis Rheum. 62, 3436-3446 [PubMed: 20722038]

102. Sasson SC et al. (2010) IL-7 receptor is expressed on adult pre-B-cell acute lymphoblastic
leukemia and other B-cell derived neoplasms and correlates with expression of proliferation and
survival markers. Cytokine 50, 58-68 [PubMed: 20060740]

103. Nahar R and Miischen M (2009) Pre-B cell receptor signaling in acute lymphoblastic leukemia.
Cell Cycle 8, 3874-3877 [PubMed: 19901533]

104. Jumaa H et al. (2003) Deficiency of the adaptor SLP-65 in pre-B-cell acute lymphoblastic
leukaemia. Nature 423, 452-456 [PubMed: 12761551]

105. Feldhahn N et al. (2005) Deficiency of Bruton’s tyrosine kinase in B cell precursor leukemia
cells. Proc. Natl. Acad. Sci. U. S. A 102, 13266-13271 [PubMed: 16141323]

106. Trageser D et al. Pre-B cell receptor-mediated cell cycle arrest in Philadelphia chromosome-
positive acute lymphoblastic leukemia requires IKAROS function. J. Exp. Med 206 1739-1753

107. Heizmann B et al. (2013) Ikaros is absolutely required for pre-B cell diferentiation by attenuating
IL-7 signals. J. Exp. Med 210, 2823-2832 [PubMed: 24297995]

108. Hunter ZR et al. (2014) The genomic landscape of Waldenstrom macroglobulinemia is
characterized by highly recurring MY D88 and WHIM-like CXCR4 mutations, and small somatic
deletions associated with B-cell lymphomagenesis. Blood 123, 1637-1646 [PubMed: 24366360]

109. Su IH et al. (2003) Ezh2 controls B cell development through histone H3 methylation and Igh
rearrangement. Nat. Immunol 4, 124-131 [PubMed: 12496962]

110. Huang H et al. (2003) Expression of the Wdr9 gene and protein products during mouse
development. Dev. Dyn 227, 608—614 [PubMed: 12889071]

1duosnuen Joyiny

1duosnuep Joyiny

Trends Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McLean and Mandal

Page 17

Box 1.
The Epigenetics of Igk Recombination in Mouse Progenitor B Cells

Epigenetic regulation is essential for coordinating the timing of recombination at the /gk
locus (Figure 2B). Before recombination, while developing B cells are actively
proliferating, it is important to prevent cleavage of the /gk locus by RAG proteins to
avoid genomic instability. Although it drives proliferation, IL-7R signaling also leads to
the phosphorylation and activation of STAT5, which then directly binds within the /gk
intronic enhancer (iEx) as a tetramer, and recruits the Polycomb repressive complex 2
(PRC2), which includes the methyltransferase subunit Enhancer of Zeste homolog 2
(EZH2)[25,43]. EZH2 then modifies nucleosomes at the iEx, Jx, and Cx regions with the
histone H3 lysine 27 trimethylation (H3K27me3) mark. This is a repressive histone mark
that silences gene regions by condensing chromatin and making DNA less accessible for
transcription factor binding [109]. This mechanism of repression does not extend to Vx
regions, which are devoid of either activating or repressive histone marks [1,42]. Instead,
another downstream target of IL-7R signaling, cyclin D3, serves as a potent repressor of
Vx transcription [30]. The unique action of cyclin D3 on Vx appears to be due to the
differential compartmentalization of cyclin D3 with Vx genes within the nuclear matrix.
By an unknown mechanism, the capture of VVx gene-containing topologically associating
domains by transcription factoriesis prevented by cyclin D3, resulting in transcriptional
repression [42].

In pro-B cells, STAT5-mediated silencing of target genes is usually stable through
subsequent stages of B lymphopoiesis via the persistence of the H3K27me3 repressive
mark [43,109]. However, two STATS5 target genes, /gk and Brwd1, are immediately and
strongly induced upon transition to the small pre-B cell stage [75]. BRWDL is a histone
lysine-acetylation reader and a member of the dual bromodomain and WDA40 repeat
protein families that associates with the SWI/SNF chromatin-remodeling complex
[43,75,110]. BRWDL1 is rapidly induced after escape from IL-7R signaling and is then
recruited to Jx. Binding of BRWD1 at Jx leads to both increased local chromatin
accessibility and repositioning of nucleosomes relative to DNA GAGA motifs [75]. This
exposes the recombination signal sequence (RSS), enabling RAG recruitment and
subsequent /gk recombination [75]. In addition, BRWDZ1 inhibits proliferation by
coordinately repressing Mycand MY C downstream targets [89]. Thus, two downstream
effectors of IL-7R, STAT5 and cyclin D3, set off an intricate system of epigenetic
regulation of the /gk locus, temporally closing and then opening the locus to
recombination.

Trends Immunol. Author manuscript; available in PMC 2021 July 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McLean and Mandal

Page 18

Box 2.

Significance of Reduced IL-7R Signaling in Pre-BCR-Mediated Initiation of

Igx Recombination in Mice

A series of feedforward and feedback regulatory loops between IL-7R and pre-BCR
signaling ensure the dominance of one receptor at a given time. However, numerous
reports have demonstrated that IL-7R signaling dominates over pre-BCR signaling when
both are present [21,29,40,41,43,68]. The reasons behind this include the following:

Vi.

Vii.

IL-7R induces STAT5 activation, which drives a proliferative burst of pre-B
cells by upregulating cyclin D3. To maintain genomic integrity, the cells are
unable to recombine their /gkloci while cycling [3,11,19,28,29].

STAT5 and cyclin D3 directly repress Jx and Vx gene segments, respectively,
by physically binding to those regions to epigenetically silence /gk
recombination [25,30,42,43].

IL-7R-mediated induction of MY C, which promotes growth and expansion, is
turned off to reach a quiescent pre-B state for /gk recombination [31-
33,75,89].

STAT5-mediated repression of BRWD1 via H3K27me3 marks prevents the
epigenetic set-up required for /gk recombination. BRWD1 is necessary to
restrict /gk recombination in a lineage- and developmental stage-specific
fashion [43,75,89].

IL-7R destabilizes FOXO1 and FOXO3 via activation of the PI3K-AKT
pathway, thus repressing the expression of Ragl and RagZ2 - that are
absolutely necessary for recombination [40,41].

IL-7R-mediated inactivation of FOXO1 and PAX5 activity cannot fully
induce the SYK-BLNK signaling module required for cell-cycle cessation
and /gk recombination [21,63-65].

In the presence of IL-7R signaling, pre-BCR-mediated induction of the RAS—
ERK pathway is not sufficient to provide the necessary epigenetic signature to
recruit essential transcription factors such as E2A and IRF4, and the
chromatin remodeler BRWD1, to /gk loci for recombination [29,66,73-75].
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Clinician’s Corner

The process of B cell development, and more specifically the production of a diverse
repertoire of B cells, is essential for the proper functioning of a healthy adaptive immune
system. Defects in the production of antibodies can lead to immunodeficiency or
autoimmunity. In addition, if proliferation and gene recombination processes are not
properly segregated during development, genomic instability and oncogenic
transformation can occur. Thus, it is not surprising that defects in the expression or
function of IL-7R, pre-BCR, and CXCR4 receptors, which are important for the
regulation of such processes, have been associated with immunodeficiency,
autoimmunity, and cancer in humans [11,14-17,56,91-95].

Mutations in components of both the pre-BCR and IL-7R can lead to immunodeficiency
[14,15,56,91]. WHIM (warts, hypogammaglobulinemia, infections, and myelokathexis)
syndrome is a congenital human immunodeficiency caused by a gain-of-function
mutation in CXCR4 [92,93,96].

Several IL7R single-nucleotide polymorphisms (SNPs) have been associated with
autoimmune conditions in genome-wide association studies in humans [97-100]. In
addition, aberrant expression of CXCR4 has been implicated in the pathogenesis of
systemic lupus erythematosus in humans [101].

IL-7R, pre-BCR, and CXCR4 all play important roles in the development of some
leukemias and lymphomas, as do their upstream and downstream effectors. IL-7R
(CD127) is abundantly expressed on adult human pre-B cell acute lymphoblastic
leukemia (pre-B-ALL), and correlates with the expression of proliferation and survival
markers [94,102]. High IL-7R expression has been associated with relapse in pediatric B-
ALL [94,95]. Several large studies of pre-B-ALL in humans found that most ALL cells
carrying a BCR-ABL 1 gene rearrangement failed to express a functional pre-BCR [103-
105] and lacked pre-BCR signaling [106,107]. Finally, in a related cancer, Waldenstrom
macroglobulinemia, whole-genome sequencing revealed that the second most frequent
somatic mutation was in CXCR4, occurring in ~30% of cases [108].

Further studies assessing the interplay of IL-7R, pre-BCR, and CXCR4 might lead to the
development of new potential targets and therapeutic strategies for some of these
conditions.
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Outstanding Questions

The role of CXCR4 in directing late B lymphopoiesis warrants reconsideration of the
functions of the pre-BCR. The principal function of the pre-BCR is to induce the IRF4/
CXCR4 feedforward loop. Therefore, what is the function of the pre-BCR in B
lymphopoiesis when initiating a complex CXCR4-dependent program, other than
promoting transit across a discrete ‘checkpoint’?

CXCRA4 exclusively downregulates HR to favor NHEJ DNA repair. Repression of the HR
pathway may be mediated by cessation of cell-cycle progression induced by CXCR4
signaling. Alternatively, CXCR4 signaling might directly downregulate HR genes. This is
relevant because this process has been linked to the pathogenesis of some leukemias.
Therefore, how does CXCR4 affect the DNA repair process to favor recombination?
Does it act directly or indirectly?

CXCR4 induces the expression of NF-xB, an important transcription factor for the
development of IgA* B cells [7,83]. Furthermore, self-reactive early immature B cells
bearing an Igx light chain can diminish autoreactivity by subsequent rearrangement of
the /g/locus provided that CXCR4 surface expression remains high [6,7]. In addition,
although the Igx:IgA ratio is 95:5 in mice, the ratio is 50:50 in humans. Therefore, what
is the role of CXCR4 in IgA recombination that determines receptor editing and central
tolerance?

By controlling exposure to IL-7, CXCR4 is thought to control the balance between IL-7R
and pre-BCR signaling. However, CXCRA4 regulates known oncogenes, including RAS—
ERK, and has been implicated in the pathogenesis of cancer through multiple processes
including invasion, epithelial-mesenchymal transition, and proliferation. Thus, why
might CXCR4 function differently in normal versus leukemic B cells? In addition, during
leukemic progression, what is the effect of CXCR4 on normal B cell migration and
localization in the bone marrow?
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Highlights

The generation of a diverse antibody repertoire is crucial for the adaptive immune system
and is accomplished through sequential VV(D)J recombination of loci encoding the
immunoglobulin heavy (IgH) and light chain (Igx and IgA.).

The tight regulation and separation of proliferation and differentiation processes during B
cell development is crucial for avoiding genomic instability.

Previous models identified two receptors, IL-7R and the pre-BCR, as being essential in
the regulation of the pre-B cell checkpoint. However, new research has brought to light
the crucial role of a third receptor, CXCR4, in mouse models.

CXCRA4 drives the positioning of developing B cells within specific microniches in the
murine BM.

CXCR4 then mediates a feed-forward loop initiated by the pre-BCR that coordinates cell-
cycle exit and pre-BCR repression. CXCR4 is also crucial for IgK recombination and for
inducing the pathways to recruit the required transcription factors and chromatin
remodeling complexes.
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Figure 1. IL-7R Signaling Drives Proliferation and Survival while Preventing Premature I gk
Recombination Programs During B Cell Development in Mice.

The stages of B cell development represent sequential phases of proliferation and
differentiation. The survival and proliferation of pro-B and large pre-B cells is driven by
signaling from the IL-7R receptor. IL-7R activates two major signaling pathways, JAK—
STATS and PI3BK-AKT. JAK kinases phosphorylate STATS5, which then stimulates
transcription of cyclin D3, that promotes cell proliferation, and BCL2/MCL1 that promote
cell survival. In addition, STAT5 also represses BRWD1 and /gk accessibility and
recombination. The PI3K-AKT pathway inhibits FOXO1 and 3A, which induce the
recombination-activating gene products RAG1 and 2 that are essential for recombination.
The PI3BK-AKT pathway, in addition to repressing recombination, plays a crucial role in cell
survival by repressing the proapopotic proteins BAD and BIM. Finally, IL-7R signaling
serves to promote cell growth and glycolysis via PI3K-AKT signaling, which upregulates
mTOR and MYC; these in turn drive glycolysis and cell growth. mTOR is also upregulated
by PLC-+, another target of IL-7R signaling [1,31-34].
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Figure 2. The Pre-BCR and CXCR4 Receptors Cooper ate to Exit the Cell Cycleand I nitiate
Immunoglobulin Light-Chain Recombination in Mice.

(A) The pre-BCR serves to counteract the proliferative effects of IL-7R signaling by
recruiting spleen tyrosine kinase (SYK), which phosphorylates B cell linker protein
(BLNK), inhibiting PI3BK-AKT signaling. The pre-BCR further depresses proliferative
signaling by upregulating IKAROS and AIOLOS (via RAS-ERK), both of which repress
cyclin D3. The pre-BCR also induces Igx recombination by both derepressing and activating
FOXO1, which then induces RAG1/2 and the transcription factor IRF4. RAS/ERK signaling
is activated by the pre-BCR, which also serves to upregulate E2A and RAG1/2, both of
which are required for Igx recombination. Signaling from CXCR4, activated in response to
binding its ligand CXCL12, supports and perpetuates signaling from the pre-BCR. CXCR4
helps to drive Igx recombination by upregulating the RAS-ERK signaling module, BRWD1,
and IRF4/IRF8/SPIB. In addition, CXCR4 signaling supports cell survival by repressing
BIM/BID and upregulating NF-xB [7,83]. (B) During the transition from the pro-B to
differentiating pre-B cell stage, significant epigenetic remodeling occurs in the /gklocus: (i)
at the pro-B and large pre-B cell stages, IL-7R-driven STATS5 signaling represses Brwd1 and
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upregulates EZH2, which lays down repressive H3K27me3 histone marks; (ii) in
differentiating pre-B cells, when ERK signaling is activated, repressive histone marks are
replaced by H3S10p (directly via ERK) and H3K9AcK14Ac epigenetic marks (via E2A);
(iif) BRWDL1 is then recruited by this specific epigenetic landscape to the Igx recombination
center; (iv) BRWDL1 regulates the positioning of nucleosomes; (v) this allows the
recruitment of the RAG complex and subsequent recombination [43,75]. Abbreviations:
H3K9/K14Ac, histone H3 acetylation on lysine 9/14; H3K27me3, histone H3 lysine 27
trimethylation; H3S10p, histone H3 phosphorylation on serine 10; RSS, recombination
signal sequence.
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Key Figure, Figure 3. The Murine Bone Marrow Microenvironment is Crucial for Early B Cell
Development and for the Activation of Essential Receptors

(A) The ability of pre-BCR signaling to overcome IL-7R signaling is highly dependent on
the CXCL12- and IL-7-rich microniches within the bone marrow (BM). Based on mouse
models, pre-pro-B cells migrate to I1L-7"9" microniches from CXCL12N9" niches and
differentiate into pro-B cells [78,80,81]. Pro-B cells are largely nonmotile and reside in
IL-7M9" niches where they upregulate IL-7R signaling and proliferate [78,79,81]. Large pre-
B cells then upregulate CXCR4 and become increasingly sensitive to CXCR12. These
highly motile large pre-B cells [81] undergo chemotaxis away from IL-79 niches toward
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IL-77/1oWCXCL12M9N niches [83], where they activate pre-BCR and CXCR4 signaling and
are able to escape from the cell cycle and recombine the immunoglobulin light-chain genes
(/gkand /gl [21,68,83]. Newly generated immature B cells downregulate CXCR4 and exit
the BM for peripheral development [88]. Ligand—receptor contact in the figure depicts active
signaling of that receptor. High-power confocal microscopy with 3D reconstruction showed
that small pre-B cells (green) are in tight contact with CXCL12 (yellow), and with high local
accumulations of extracellular CXCL12 (inset). (B) Graphical representation of the
expression of the three essential early B cell development receptors discussed in mice:
IL-7R, pre-BCR (represented by its components A5 and VPREB1/VPREB?2), and CXCRA4.
Expression of IL-7R peaks at the large pre-B cell stage, and is gradually downregulated
during later developmental stages; IL-7R signaling is dependent on the presence of the IL-7
ligand in the BM microniche. Expression of the pre-BCR components spike at the pro-B cell
stage; however, Vi to DyJy recombination is ongoing at that stage (denoted by <>). As a
result, the functional pre-BCR complex is formed at the large pre-B cell stage when the
rearranged heavy chain is available to make the pre-BCR. The expression of the third
receptor, CXCR4, increases in the large pre-B cell stage where it helps the motile large pre-
B cells to escape IL-7R signaling. Subsequently, CXCR4 downstream signaling arrests cell
proliferation and completes /gk recombination as well as repressing pre-BCR components to
generate immature B cells with a functional BCR. Abbreviations: a.u., arbitrary units; HSC,
hematopoietic stem cell; imm, immature.
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