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Summary

Studies over the last decade uncovered overlapping niches for hematopoietic stem cells (HSCs), 

multipotent progenitor cells, common lymphoid progenitors, and early B cell progenitors. HSC 

and lymphoid niches are predominantly composed by mesenchymal progenitor cells (MPCs), and 

by a small subset of endothelial cells. Niche cells create specialized microenvironments through 

the concomitant production of short-range acting cell-fate determining cytokines such as 

Interleukin (IL)-7 and Stem Cell Factor (SCF) and the potent chemoattractant C-X-C Motif 

Chemokine Ligand 12 (CXCL12). This type of cellular organization allows for the cross-talk 

between hematopoietic stem and progenitor cells with niche cells, such that niche cell activity can 

be regulated by the quality and quantity of hematopoietic progenitors being produced. For 

example, pre-leukemic B cell progenitors and preB acute lymphoblastic leukemias interact directly 

with MPCs, and downregulate IL-7 expression and the production of non-leukemic lymphoid 

cells. In this review, we discuss a novel model of B cell development that is centered on cellular 

circuits formed between B cell progenitors and lymphopoietic niches.

1– Introduction

The immune system is composed of multiple cell types produced in primary lymphoid 

organs. With the exception of T cells, all other blood cell types develop from hematopoietic 

progenitor cells in the bone marrow. In humans, the bone marrow produces about 200 billion 

blood cells daily, of which 90% are red blood cells, and the remaining 10% being composed 

of granulocytes (neutrophils being the most abundant), monocytes, dendritic cell precursors, 

lymphocytes, and platelets. This remarkable capacity to produce large numbers of distinct 

cell types with specialized functions is, perhaps, unmatched by any other organ in adult 

mammals. Besides ensuring daily blood cell production, specialized microenvironments in 

the bone marrow also contribute to the long-term maintenance of two types of stem cells, 

hematopoietic stem cells (HSCs) and mesenchymal stem and progenitor cells (1, 2), and to 

other differentiated cells, such as memory T cell subsets and antibody producing plasma 

cells (3), that are critical for ensuring long-term immunity against previously encountered 

antigens.

Hematopoietic cells are commonly separated into two major lineages, lymphoid and 

myeloid, with each lineage composed by multiple cell subsets with different cellular 
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functions, distribution throughout the body, and life spans. Lymphoid lineage cells, for 

example, develop from a common lymphoid progenitor (CLP) that has lost the capacity to 

differentiate into myeloid cells, but still retains the ability to differentiate into multiple types 

of lymphocytes. B lymphocytes are the most abundant lymphocyte subset produced in bone 

marrow (20%), followed by NK cells (5%), and some subsets of innate lymphoid cells 

(ILCs, < 1%). Although T cell development takes place in the thymus, a CLP subset with 

thymus-homing capacity periodically exits the bone marrow to seed the thymus and initiate 

T cell development (4). Similarly, the common myeloid progenitor (CMP) can differentiate 

into all types of myeloid cells, with erythroid cells and granulocyte subsets being the most 

abundant, followed by monocytes, dendritic cell precursors, and megakaryocytes.

The diversity of hematopoietic cells that are produced on a daily basis is dependent on a 

limited number of lineage instructive extracellular signals and/or growth factors. For 

example, T and B lymphoid lineages, and some ILC subsets, are almost strictly dependent 

on interleukin (IL)-7 for proper development in the adult bone marrow (5-7), while NK cell 

development requires IL-15 (8). Likewise, the cytokines Granulocyte-Colony Stimulating 

Factor (GCSF), Granulocyte-Monocyte Colony Stimulating Factor (GMCSF), and 

Macrophage Colony Stimulating Factor (MCSF) are critical for granulocyte, monocyte, and 

macrophage production, whereas thrombopoietin and erythropoietin stimulate 

megakaryocyte and erythroid cell development. Although lymphoid and myeloid cytokines 

are not exclusively produced by cells residing in the bone marrow, they act on hematopoietic 

progenitor cells that are predominantly localized in this organ. Furthermore, some of these 

cytokines are produced in limiting amounts, such as IL-7 and IL-15, and consumed by 

several types of cells (e.g. B cells, T cells, ILC subsets), making the bioavailability of 

lymphopoietic cytokines restricted to the niche that produces them. Lymphocyte progenitors 

require specific migratory cues, specifically CXCR4 and its ligand CXCL12, in order to 

localize near or in contact with cells that produce lymphopoietic cytokines (9). Although, a 

clear understanding of how myeloid cells are organized during development in bone marrow 

is still lacking, several studies suggest that specialized niches also exist for granulocyte 

monocyte precursors (GMPs), for osteoclast precursors, for megakaryocytes, and for 

erythrocyte production (10-14). In the case of osteoclast development, the finals steps are 

coordinated by oxysterol ligands of EBI2 (Gpr183) most likely produced by osteoblasts, 

which attract osteoclast progenitor cells to endosteal niches (12). These observations 

demonstrate that hematopoietic cell development is coordinated by chemotactic cues that 

guide distinct progenitor cells to specialized niches for differentiation.

One of the most studied bone marrow niches is the HSC niche. Initial studies pointed at 

osteoblasts forming the HSC niche (15, 16). However, recent studies characterized the HSC 

niche by focusing on the cells that produce essential cytokines (e.g. SCF) and chemokines 

(e.g. CXCL12) for HSC homeostasis, and demonstrated that the HSC niche is predominantly 

formed by a major population of perivascular mesenchymal stem and progenitor cells 

(MSPCs), by a small subset of sinusoidal endothelial cells, and to a smaller extent by a rare 

population of periarteriolar pericytes (2, 17-23). Furthermore, SCF or CXCL12-producing 

niche cells are broadly distributed in the bone marrow cavity with no obvious enrichment at 

the endosteum or osteoblast-rich trabecular areas (19, 20, 24). As some of the signals 

required for HSC maintenance act in short range (e.g. SCF), HSCs localize predominantly 
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near or in direct contact with MSPCs and endothelial cells expressing SCF and CXCL12. 

HSC localization is critically controlled by CXCR4 in response to CXCL12, and SCF and 

CXCL12 producing cells overlap by ~ 99% (20). Deficiency in SCF or in CXCL12 causes 

major defects in HSC maintenance and hematopoietic cell development (19, 20).

Over the past several decades many studies attempted at defining the bone marrow niche for 

lymphoid progenitors, and particularly for B cell development. Using a variety of genetic 

approaches that target non-hematopoietic cells in the bone marrow, several studies 

converged on the conclusion that lymphocyte development requires important signals 

delivered by osteoblasts, including IL-7 (25-27). These findings were consistent with prior 

studies examining the distribution of early B cell precursors in the bone marrow of mice and 

rats by in situ microscopy, in which loosely defined B-lineage progenitors were mapped to 

sub-endosteal areas (28, 29). However, these findings were not easily compatible with other, 

and more recent, studies examining the distribution of B cell precursors in situ (30, 31), and 

the dynamic behavior of developing B cell subsets in vivo (32-34), in which the large 

majority of B-lineage cells localized in the central bone marrow cavity, often near or in 

contact with the sinusoidal endothelium. Furthermore, recent studies using several IL-7 

reporter transgenic mice identified IL-7 producing cells as being predominantly Leptin 

receptor-expressing, CXCL12Hi, non-hematopoietic mesenhcymal cells with multilineage 

differentiation potential, including into osteoblasts and osteocytes (35). Combined, these 

studies challenged the idea that osteoblasts and endosteal niches control B-lymphopoiesis 

and demanded a new model for explaining where and how B lymphocytes are formed.

In this review, we propose that the major niche coordinating lymphoid progenitor 

development, and in particular B cell development, is predominantly composed by 

perivascular MPCs, and to a smaller extent by sinusoidal endothelial cells. Our findings 

discussed here in detail are compatible with a model in which HSC maintenance and 

hematopoietic progenitor differentiation into lymphoid lineages are predominantly 

controlled by soluble and membrane-bound factors produced by the same niche. 

Furthermore, our recent findings showed that IL-7 production is sensitive to the quality of B 

cell progenitors being produced. Pre-leukemic B cell progenitors and preB acute 

lymphoblastic leukemic cells reduce the amount of IL-7 produced by MPCs. This type of 

cross-talk between niche cells and hematopoietic progenitors reveals a highly organized and 

spatially controlled B cell development that is reminiscent of a cell circuit model of tissue 

homeostasis (36). This novel cell circuit-based model of B-lymphopoiesis predicts the 

existence of feed-forward and feedback loops to ensure the quality and possibly quantity of 

B cell progenitors being produced, and may have implications for understanding the impact 

of pre-leukemic and leukemic B-lineage cells in the local microenvironment.

2– Niches for B lymphopoiesis in bone marrow.

In many biological systems, including the immune system, cellular localization is often a 

tightly regulated process characterized by feedforward and feedback mechanisms that are 

intimately associated with cellular decisions such as quiescence, activation and 

differentiation. The concept of microenvironmental niches, pioneered by Schofield in 1978 

to explain the phenomenon of higher hematopoietic progenitor capacity for bone marrow 
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resident cells when compared to splenic cells (37), illustrates this general principle quite 

well, and its formulation propelled numerous studies on the bone marrow niches for 

hematopoietic stem and progenitor cell populations.

Pioneer studies of B-lineage cell localization in the mouse bone marrow suggested that early 

B cell progenitors marked by B220 and lacking cytoplasmic Igμ expression were somewhat 

enriched in sub-endosteal niches, whereas preB cells defined by cytoplasmic but 

undetectable surface Igμ expression were more evenly distributed throughout sub-endosteal 

and central bone marrow cavities (38). Early lymphoid progenitors expressing Terminal 

deoxynucleotidyl transferase (TdT) were also slightly enriched in sub-endosteal areas, but 

TdT+ cells were abundantly detected in central marrow as well (38). Similar findings 

obtained in rat femur tissues gave further support to a sub-endosteal localization of TdT+ B 

cell progenitors (28). TdT expression is detectable at late CLP stages and increases to its 

highest at the proB cell stage, while preB cells express TdT at lower amounts than proB 

cells (39, 40). At later stages of B cell development, immature B lymphocytes localized 

mostly in central marrow with small caliber sinusoids often packed with immature B cells, 

suggesting that B cell development is finalized with lymphocyte loading of sinusoids (41, 

42). Regardless of where B-lineage cell localized, it was frequently noted that reticular 

stromal cells were in direct association with small clusters of B cell progenitors (38, 41, 42), 

lending support to other studies showing that factors produced by stromal cells could 

support lymphoid and myeloid cell development in vitro (43).

Cell ablation strategies are commonly used for uncovering relationships between niches and 

hematopoietic cell fates. Using a 2.3Kb promoter element of the collagen type Ia gene Col1a 
(Col2.3) to promote the expression of an inducible suicide gene product (Herpes simplex 

thymidine kinase) in mature osteoblasts, two independent studies uncovered severe 

hematopoietic defects in transgenic mice treated with the thymidine kinase substrate analog, 

ganciclovir. B-lineage and erythrocyte lineage cells were among the most reduced (25, 26). 

Consistent with these findings, genetic deficiency of Gnas (encodes the small G alpha 

stimulatory (Gs) protein) in osteoblasts, using the Osterix (Sp7) promoter to drive 

constitutive Cre recombinase expression in osteolineage cells led to significant reductions in 

osteoblasts and in B-lineage cell subsets dependent on IL-7 (27). The fact that B cell 

deficiency was partially ameliorated by exogenous treatment with IL-7 in vivo suggested 

that B cell development depends on IL-7 produced by osteoblasts (27). Lending further 

support to this model, mouse osteoblasts engineered to overexpress human IL-7 could 

restore B cell development in an Il7−/− mouse (44), and Il7 deletion in osteolineage cells 

using tamoxifen-inducible Sp7-driven cre recombinase transgenic mice also led to 

significant reductions in B cell developmental subsets in 6-week old mice (45). Combined, 

these studies converged on a model where B cell development depends of signals provided 

by osteoblasts, particularly IL-7.

Using monoclonal antibodies to detect IL-7-producing cells in bone marrow Tokoyoda et al. 

proposed that IL-7+ cells are stromal cells that also produce Vascular Cell Adhesion 

Molecule-1 (VCAM-1), but these cells seemed to be distributed throughout the bone marrow 

parenchyma without evidence of being associated or proximal to endosteal niches (30, 46). 

However, comparative analyses of IL-7-deficient and sufficient bone marrow sections failed 
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to reliably detect IL-7 in situ by immunohistology, a technical hurdle overcome by the 

generation of Il7 reporter mice (47). In these studies, intravital microscopy of calvaria bone 

marrow of Il7-eCFP Bacterial Artificial Chromosome transgenic mice identified IL-7-

producing cells as static reticular stromal cells that seemed predominantly distributed around 

blood vessels. Likewise, femur sections of Il7GFP/+ knock-in mice identified IL-7+ reticular 

cells broadly distributed in the parenchyma, with some IL-7+ cells also localized in 

endosteal and sub-endosteal areas (48). However, none of these examined the lineage 

identity and/or phenotype of IL-7+ cells in bone marrow.

In recent studies, our laboratory characterized IL-7+ cells in bone marrow as an 

heterogeneous population composed by a majority of mesenchymal-lineage cells with 

multipotent differentiation capacity, and a minor population of sinusoidal endothelial cells. 

Using an Il7-cre fate mapping approach, we found that IL-7+ cells can differentiate into 

osteoblasts, osteocytes and adipocytes in vivo (35). However, careful examination of 

longitudinal femur sections and whole mounts from Il7GFP/+ reporter mice failed to detect 

GFP expression in osteocalcinHi osteoblasts (Figure 1). Furthermore, the majority of Il7-

GFP+ reticular cells were mostly distributed throughout the bone marrow parenchyma, with 

some elongated reticular cells localizing near the endosteum, but without detectable 

osteopontin (35). Indeed, conditional deletion of Il7 in mature osteoblasts using constitutive 

Col2.3-cre transgenic mice showed no detectable differences in the number of CLPs and B 

cell developmental subsets in bone marrow (35). Combined, these studies ruled out mature 

osteoblasts as major sources of IL-7 in bone marrow. So, how can the discrepancies between 

our study and the previous studies be explained?

Insight into this question came from the careful elucidation of the mesenchymal 

developmental stages targeted by the various Cre recombinase transgenic strains used. 

Several transgenic mouse lines driving cre recombinase expression from gene promoters 

previously thought to be osteolineage-specific (e.g. Bglap-cre, Dmp1-cre) were in fact 

already active at the mesenchymal-lineage multipotent progenitor stage (49). Similarly, 

genetic approaches that take advantage of Sp7- driven cre recombinase expression 

(constitutive or tamoxifen inducible) must also be interpreted with caution because this 

strategy also targets mesenchymal-lineage cells with multipotent progenitor potential 

(50-52), a stage in which these cells still express HSC maintenance genes (e.g. Kitl, Cxcl12) 

and lymphoid-lineage promoting genes (Il7). Therefore, in vivo studies using Cre-mediated 

transgenic approaches that target mesenchymal progenitor cells, or genetic deficiencies that 

alter MPC differentiation, often lead to the inaccurate conclusion that osteoblasts and/or 

osteolineage niches play major roles in HSC homeostasis and/or in lymphopoiesis (25-27, 

45, 53-57).

An interesting feature of IL-7-producing mesenchymal progenitor cells (MPCs) is that these 

cells express the highest amounts of CXCL12 in the bone marrow (35). CXCR4, the 

chemokine receptor for migration towards CXCL12 gradients, is abundantly expressed in 

the vast majority of hematopoietic cells in the bone marrow, including HSCs. HSC homing 

from embryonic liver, spleen, and blood circulation to the developing bone marrow 

compartment requires CXCR4, and in the adult HSCs also require CXCR4 for homing and 

retention within bone marrow (58). The tight interplay between CXCR4 and hematopoietic 
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cell migration is remarkably conserved throughout evolution, with evidence for its 

appearance before the branching of jawless (Agnathans) and jawed (Gnathostomes) 

vertebrates. CXCR4-mediated movement of hematopoietic cells and primordial germ cells 

has been reported in Zebrafish (59, 60), and in lamprey (a jawless fish) hematopoietic cells 

similar of mammalian B and T lymphocytes express a CXCR4 ortholog (61).

Of all the hematopoietic cell lineages, B cells are perhaps the most dependent on CXCR4 

signaling for proper development in the bone marrow. Mice genetically deficient in CXCR4 

are lethal at an embryonic/perinatal stage, but fetal-liver HSCs deficient in CXCR4 

expression can still be recovered and transplanted into adult mice. Under these conditions, 

B-lineage cells were remarkably reduced, with defects also detected in myeloid and 

erythroid-lineage development (62-66). Importantly, inducible genetic deficiency in CXCR4 

in HSCs, and thus in early progenitors and essentially all differentiated hematopoietic cells 

in adult mice, also caused marked reductions in B-lineage cell development, while myeloid 

and erythroid lineages were reduced to a lower extent (24, 67). These studies demonstrated 

that CXCR4 signaling is not only required for HSC maintenance but also for multilineage 

differentiation in adult bone marrow. However, when CXCR4 was conditionally deleted in 

early B cell subsets starting at the proB cell stage using a Cd19Cre/+ allele, there was only a 

small reduction in the number of immature B cell subsets in the bone marrow, with evidence 

of premature release of B cell precursors into the spleen (68), consistent with a known role 

for CXCR4-mediated retention of hematopoietic cells in the bone marrow (65). Using a 

Cd79aCre/+ allele to delete Cxcr4 in proB cells more efficiently, our laboratory also detected 

small but significant reductions in proB and preB cell subsets in the bone marrow (33). The 

fact that CXCR4 deficiency at the HSC stage led to a large defect in B-lineage development, 

whereas deletion at the proB cell stage led to a smaller defect in B cell development 

suggested that CXCR4 acts either at the HSC stage or at an early downstream hematopoietic 

progenitor stage prior to lymphoid-lineage commitment into B-lineage cells. To distinguish 

between these possibilities we analyzed mice in which Cxcr4 was deleted at the fms like 

tyrosine kinase 3 (FLT3)-expressing hematopoietic multipotent progenitor stage (MPP) 

using the Flk2-cre transgene (Flk2 encodes for FLT3), while leaving CXCR4 expression 

intact in HSCs. These studies revealed significant reductions in the MPP, CLP subsets and in 

particular the Ly6D+ B-lineage committed CLP stage (69), and downstream B-lineage cell 

subsets in the bone marrow, a defect that was further exacerbated when CXCR4-deficient 

MPPs competed with CXCR4-expressing hematopoietic precursors in the setting of mixed 

bone marrow chimeras (35).

As mentioned previously, IL-7+ MPCs express the highest amount of CXCL12 in bone 

marrow. The fact that Ly6D+ CLPs were among the most reduced when CXCR4 was deleted 

at the MPP stage suggested that CXCR4 might be required for MPPs, CLPs, and 

downstream B-lineage cell subsets to localize in the vicinity of IL-7-expressing cells. 

Indeed, not only the vast majority of MPPs, Ly6D+ CLPs, and proB cells are in direct 

contact with IL-7+ cells, or within 10 μm away from the nearest IL-7+ cell in bone marrow, 

but also HSCs were frequently found in contact or the vicinity of IL-7+ cells. Defective 

CXCR4 signaling in MPPs resulted in significantly reduced STAT5 phosphorylation in 

Ly6D+ CLPs (35), a direct target of IL-7 receptor signaling (70). Reciprocally, Cxcl12 
deletion from IL-7+ cells also led to measurable reductions in HSCs, MPPs, CLP subsets, 
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and B-lineage cell subsets, while Kitl (encodes SCF) deletion from IL-7+ cells reduced HSC 

and MPP numbers by 2-3 fold (35). Combined, these studies demonstrated that IL-7+ MPCs 

play a key role in HSC and MPP maintenance through the production of SCF, but are also 

instrumental for lymphoid lineage development at least through the production of IL-7. 

These findings led us to propose a new model for the organization of HSCs, MPPs and 

lymphoid lineage development in bone marrow (Figure 2).

3 Cell circuits between proB, preB, and IL-7-producing cells.

After CLP commitment to the B lineage cell fate, B cell development proceeds through a 

series of stages characterized by surface receptor expression and the status of RAG-mediated 

D to J and V to DJ gene recombination events on the Igh chain locus. D-J rearrangements 

are initiated at the Ly6D+ CLP stage and continued over two to three B cell stages defined as 

Hardy’s fractions A, B and C. Productive VDJ recombination and expression of a functional 

Ig heavy chain that can pair with surrogate light chains VPreB1,2 and λ5 forms the preB 

cell receptor (preBCR). PreBCR signaling drives a rapid burst of proliferation (Hardy’s 

fraction C’) leading to a 6-8 fold expansion and progression into the small resting preB cell 

stage (Hardy’s fraction D). This stage is followed by recombination of V and J genes at the 

Ig light chain kappa and lamda loci, which if successful enables the assembly of a functional 

BCR and transition into the immature B cell stage (Hardy’s fraction E) (71). The following 

section is focused on the bone marrow niches required for early B cell progenitor 

development, and on the dynamic behavior of B cell progenitors in bone marrow before and 

after assembly of a functional preBCR. For simplicity, Hardy’s fractions A-C will be 

referred to as proB cells given the fact that at these stages B cell progenitors are highly 

dependent on IL-7 for proliferation and survival (72-75).

IL-7R signaling through the JAK1/3 and STAT5a/b pathway is critical for proB cell survival 

and proliferation. However, once the rearrangement of genes encoding the immunoglobulin 

(Ig) heavy chain succeeds and preB cells are formed, IL-7R signaling needs to be attenuated. 

PreB cells continue to depend on IL-7 for proliferation and expression of anti-apoptotic 

genes (e.g. Bcl2, Bcl2l1 and Mcl1). However, excessive IL-7R signaling arrests preB cell 

development into the immature B cell stage due to a near complete block in the 

rearrangements of Ig light chain genes. This is because IL-7R signaling represses Igκ 
germline transcription due to the binding of activated STAT5 to Eκi, which is followed by 

recruitment of Polycomb repressive complex 2 into the Igκ locus. These sequence of events 

result in histone H3 lysine 27 trimethylation thus rendering Jκ and Cκ regions inaccessible 

to the RAG protein complex (76). Furthermore, IL-7R driven cyclin D3 expression in preB 

cells prevents Vκ transcription, which also reduced the accessibility of RAG protein 

complexes to Vκ genes (77). Besides repressing the overall accessibility to the Igκ locus, 

IL-7R signaling in preB cells has also been proposed to repress Rag1 and Rag2 transcription 

(78) via the phosphatidylinositol-3-OH kinase (PI3K)-mediated Foxo1 phosphorylation, 

followed by its nuclear export, ubiquitination and degradation by the proteasome (79). The 

positive effects of IL-7R signaling in preB cell proliferation and survival, and repressive 

effects in the rearrangement of Ig light chain genes occur despite the fact that IL-7R 

expression is considerably reduced from the proB to the preB cell stage (80). So, how can 
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preB cells achieve a balanced threshold of IL-7R signaling that allows developmental 

progression to occur?

Insight into this problem came from the finding that Interferon Responsive Factor (IRF)-4 

induced by preBCR signaling led to a ~ 2-fold increase in CXCR4 expression and 

chemotaxis towards CXCL12 (78). This change in chemotactic behavior was proposed to 

allow preB cells to move away from IL-7-expressing stromal cells (78, 79, 81) because of 

previous studies suggesting, inaccurately, that the stromal cells producing IL-7 were distinct 

and spatially distributed away from CXCL12-producing cells (30). Instead, as IL-7+ cells 

express the highest amounts of CXCL12 in the bone marrow (35), the increased CXCR4 

expression and function in preB cells would predict these cells localize in close proximity to 

IL-7+ cells. Indeed, using two independent strategies for in situ analysis of progenitor B cell 

localization in relationship to Il7-GFP+ Cxcl12-dsRed+ bone marrow cells, our studies 

revealed that 90% of proB cells and 85% of preB cells are in direct contact with IL-7+ 

CXCL12+ cells (82). Furthermore, the difference in localization between proB and preB 

cells, albeit small, was in fact statistically significant and raised another developmental 

conundrum. How are proB cells more frequently found in direct association with IL-7+ cells 

than preB cells that express higher amounts of CXCR4 and respond more vigorously to 

CXCL12? And could such difference in proximity to IL-7+ cells be sufficient to attenuate 

IL-7R signaling in preB cells? Answers to both questions came from in vivo visualization of 

proB cells and preB cells in the calvaria bone marrow of Cxcl12dsRed/+ by intravital two-

photon microscopy. While proB cells were found predominantly non-motile and spent large 

periods of time in close association with CXCL12+ cells, preB cells were mostly motile in 

the bone marrow parenchyma and spent significantly reduced periods of time in direct 

contact with CXCL12+ cells (82). Mechanistically, proB cells express higher amounts of 

Focal Adhesion Kinase (FAK) and of VLA4 integrins, and are consequently more adherent 

to VCAM-1 (an adhesion molecule abundantly expressed in CXCL12-producing cells (30)) 

than preB cells, a combination of changes in adhesion and chemokine receptor expression 

that presumably renders the preB cell more freedom for traveling longer distances within the 

bone marrow parenchyma. Importantly, preBCR signaling controls the switch from high 

FAK/VLA4- to a lower FAK/VLA4 expression and adhesion to VCAM-1 while promoting 

higher CXCR4 expression and migration. In a simple analogy, preBCR signaling accelerates 

preB cell motility by releasing the break (FAK/VLA4) while stepping on the gas pedal 

(CXCR4). These findings are consistent with prior studies showing a relationship between 

BCR signaling and CXCR4 responsiveness (83), and with other studies implicating FAK, 

VLA4 and CXCR4 signaling in B cell progenitor localization and movement within the 

bone marrow (31-33, 84).

It has long been appreciated that proB and preB cells display remarkable differences in 

responsiveness to CXCL12 and in integrin-mediated adhesion to the extracellular matrix 

(85). ProB and preB cells also differ in their ability to respond to limiting amounts of IL-7, 

with proB cells being considerably more dependent on high IL-7 concentrations for efficient 

proliferation to occur (80). Importantly, IL-7R signaling in proB cells controls the 

expression of CXCR4 and FAK such that it regulates proB cell static behavior, high 

adhesion to IL-7-producing cells, and consequently control their bone marrow retention 

(82). This type of feed-forward control of proB cell proliferation whereby IL7R controls the 
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expression of CXCR4, which in turn controls access to IL-7, is reminiscent of an unstable 

type of a two-cell circuit system (36), as it would predict proB cell proliferate in an 

uncontrolled manner. However, once proB cells acquire a productive rearrangement of IgH 

genes, preBCR signaling alters the chemotactic behavior of the newly formed preB cell such 

that it presumably changes IL7R signaling from a constitutively high into an intermittent low 

state. In agreement with this model, preB cell development into the immature and mature B 

cell stages was significantly blocked by overexpression of a constitutively active 

desensitization mutant CXCR4 (R334X), presumably due to reduced RAG protein 

expression (79, 82). Thus, we propose that preBCR signaling breaks the proB and IL-7+ cell 

circuit to form a new, and perhaps more stable, circuit formed by preB cells and IL-7+ cells 

that reduces the proliferative effects of IL-7R signaling (Figure 3). It is possible that other 

unidentified feedback mechanisms between proB cells and IL-7+ MPCs also contribute to 

prevent an uncontrolled expansion of B cell progenitors in the bone marrow.

Signaling from the preBCR is a critical checkpoint in B cell development that is commonly 

defined as positive selection. Signaling is initiated when a newly generated Igμ chain 

assembles a protein complex with surrogate light chains (VpreB1,2 and λ5) and with the 

transmembrane signaling components Igα and Igβ. This is followed by preBCR 

internalization and degradation (86, 87), which together with downregulation of surrogate 

light chain transcription contributes to termination of preBCR signaling (88). There is still 

uncertainty about whether pre‑BCR signaling is induced by self-ligands or whether signal 

initiation is due to autonomous pre‑BCR complex assembly (89, 90). Single preB cells 

cultured in the absence of stromal cells proliferate upon expression of a functional preBCR 

(89). However, a soluble form of the preBCR could bind to heparan sulfate expressed on 

cultured stromal cell lines via the tail of the surrogate light chain λ5 (90, 91). Schiff and 

colleagues identified Galectin 1 (an S-type lectin which binds β-galactoside 

glycoconjugates) as a candidate ligand for the preBCR (92). Structural studies identified 

hydrophobic residues in the unique region or tail of λ5 required for the interaction with 

Galectin-1 and for pre-BCR clustering (93). Galectin-1-expressing stromal cells were 

characterized as a mixture of osteoblasts and reticular stromal cells. To examine the 

localization of proB and preB cells relative to Galectin-1+ cells, Mourcin et al. used a short-

term adoptive transfer approach of sorted and labeled proB and preB cells into actin-GFP 

transgenic mice treated with hydroxyurea to eliminate hematopoietic cycling cells. Large 

cycling preB cells were often found in contact with Galectin-1+ stromal cells, whereas proB 

cells were mostly found in association with Il7-cre fate mapped cells (94). The finding that 

~85% of proB cells were in contact with Il7-cre fate mapped cells (94) agrees with our 

findings that proB cells are mostly found in contact with IL-7-expressing cells (82). In 

contrast, only ~ 12% of preB cells could be found in contact with Il7-cre fate mapped cells 

(94), whereas our studies of “static” confocal microscopy and of intravital 2-photon 

microscopy showed that the large majority of preB cells are in direct contact with IL-7-

expressing cells (82). The latter findings are consistent with the fact that IL-7-expressing 

cells express the highest amounts of CXCL12 in bone marrow and that preB cells express 

the highest CXCR4 amounts during B cell development (82). It is possible that differences 

in methodology between these studies accounted for discrepancies in preB cell localization. 

For example, it is currently unknown if hydroxyurea treatment affects CXCL12 expression 

Zehentmeier and Pereira Page 9

Immunol Rev. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in bone marrow and/or alters CXCR4 expression and/or function in preB cells. Regardless of 

these discrepancies, the finding that Il7-cre fate mapping failed to mark Galectin-1+ cells, 

and the fact that Galectin-1+ cells express little or no Il7 and Cxcl12, suggests that Galectin 

expression marks a unique subset of bone marrow stromal cells (94). Future studies are 

needed to characterize the relationship between IL-7+, Galectin-1+, CXCL12+ and Nestin-

GFP+ stromal cells in the bone marrow.

Given the motile behavior of preB cells in the bone marrow it is likely that preB cells 

establish multiple contacts with Galectin-1. This raises the possibility that a specialized 

niche allows sampling of preBCR ligands (95). This model is not without controversy 

though given the finding that Galectin-1 deficient mice showed no detectable defects in 

developing B cell subsets under homeostatic conditions (96). Furthermore, high-resolution 

structural studies of the preBCR complexed with λ5 or VpreB showed that the unique 

region of λ5 (the domain that interacts with Galectin 1) bends over the top of the 

complementarity-determining region 3 and obscures the antigen-binding region of the Ig 

heavy chain (97). Further biochemical studies confirmed that a pre-BCR formed by pairing 

of the surrogate light chain with an Ig heavy chain of defined antigen specificity could not 

bind cognate antigen at physiological concentrations (97). Finally, a model in which self-

ligands modulate preBCR signaling and positively influence preB cell development is not 

easily compatible with the fact that BCR signaling induced by self-antigens at the immature 

B cell stage (Hardy’s fraction E) completely prevents further development (98, 99), unless 

the autoreactive Ig heavy and/or light chains are replaced.

Our recent studies support a model in which early stages of B cell development are 

controlled by cell circuits established between proB, preB and IL-7+ cells (82). An 

advantage of a model based on cell circuit control of B cell development is that it 

incorporates feed-forward loops and predicts the existence of feed-back mechanisms to 

ensure the quality and quantity of B cells being produced. B cells progenitors coordinate 

rapid cell cycling with RAG-mediated genetic rearrangements. When the RAG proteins 

cleave DNA it generates four broken ends that are repaired by the non-homologous end 

joining (NHEJ) pathway thus forming coding and signal joints. However, on rare occasions 

errors occur during the DNA repair steps that result in chromosomal lesions that have the 

potential to cause leukemias and lymphomas. This time sensitive sequence of steps is tightly 

regulated by the cell cycle status such that RAG-mediated double strand DNA (DSBs) are 

only formed during the G1 phase of the cell cycle and must be repaired before progression 

into the S phase (100). A major regulatory step in ensuring DSB formation in G1 is a 

mechanism involving RAG2 phosphorylation, nuclear export and degradation by the 

proteasome (101). Once formed, DSBs are repaired by NHEJ pathway via a sequence of 

steps involving the NHEJ core proteins XRCC4, DNA Ligase IV, Ku70, and Ku80, which 

catalyze the formation of signal joints and coding joints (100, 102). However, the coding 

ends are hairpin sealed, and must be opened in order to allow for coding joints to be ligated. 

Artemis catalyzes the opening of hairpin-sealed coding ends during V(D)J recombination, 

and in Artemis-deficient mice B and T cell development is severely defective due to a block 

in coding joint formation and an accumulation of unrepaired DSBs (103). In turn, unrepaired 

DSBs activate the ataxia-telangiectasia mutated (ATM) DNA damage response kinase, 

which phosphorylates numerous targets that lead to the activation of specific transcriptional 
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pathways, such as p53, SpiC and NF-κB (104, 105). Among the multiple genes that are 

differentially expressed by the DNA damage response program are several involved in 

controlling cell localization in lymphoid tissues, such as SWAP-70, L-Selectin and CD69 

(106). These observations led us to consider the possibility that preB cells deficient in 

Artemis (and thus activated with high levels of DNA damage response) might localize in 

different bone marrow niches than normal preB cells. While in situ analyses of Artemis-

deficient and sufficient preB cells failed to detect significant differences in their localization 

in relationship to IL-7+ CXCL12+ cells in bone marrow, we noted that IL-7 expression was 

considerably reduced in Artemis-deficient mice (82). Therefore, these findings suggest that 

signals provided by preB cells with unrepaired DSBs are sensed by IL-7+ MPCs, which in 

turn reduce IL-7 production. Although the DNA damage response pathway efficiently blocks 

preB cell entry into the S phase (106), it is at present unclear if IL-7 downregulation also 

contributes to prevent preB cell division. It is possible that normal preB cells undergoing 

transient RAG-mediated DSB responses are also capable of relaying signals that modulate 

IL-7 production, and that Artemis deficiency simply allows DSBs to persist long enough for 

changes in IL-7 expression to be detected. If correct, this would predict that proB and preB 

cells could conceivably control the size of the progenitor B cell compartment through 

negative feed-back regulation of IL-7 production in vivo. Although no direct evidence for 

this model has been reported thus far, the fact that increased IL-7 production by transgenic 

approaches results in a markedly increased size of the progenitor B cell pool suggests that 

access to IL-7 is a major regulatory checkpoint controlling the size of the progenitor B cell 

compartment (44, 107-109).

Artemis-deficient B cell progenitors do not readily undergo malignant transformation. 

However, these cells are in a pre-leukemic state given the fact that acquisition of a second hit 

mutation in tumor suppressor genes, such as p53, is sufficient to develop lethal leukemia 

(110). The fact that Artemis-deficient cells could modulate Il7-expression in the bone 

marrow led us to ask if primary preB cell leukemias (e.g. BCR-ABL expressing preB acute 

lymphoblastic leukemias) could also cross-talk with IL-7+ cells. Intravital microscopy of 

BCR-ABL+ preB cells revealed that these cells are migratory and interact closely with 

CXCL12+ cells in the bone marrow, similarly to normal preB cells in vivo (82). 

Furthermore, Il7 expression was also significantly downregulated in mice transplanted with 

BCR-ABL+ preB cells, such that it reduced by ~ 3-fold the production of non-leukemic host 

B cell progenitors, whereas myeloid cells were only reduced by ~ 20% (82). The inhibitory 

effect of leukemic cells in host B cell development is not exclusive to B cell leukemias as 

other types of cancers include solid tumors had similar inhibitory effects in B and NK cell 

development (111, 112). It is tempting to speculate that leukemic cells and other tumors 

might explore homeostatic mechanisms of growth factor production to turn-off the 

development of highly proliferative hematopoietic progenitor cells as a strategy for reducing 

competition for, for example, anabolic nutrients. Consistent with this possibility, mice 

carrying a genetic deficiency in Dicer1 (DICER-1 is an RNase III endonuclease required for 

the generation of microRNAs and for RNA processing (113)) in bone marrow MPCs 

develop a secondary acute myeloid leukemia (114). Future studies are needed to delineate 

further the mechanisms involved in IL-7 downregulation in MPCs by pre-leukemic, 
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leukemic, and possibly other types of tumor cells, and the extent to which these mechanisms 

safe-guard against tumor development.

Besides IL-7, other extracellular factors also contribute to the development of lymphocyte 

subsets, and in particular to B cell development, albeit with a significantly lower impact. 

ProB cells are commonly distinguished from preB cells due to their expression of cKit and 

FLT3. Deficiency in cKit signaling cause an age-dependent reduction in proB cell 

development that may be due to defects in MPP to CLP to proB cell transition (115, 116). 

As SCF-producing cells overlap by > 99% with CXCL12-expressing cells in the bone 

marrow (20), it is likely that B-lineage progenitors encounter SCF and IL-7 simultaneously. 

Signaling from the receptor tyrosine kinase FLT3 is also required for MPP and CLP 

development and/or maintenance (117), and combined FLT3 and IL7Ra deficiency resulted 

in a complete block in B cell development due to a near complete absence of CLPs (118). 

The IL7Ra chain can heterodimerize with the common γ chain to form the signaling 

receptor for IL-7, but it can also heterodimerize with the Thymic Stromal-derived 

Lymphopoietin (TSLP) receptor chain to form the TSLP receptor (119). Interestingly, TSLP 

seems to contribute to fetal B cell development, and adult preB cells can respond to TSLP 

under in vitro conditions (120). Whether TSLP makes measurable contributions to B cell 

development during fetal and adult stages still remains controversial (121). The cellular 

sources for FLT3L and for TSLP in bone marrow also remain to be identified.

A recent study uncovered a small but significant role for insulin growth factor 1 (IGF-1) in 

early stages of B cell development, particularly at the preB cell stage (55). How deficiency 

in IGF-1 reduces the preB cell compartment size remains unknown. Also unclear are the 

exact cellular sources of IGF-1 in bone marrow. The fact that Sp7-cre-mediated Igf1 deletion 

reduced the number of preB cells in bone marrow (55) suggests that the IL-7+ CXCL12+ 

MPC is an important cellular source of IGF-1. Some evidence suggests that mature 

osteoblasts can contribute to B and T lymphopoiesis. Mice carrying a Col2.3-cre-mediated 

conditional deletion of Cxcl12 in osteoblasts showed a ~ 2 fold reduction in lymphoid-

primed MPPs (LMPPs) and in CLPs that did not cause any measurable reductions in early B 

cell progenitors (20). These findings contrast with data obtained in mice with Bglap-

mediated Cxcl12 deletion in osteoblasts in which no measurable differences were found in 

CLPs, but is consistent with no measurable differences in subsequent B-lineage progenitor 

subsets (21). Paradoxically, only ~ half of osteoblasts express Cxcl12 transcripts, but at 

levels that are 1,000 fold lower than in CXCL12+ MPCs. This finding raises an interesting 

mechanistic problem: how can hematopoietic progenitor cells depend on minute amounts of 

CXCL12 produced by a subset of osteoblasts while seemingly ignoring 1,000 fold higher 

amounts of CXCL12 produced by CXCL12+ MPCs? In any case, in situ visualization of 

lineage-negative IL-7Ra-expressing cells (a heterogeneous mixture of lymphoid progenitor 

cells that include CLPs and LMPPs) indicated that Lin−IL7Ra+ cells preferentially localize 

near the endosteum (20). Whether CXCL12 produced by osteoblasts is required for 

lymphoid progenitor localization near the endosteum remains unknown.
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4 Regulation of IL-7 production in bone marrow.

Multiple studies suggest that IL-7 production in bone marrow is regulated by a variety of 

homeostatic and inflammatory soluble mediators. As previously discussed, Lepr+ MPCs 

produce about 90% of the total IL-7 in bone marrow. Like Lepr, MPCs express several 

cellular receptors that can sense hormones produced in the local microenvironment (e.g. 

norepinephrin secreted by sympathetic nerve terminals), or distally produced by endocrine 

organs such as thyroid and adipose tissue (e.g. parathyroid hormone (PTH), Leptin). 

Hormones such as norepinephrin and PTH signal from Gs protein coupled receptors, and 

bone marrow MPCs express physiologically relevant levels of β2 and β3 adrenergic 

receptors and of PTH receptors. Conditional deletion of Gnas (encodes Gs) in MPCs using a 

constitutive Sp7-cre allele reduced B-lymphopoiesis, possibly because of reduced IL-7 

levels in the bone marrow (27). Although the Gs-coupled receptors involved in controlling 

IL-7 production were not identified, several studies suggest that PTH can mediate such 

effects (26, 122). Whether these effects are direct or indirect remains unclear. Some studies 

suggest that retinoic acids (RA) regulate B-lymphopoiesis through modulation of IL-7 

production. Retinoid acids signal through heterodimers of retinoid acid receptors (α, β and 

γ) with retinoid X receptors bound to DNA motifs called retinoic acid response elements in 

the cell nucleus. RARγ deficient mice showed reduced numbers of IL-7-responsive 

progenitor B cells in the bone marrow (123), which correlated with reduced Il7 transcripts in 

total bone marrow (124). However, this phenotype was not detected in mice with conditional 

Rarg deletion in bone marrow MPCs (125), suggesting that the defects seen in early B cell 

progenitors and IL-7 production might have been caused by indirect effects of global Rarg 
deletion. A likely candidate indirect mechanism for the effects seen in early B cell 

progenitors and IL-7 expression is the effect of TNFα, a cytokine overly produced in 

RARγ-deficient mice (123), in B lymphopoiesis (126).

As briefly mentioned above, inflammatory cytokines alone or produced in response to 

microbial products have relatively strong inhibitory effects on IL-7 (and CXCL12) 

production and B-lymphopoiesis (126, 127). Mice immunized with incomplete Freund’s 

adjuvant showed a two to three-fold reduction in IL-7, and a near 10-fold reduction in 

CXCL12 mRNA levels, 4 days after immunization, a combination that is likely to synergize 

towards a near complete inhibition of B cell development. The B-lymphopenia could be 

recapitulated by systemic treatment with TNFα and IL-1β, with TNFα alone having a 

stronger inhibitory effect on B cell development than single IL-1β treatment (127). Other 

inflammatory cytokines, such as type I and type II interferons (IFNs), or microbial products 

that induce IFN production can inhibit B cell development directly (128-130), but it remains 

unclear if these cytokines can act via modulation of IL-7 production in vivo. The 

myelopoietic cytokine G-CSF, abundantly produced during systemic infection and/or 

inflammation, can induce a strong downregulation of IL-7 and CXCL12 expression in 

CXCL12+ cells (131-133). Given that IL-7+ MPCs do not express G-CSF receptors these 

effects are also presumably indirect. An attractive possibility explaining IL-7-

downregulation is that inflammatory mediators promote MPC differentiation into cellular 

states that no longer express IL-7. Indirect support for this possibility is the finding that 

sterile or microbial-induced systemic inflammation promotes a dramatic loss of osteoblasts 
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with G-CSF playing an important role in this process (45, 134, 135). Although the kinetics 

of osteoblast recovery is presently unknown, it is likely that signals sensed by MPCs induce 

their differentiation into osteolineage cells that no longer express IL-7.

Systemic inflammation caused by microbial products or by inflammatory cytokines 

commonly produced during microbial infections trigger a rapid shift in hematopoiesis from 

a balanced lymphoid and myeloid cell production to a myeloid skewed output (126, 127, 

136). While the cytokines (and chemokines) involved in lymphoid versus myeloid lineage 

development do not overlap, both hematopoietic cell lineages are characterized by highly 

proliferative intermediate developmental stages. Therefore, it is tempting to speculate that 

proliferative progenitor subsets compete for limiting factors, such as anabolic nutrients, in 

the bone marrow microenvironment. In this case, the mechanism(s) involved in prioritizing 

the development of one lineage over other lineages (e.g. infection and increased production 

of granulocytes; exposure to reduced oxygen levels such as at higher altitudes and the 

concomitant increase in red blood cell production) are likely intertwined with mechanisms 

that halt or reduce the production of resource-consuming hematopoietic progenitors. It is 

possible that some types of blood cell cancers (e.g. preB cell leukemias (35)) gain 

competitive advantages over non-malignant hematopoietic progenitor cells by engaging 

molecular switches that turn-off the expression of cytokines promoting cell proliferation, 

such as IL-7.

5 Mechanisms of bone marrow B cell egress.

In a series of studies based on light, electron and autoradiographic microscopy Osmond and 

colleagues analyzed the distribution of lymphocytes in femur bone marrow of guinea pig and 

rats and noted that lymphocytes were frequently found inside bone marrow sinusoids at 

frequencies greater than what was typically found in the blood circulation (137, 138). While 

the typical ratio of lymphocyte to red blood cell in peripheral blood is about 1:1000, in the 

marrow sinusoids lymphocytes often out number red blood cells, and in the case of some 

small sinusoids lymphocytes are the only cells found in the lumen. The accumulation of 

lymphocytes in the sinusoids was defined as “lymphocyte loading”. Bone marrow sinusoids 

were found peculiar due to the fact that the endothelial cells lacked basement membrane, 

were fenestrated, with some of the fenestrations resulting in large gaps the size of a 

lymphocyte diameter (137-139). Intravenous injection of various types of small particles 

shortly before animal sacrifice led to the perfusion of numerous particles into the bone 

marrow parenchyma. Although it was not possible to resolve the direction of cell migration, 

these studies provided compelling evidence for a simple model: that cells produced in the 

bone marrow parenchyma exited into peripheral blood circulation via the vast collecting 

network of bone marrow sinusoids.

Direct evidence supporting this model came from another series of elegant studies of 

autoradiographic microscopy of radiolabeled anti-IgM antibodies injected intravenously into 

3-week old mice. This approach allowed labeling lymphocytes expressing IgM on the cell 

surface (sIgM) selectively, which led to the observation that a significant fraction of sIgM+ 

cells were localized inside sinusoids. In 3-week old mice, because most of sIgM+ cells are 

recently developed immature B cells, it was suggested that the “lymphocyte loading” of 
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sinusoids is a hallmark of the final stages of B cell maturation in bone marrow (41, 42). 

Insight into the mechanisms controlling B cell egress from parenchyma into the sinusoids 

came from the identification of the chemoattractant lipid Sphingosine 1-phosphate (S1P) and 

its receptors (mostly S1PR1, but also S1PR3 and S1PR5) as an essential guidance cue for 

lymphocyte exit from lymphoid organs (140). In mice deficient in S1PR1 or in mice 

deficient in S1P synthesis enzymes (Sphingosine kinase-1 and 2) naïve T cells and naïve 

mature B cells are reduced by ~100-1000 fold in circulatory fluids (blood and lymph), 

whereas mature CD4+ and CD8+ thymocytes accumulate in the thymus (141-143). 

Importantly, disruption of S1P gradients via small molecule inhibitors or genetic deficiency 

of the S1P degrading enzyme S1P lyase also causes severe peripheral T cell lymphopenia 

with concomitant mature thymocyte accumulation, demonstrating that disruption of S1P 

gradients could block lymphocyte egress from lymphoid organs just as well as S1P 

deficiency (144). The fact that S1P enforces a complete S1PR1 desensitization from the cell 

surface (145) is a logical explanation for the importance of S1P gradient distribution in 

tissues for mediating lymphocyte egress. But, in contrast to its critical role in T cell egress 

from thymus and T and B cell egress from lymph nodes, the S1P/S1PR1 pathway played a 

significantly smaller role in mediating immature B cell egress from the bone marrow, given 

that their numbers only marginally accumulate in bone marrow and are reduced by only 2-3 

fold in peripheral blood (146). A likely explanation for such minor role is the fact that S1P 

concentration in the bone marrow parenchyma is high (as evaluated by the very low amounts 

of S1PR1 expressed on the surface of the few naïve T cells that normally transit through the 

bone marrow (147)), which presumably prevents sharp S1P gradients being formed between 

bone marrow parenchyma and sinusoids. This model is consistent with rapid and efficient 

plasma perfusion of the bone marrow parenchyma through via fenestrated sinusoidal 

endothelium. It is also in agreement with the finding that red blood cells do not express S1P 

lyase (144), which may contribute to high S1P interstitial concentration in bone marrow due 

to inefficient degradation.

In lymph nodes, T cell egress is regulated by a balance between responsiveness to egress 

versus retention-promoting chemoattractants (148). In the bone marrow, some evidence 

suggests that S1PR1 signaling in immature B cells counteracts CXCR4-mediated retention 

(149). Such balanced responsiveness between CXCR4-mediated retention and egress-

promoting cues seems to be a common mechanism controlling bone marrow residence of a 

variety of hematopoietic cells, including monocytes, granulocytes and lymphocytes (147, 

150-156). However, bone marrow cell egress cannot be solely explained by balanced 

responsiveness to retention versus egress cues. Immature B cells (and other hematopoietic 

cells) can still exit the bone marrow when egress-promoting chemoattractants are not 

expressed, or when their gradients are disrupted in vivo. Thus, alternative mechanisms likely 

operate to enable cell export from bone marrow. In agreement with this possibility, B cells 

engineered to express the S1 subunit of Pertussis toxin (PTX) and thus cannot respond to 

most chemoattractants due to inactivation of Gαi proteins and impairment of Gαi protein-

coupled receptor signaling could nevertheless exit the bone marrow even more efficiently 

than “normal” B cells (33). Furthermore, intravital 2-photon microscopy of PTX-expressing 

B cells in calvaria bone marrow showed that they were mostly non-motile and often with 

rounded cell morphology, suggesting that PTX-expressing B cells can egress the bone 
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marrow in a passive manner i.e. independently of cell-intrinsic mechanisms (33). Similar 

observations were made with B-lineage cells conditionally deficient in CXCR4 (33). A 

possible cell-extrinsic mechanism that helps hematopoietic cells to exit the bone marrow is 

shear forces generated by interstitial fluid draining into the central collecting sinusoids that 

occupy the center cavity of long-bones. Of the many types of hematopoietic cells being 

produced, red blood cells are unique in their inability to migrate in response to tissue 

chemoattractants, yet millions of red blood cells are exported from the bone marrow on a 

daily basis. Thus, it is reasonable to hypothesize that interstitial fluid drainage into collecting 

and fenestrated sinusoids also carry non-motile and poorly adherent hematopoietic cells into 

peripheral circulation. Thus, in this model the major regulatory step in the control of 

immature B cell export from the bone marrow (and possibly other hematopoietic cells) is 

attenuation of CXCR4 signaling and of integrin-mediated adhesion to extracellular matrix 

(Figure 4).

While IL-7R signaling controls CXCR4 expression in proB cells, preBCR signaling further 

increased CXCR4 in preB cells (82). Importantly, BCR signaling at the immature B cell 

stage also controls CXCR4 expression and increases B cell motility and retention in the 

bone marrow parenchyma, such that it reduces immature B egress from the bone marrow by 

nearly 10-fold (33). These observations are compatible with other findings showing that 

negative selection of autoreactive BCRs by RAG-mediated recombination of alternative Ig 

light chains (receptor editing) preferentially occurs in the bone marrow (157, 158). 

Furthermore, the fact that BCR signaling promotes CXCR4-mediated migration within bone 

marrow suggests that autoreactive immature B cells interact with IL-7+ CXCL12Hi MPCs 

while receptor editing is occurring, and lend support to the possibility that IL-7 contributes 

to this process (159).

In humans, compelling evidence in support of a model in which bone marrow egress is 

preferentially regulated via attenuation of CXCR4 signaling comes from the finding that 

mutations resulting in the loss of the cytoplasmic tail of CXCR4 (a region required for 

CXCR4 desensitization) cause peripheral B lymphopenia and neutropenia due to impaired 

egress from the bone marrow (160-162). Similar observations were also made in mice 

carrying an equivalent mutation in CXCR4 cytoplasmic tail to that found in most human 

patients (163).

As CXCR4 prevents bone marrow egress, signaling modules that alter CXCR4 

responsiveness to CXCL12 may also play non-redundant roles in controlling cell residence 

in bone marrow. The circadian clock, for example, controls oscillation of CXCL12 

expression in bone marrow MPCs such that it regulates trafficking of HSCs and other 

leukocytes in and out of the bone marrow (156, 164, 165). Although the mechanism 

underlying circadian control of bone marrow and peripheral leukocyte trafficking is through 

oscillations in CXCR4 signaling, it is possible that other mechanisms, such as adrenergic 

control of vascular permeability also contribute to regulating bone marrow cell trafficking 

(166). Other mechanisms acting at the level of CXCR4 signaling may also be involved in 

controlling cell egress from bone marrow. For example, several studies suggested that 

Suppressor Of Cytokine Signaling-3 (SOCS3) negatively regulates CXCR4, and FAK and 

integrin-mediated adhesion to the extracellular matrix (167, 168). Furthermore, conditional 
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deletion of Socs3 in hematopoietic and some non-hematopoietic cells, led to an 

accumulation of immature B cells in bone marrow parenchyma, implicating SOCS3 

signaling in the control of bone marrow B-lineage cell egress (168). However, conditional 

Socs3 deletion exclusively in B-lineage cells did not reveal an intrinsic requirements for 

SOCS3 in B-lineage cell motility and/or distribution between bone marrow parenchyma, 

sinusoids and periphery (34).

Before exiting into peripheral blood, immature B cells (and mature B cells) are temporarily 

retained inside bone marrow sinusoids via a mechanism regulated by Cannabinoid receptor 

(CB)-2, and by S1PR3 (32, 169). The endocannabinoid ligand of CB2, 2-

arachidonoylglycerol (2-AG), is abundant in bone marrow interstitium and nearly absent in 

plasma (32). The cellular sources of 2-AG are unknown. However, indirect evidence 

suggests it is active near or inside bone marrow sinusoids, where it transactivates α4β1 

integrins and promotes immature and mature B adhesion to VCAM-1 expressed on the 

luminal side of the sinusoidal endothelium (32). Even though CB2 also promotes immature 

and mature B cell migration towards 2-AG gradients in vitro, CB2 signaling does not seem 

to contribute to promote immature B cell egress into the sinusoids (neither it seems to 

promote mature B cell homing to the bone marrow). Instead, CB2 signaling is mostly 

required for the development and/or selection of Igλ-expressing immature and mature B 

cells, suggesting that residence in sinusoidal niches represents an important and perhaps 

final stage of B cell development in bone marrow. How CB2 promotes Igλ+ B cell 

homeostasis is unknown. CB2 signaling in preB acute lymphoblastic leukemia has been 

proposed to restrict glucose metabolism (170). It is possible that Igλ+ B cells are 

particularly dependent on CB2-regulated ATP production via glucose metabolism for 

survival.

6 Conclusions and Future Perspectives

It has been more than 50 years since the niche concept was proposed to explain fundamental 

differences between bone marrow and spleen microenvironments in supporting 

hematopoiesis (37). Since then, many studies provided a plethora of molecular details 

explaining how bone marrow niches work to control HSC homeostasis and also to enable 

differentiation of early progenitors into all hematopoietic cell lineages. Central to most cell-

fate decisions are the cytokines (e.g. SCF and IL-7) and chemokines (mostly CXCL12) 

produced by the MPC network and by a small subset of sinusoidal endothelial cells. The 

concomitant production of CXCL12, SCF, and lymphopoietic cytokines helps HSCs, MPPs, 

CLPs, and B cell progenitors to access important growth factors that act predominantly as 

short-range signals. IL-7 bioavailability is presumably restricted to the vicinity of MPCs and 

ECs such that lymphoid progenitors and early B cell precursors are highly dependent on 

CXCR4-mediated migration for optimal IL-7R signaling and further differentiation. The 

CXCL12/IL-7 axis is not only key for ensuring B cell production but it may also be an 

important layer of regulation against the development of B cell leukemias. The findings that 

MPCs also provide essential signals for the development of T-lineage committed CLPs and 

NK cells (171, 172) is consistent with a model in which MPCs play a central role in early 

lymphoid progenitor development and/or differentiation. Besides HSC homeostasis and 

lymphopoiesis, mature lymphocyte subsets, such as regulatory T cells (173, 174), memory 
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CD8+ (175-178), CD4+ T cells (179, 180) and long-lived plasma cells (181-184), migrate to 

the bone marrow and possibly share the MPC niche with hematopoietic stem and progenitor 

cells. It is likely that the cell circuit interactions described for proB, preB and IL-7+ MPCs 

also contribute to the homeostasis of other hematopoietic cells. It will be important in future 

studies to determine if (and how) cross-talk between HSCs, MPPs, CLPs, or downstream 

hematopoietic cells with MPCs can regulate the production of individual cytokines (e.g. 

SCF, FLT3L, IL-15) similarly to how pre-leukemic and leukemic B-lineage cells regulate 

IL-7 production. Acute T lymphoblastic leukemias are also dependent on bone marrow 

microenvironments controlled by CXCR4/CXCL12 CXCR4/CXCL12 for tumor growth 

(185). It is possible that acute T lymphoblastic leukemias regulate cytokine production by 

niche cells in a similar manner as pre-lekemic and leukemic B-lineage cells. Future studies 

are needed to unravel the mechanisms and magnitude of cross-talk between normal and pre-

leukemic hematopoietic progenitors, and various types of leukemias, with the specialized 

microenvironments formed by MPCs and sinusoidal endothelial cells.
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Figure 1: Osteoblasts do not express IL-7 under homeostasis.
Distribution of IL-7+ and osteopontin+ cells in bone marrow. Femur section of Il7-CFP BAC 

transgenic mouse stained to detect IL-7+ cells (green) and osteopontin-expressing cells (red).
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Figure 2: Overlapping niches for HSCs and lymphopoiesis in the bone marrow.
MPCs are the main source of IL-7 in bone marrow. Hematopoietic stem cells (HSC, cyan), 

multipotent progenitors (MPP, blue) and common lymphoid progenitors (CLP, violet) are 

distributed in proximity of CXCL12Hi IL-7+ SCF+ MPC. ProB (magenta) and motile preB 

cells (purple, amoeboid shaped cell with ruffled edges) predominantly localize near or in 

contact with IL-7+ MPCs, with proB cells spending longer periods of time in contact with 

IL-7+ cells than preB cells. MPCs can differentiate into osteolineage cells and to adipocytes. 

T-biased CLPs (blue-green) depend on Notch-ligand DLL4 possibly provided by MPCs, and 

natural killer (NK, green) cells on IL-15. Osteoclast precursor migration towards endosteal 

areas is mediated by the receptor EBI2 and oxysterol ligands. Larger arteries are surrounded 

by a-SMA+ pericytes, while NG2+ pericytes localize next to arterioles. Dashed arrows 

indicate movement, full arrows indicate differentiation. Circles represent chemokines and 

growth factors according to the color code shown in the upper right corner.
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Figure 3: Cell circuit models for early B cell development under homeostasis (A) and in 
preleukemic states (B).
(A) CXCL12 attracts proB cells (magenta) to the MPC niche, while IL-7 promotes CXCR4 

and FAK expression in proB cells. This IL-7R/CXCR4 feed-forward loop keeps proB cells 

in a low motility state in IL-7Hi environments. preBCR signaling induces even higher 

CXCR4 expression while reducing FAK/ α4β1-mediated adhesion. Then, motile preB cells 

(purple) transit rapidly between IL-7lo and IL-7Hi microenvironments (indicated by dashed 

grey lines). (B) In preleukemic states, excessive DNA damage response (DDR) in preB cells 

with unrepaired DSBs (dark red) results in IL-7 and CXCL12 downregulation. Dashed 

arrows indicate movement or adhesion. Full pointed arrows indicate induction, blunt-end 

arrows inhibition.
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Figure 4: Immature B cell egress is predominantly controlled by attenuation of CXCR4 
signaling.
ProB cells (magenta) are predominantly non-motile and highly adherent to VCAM-1 

expressed on CXCL12Hi MPCs. These cells express very little amounts of egress-promoting 

S1P receptor-1 but are highly dependent on CXCR4 signaling for bone marrow retention. 

PreB cells (purple) are motile (indicated by amoeboid shape with ruffled edges) due to high 

levels of CXCR4 expression, which also promotes their retention in the bone marrow. PreB 

also express very little amounts of egress-promoting S1P receptors. Immature B cells (red) 

gradually reduce CXCR4 expression while S1PR1 expression is markedly increased. 

Reduced CXCL12-mediated retention of immature B cells, particularly at the IgDlo B cell 

stage, causes the cells to exit into the sinusoids. S1P plays a small but detectable role in 

promoting immature B cell egress into sinusoids. Upon egress, immature B cells are 

temporarily retained inside sinusoids via a mechanism primarily dependent on CB2-

mediated α4β1 transactivation and adhesion to VCAM-1 expressed on luminal sinusoidal 

endothelium. The CB2 ligand 2-Ag is presumably enriched in the perisinusoidal/

intrasinusoidal space.
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