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Abstract

Hematopoietic stem cells (HSCs) self-renew in bone marrow niches formed by mesenchymal 

progenitors and endothelial cells that express the chemokine CXCL12, but whether a separate 

niche instructs multipotent progenitor (MPP) differentiation remains unclear. Here, we show that 

MPPs resided in HSC niches where they encountered lineage-instructive differentiation signals. 

Conditional deletion of the chemokine receptor CXCR4 in MPPs reduced differentiation into 
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common lymphoid progenitors (CLPs), which decreased lymphopoiesis. CXCR4 was required for 

CLP positioning near Interleukin-7+ (IL-7) cells and for optimal IL-7 receptor signaling. IL-7+ 

cells expressed CXCL12 and SCF, were mesenchymal progenitors capable of differentiation into 

osteoblasts and adipocytes, and comprised a minor subset of sinusoidal endothelial cells. 

Conditional Il7 deletion in mesenchymal progenitors reduced B-lineage committed CLPs, while 

conditional Cxcl12 or Scf deletion from IL-7+ cells reduced HSC and MPP numbers. Thus, HSC 

maintenance and multilineage differentiation are distinct cell lineage decisions that are both 

controlled by HSC niches.

Introduction

In mammals, hematopoietic stem cells (HSCs) are maintained throughout life in specialized 

niches in bone marrow (BM). The long-term maintenance of HSCs is achieved by a balance 

between signals promoting quiescence or cell division, and self-renewal or differentiation. 

These decisions are controlled in part by extracellular signals produced by HSC niche cells. 

Over the past few years, several studies have characterized BM stromal cells and identified 

rare mesenchymal stem and progenitor cells (MSPCs), and BM endothelial cells, as cellular 

components of HSC niches during homeostasis (Morrison and Scadden, 2014). Stromal cells 

are essential organizers of HSC niches in BM because these cells regulate HSC quiescence 

and long-term maintenance, at least in part through the production of a potent chemokine, 

CXCL12, and short-range signals such as membrane-bound stem cell factor (Ding and 

Morrison, 2013; Ding et al., 2012; Greenbaum et al., 2013; Kunisaki et al., 2013; Mendez-

Ferrer et al., 2010; Omatsu et al., 2010). Thus, a model emerged in which CXCL12 attracts 

HSCs to position near BM stromal cells in order to facilitate their access to critical factors 

controlling HSC lineage decisions in BM. In favor of such a model, HSCs have been found 

in proximity to Nestin-expressing MSPCs that express CXCL12 and SCF (Kunisaki et al., 

2013; Mendez-Ferrer et al., 2010). Indeed, Nestin+ MSPCs share many morphological and 

functional similarities with CXCL12-abundant reticular cells (CAR, Sugiyama et al., 2006), 

including multipotent progenitor differentiation potential and expression of high amounts of 

SCF (Omatsu et al., 2010), suggesting some overlap exists between these BM stromal cell 

types.

Upon transplantation, most HSCs home back to the BM where they preferentially localize in 

vascularized endosteal niches in the calvarium BM (Lo Celso et al., 2009), with downstream 

multipotent progenitors (MPPs) and differentiated hematopoietic cells residing at undefined 

sites further away from osteoblasts (Lo Celso et al., 2009). Other studies examining the 

niches involved in hematopoietic cell differentiation showed that megakaryocyte progenitors 

reside and differentiate predominantly in vascular niches in the BM parenchyma (Avecilla et 

al., 2004), whereas lymphoid progenitors may require signals provided by mature 

osteoblasts and localize to endosteal niches for development (Ding and Morrison, 2013; 

Terashima et al., 2016; Visnjic et al., 2004; Wu et al., 2008; Zhu et al., 2007). Taken 

together, these data suggested that separate niches control HSC maintenance and 

hematopoietic progenitor differentiation.
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CXCR4 and its ligand CXCL12 form a chemokine/chemokine receptor pair that controls 

multiple essential fetal and adult hematopoietic processes. Early studies using mice 

genetically deficient in CXCR4 or CXCL12 demonstrated a severe reduction in B 

lymphopoiesis and a mild reduction in myelopoiesis in the fetal liver, and severe impairment 

in myeloid, lymphoid, and megakaryocyte cell development in fetal BM (Ma et al., 1998; 

Nagasawa et al., 1996; Zou et al., 1998). Some of these defects were in part explained by 

defective retention of hematopoietic precursors in BM, and by other findings indicating that 

CXCR4 is also required for hematopoietic stem cell homing and retention in BM (Ara et al., 

2003; Lapidot and Kollet, 2002; Ma et al., 1999; Peled et al., 1999). Furthermore, CXCR4 

signaling in HSCs was proposed to be required for HSC quiescence and maintenance 

through direct regulation of cell cycle gene expression (Nie et al., 2008; Sugiyama et al., 

2006; Tzeng et al., 2011).

Amongst the many hematopoietic lineages, B lymphocytes are the most dependent on 

CXCR4 and CXCL12 (Nie et al., 2008; Sugiyama et al., 2006). This dependence is likely to 

be at an early hematopoietic stage given the fact that conditional deletion of CXCR4 in proB 

cells did not impair B cell development in BM (Beck et al., 2014; Nie et al., 2008; Pereira et 

al., 2009). These findings led us to ask the question of how a single chemoattractant receptor 

(CXCR4) could control both HSC quiescence and lymphopoiesis. One possibility is that 

defects in HSC quiescence directly cause hematopoietic differentiation defects regardless of 

signals provided by BM niches. Alternatively, CXCR4 and CXCL12 guide HSCs and MPPs 

to BM niches that not only support HSC quiescence but also sustain MPP differentiation.

Here we showed that CXCR4 was intrinsically required in MPPs for differentiation into 

multiple downstream lineage-restricted hematopoietic precursors, most prominently to the 

earliest B cell-committed common lymphoid precursor (CLP) that expresses the lymphocyte 

antigen complex 6 locus D protein (Ly6D, Inlay et al., 2009). We showed that CXCR4 

controlled the positioning of Ly6D+ CLPs in the vicinity of IL-7+ cells in BM, and that 

defective positioning near IL-7+ cells resulted in reduced IL-7R signaling. We further show 

that IL-7 is primarily made by a subset of CAR cells, which also contained multipotent 

mesenchymal differentiation capacity. CXCL12 or SCF deletion from IL-7+ cells 

significantly reduced the number of HSCs and MPPs in BM. Our studies demonstrate that 

positional cues play critical roles in enabling hematopoietic precursors to access short-range 

lineage-instructive cytokines. Furthermore, our studies favor a model in which HSC 

quiescence and multilineage differentiation are locally controlled by HSC niches in the BM.

Results

CXCR4 controls CLP development in BM

In order to dissociate the role played by CXCR4 in HSC quiescence from its role in MPP 

differentiation, we conditionally deleted Cxcr4 exclusively in hematopoietic MPPs using a 

Flk2-cre transgene (Boyer et al., 2011). To further restrict multilineage differentiation from 

adult BM niches we reconstituted lethally irradiated, congenically marked, wild-type (WT) 

mice (CD45.1+ C57BL/6) with a mixture of 90% BM cells from Flk2-cre+; Cxcr4fl/fl or 

Flk2-cre−;Cxcr4fl/fl mice (both CD45.2+) and 10% BM cells from WT mice (CD45.1+ 

C57BL/6), and analyzed hematopoietic cell lineages in BM, blood, spleen, lymph nodes, 

Gomes et al. Page 3

Immunity. Author manuscript; available in PMC 2017 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peritoneal cavity, Peyer’s patch, liver and lung, 6 to 20 weeks after reconstitution (gating 

strategy for hematopoietic cells analyzes is depicted in Fig. S1.) The frequency of 

hematopoietic cell subsets that differentiated from Flk2-cre−; Cxcr4fl/fl (WT, CD45.2+) or 

from competitor precursors (WT, CD45.1+) was similar to engrafted cells (Fig. 1A). In 

contrast, CXCR4-deficient MPPs were reduced by 2-fold, multipotent CLPs were reduced 

by 3-fold, B-lineage restricted Ly6D+ CLPs (Inlay et al., 2009) were reduced by more than 

8-fold, and developing B cell subsets were nearly absent from BM (Fig. 1A and Fig. S2A 

and B). Using this approach CXCR4 deletion was detectable at the MPP and CLP stages, 

and was evident at the preB cell stage (Fig. S2H). CXCR4-deficient megakaryocyte and 

erythroid progenitors (MEPs), and granulocyte and monocyte progenitors (GMPs) were also 

significantly reduced by 2-fold in BM (Fig. 1B and Fig. S2C). The 3-fold reduction in 

multipotent CLPs led to a similar reduction in early thymic precursors (ETPs; Fig. 1C and 

Fig. S2D). We also detected reduced numbers of lymphoid precursors and lymphocyte 

subsets in BM of non-irradiated Flk2-cre+; Cxcr4fl/fl when compared to Flk2-cre−; Cxcr4fl/fl 

adult mice, albeit the fold change was less prominent than that seen in mixed BM chimeras 

(Fig. S2I and J). Although hematopoietic progenitors, including CLP and early B cell 

subsets, were mobilized to the spleen (Fig. S2K) as expected (Nie et al., 2008), it 

nevertheless resulted in a profound reduction in total T, B, and NK cell production (Fig. 1D 

and Fig. S2E). Because CXCR4 was required for MPP differentiation into CLP subsets (Fig. 

1A), the profound defect in lymphoid lineage production could have been caused by 

defective CLP differentiation. To address this possibility we conditionally deleted Cxcr4 
from CLPs using Il7raCre/+ mice (Fig. S2L and M) and performed similar BM mixed 

chimeras. Although multipotent (Ly6D−) CLPs were normally represented in BM (Fig. 1E 

and S2F), ETPs were significantly reduced (Fig. 1F) possibly due to reduced CLP entry into 

the thymus, and B-lineage committed Ly6D+ CLPs were significantly reduced by 3-fold in 

BM (Fig. 1E and S2F). These defects also resulted in a significant 2–3 fold reduction in total 

T, B and Natural Killer (NK) cells produced (Fig. 1G and S2G), despite the mobilization of 

lymphoid precursors into the spleen (Fig. S2M). These data showed that CXCR4 was 

essential at the MPP and CLP stages for their retention in BM, and for the generation of a 

full lymphocyte compartment. These data also revealed a requirement for CXCR4 in MPPs 

for their efficient differentiation into other hematopoietic cell lineage-restricted progenitors 

(e.g. MEPs and GMPs).

CXCR4 expression and function is increased at the CLP stage when compared to earlier 

HSC and MPP stages (Fig. 1H and I). CXCR4 signaling has been suggested to regulate cell 

cycle entry in HSCs presumably independently of its role as a chemoattractant receptor (Nie 

et al., 2008; Sugiyama et al., 2006). Thus, we asked whether CXCR4 signaling was also 

intrinsically required for CLP proliferation and differentiation into B-lineage cells. To test 

this possibility we measured the efficiency of CXCR4 sufficient and deficient single cell-

sorted CLPs to differentiate into B and NK cells in vitro. We found that CXCR4-sufficient 

and -deficient CLPs differentiated similarly into B and NK cells when cultured on OP-9 

stromal cell layers with exogenous IL-7 (Fig. 1J). As OP-9 cells express CXCL12 (Fig. 1K), 

the ability of CXCR4-sufficient and -deficient CLPs to differentiate equally into B and NK 

cells suggests that CXCR4 signaling is not required for lymphoid cell development from 

CLPs per se.
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CXCR4 guides hematopoietic precursors towards IL-7+ cells in BM

Next, we asked how CXCR4 controls lymphoid lineage differentiation. The developmental 

block at the MPP to CLP transition, and particularly to the Ly6D+ CLP stage, was 

reminiscent of the phenotype of Il7 deficient mice (Carvalho et al., 2001; Dias et al., 2005; 

Tsapogas et al., 2011). This similarity led us to hypothesize that CXCR4 was required at the 

CLP stage for optimal IL-7-mediated IL-7R signaling. To test this hypothesis we analyzed 

the distribution of Ly6D+ CLPs relative to IL-7-expressing cells in BM. Even though IL-7 

has been detected by immunofluorescence microscopy in situ (Tokoyoda et al., 2004), its 

visualization is difficult and may be restricted to cells that express IL-7 at the highest levels. 

Thus, we visualized Ly6D+ CLPs in femur BM of Il7-ECFP (enhanced cyan fluorescent 

protein) transgenic mice (Mazzucchelli et al., 2009), and of Il7GFP/+ knock-in mice (Miller 

et al., 2013). In both Il7 reporter mice, IL-7+ cells could only be visualized after signal 

amplification with anti-GFP antibodies (Fig. S3A and B), which strongly suggests that Il7 
was expressed at very low amounts in vivo. B-lineage committed CLPs were identified in 

situ as being negative for hematopoietic cell lineage markers (see Supplementary Methods 

for details), IL-7Rα+, and Ly6D+ (Fig. 2A), a cell gate that was ~93% enriched in Ly6D+ 

CLPs (Fig. S3C and D). Similar CLP frequencies were detected by immunofluorescence 

microscopy and by flow cytometry (Fig. S3E). We found that more than 90% of Ly6D+ 

CLPs were positioned within 15 μm from IL-7+ cells, whereas most IgD+ B lymphocytes 

were localized at greater distances from IL-7+ cells (Fig. 2B and C). Interestingly, Ly6D+ 

CLP proximity to IL-7+ cells was dependent on intrinsic CXCR4 expression (Fig. 2D and E) 

and, thus, their positioning was sensitive to a 3-day treatment with the CXCR4 antagonist 

AMD3100 (Fig. 2F and G). Defective CLP positioning near IL-7+ stromal niches resulted in 

a significant reduction in IL-7Rα signaling, as measured by STAT5α phosphorylation (Fig. 

2H and I). Combined, these data suggested that CXCR4 controls lymphopoiesis by 

promoting CLP positioning near IL-7+ cells in BM, which enabled IL-7Rα signaling and 

STAT5α phosphorylation.

Osteoblast- and hematopoietic-derived IL-7 is not required for B-lymphopoiesis

Previous studies suggested that osteoblasts form a specialized BM niche supporting B-

lineage cell development (Ding and Morrison, 2013; Visnjic et al., 2004; Wu et al., 2008; 

Zhu et al., 2007). Osteoblasts differentiated in vitro can express IL-7, and CXCL12 has also 

been detected in osteoblasts in vivo, albeit at much lower amounts than in CXCL12-

abundant cells (Ding and Morrison, 2013; Sugiyama et al., 2006). Furthermore, a significant 

percentage of IL-7Rα+ lineage-negative cells, of which ~ 8% are CLPs (Fig. S4A), was 

suggested to be positioned near the endosteum (Ding and Morrison, 2013). Thus, we asked 

whether Ly6D+ CLPs were preferentially distributed near the endosteum. To address this 

question, we quantified Ly6D+ CLP distance to the nearest bone surface and found that more 

than 80% of these cells were positioned > 30 μm away from the endosteum (Fig. S4B and 

C). We then asked if Il7 was expressed in osteoblasts in vivo and in vitro. To address this 

question, we stained 25 μm-thick femur whole mount sections from Il7GFP/+ or from control 

mice with anti-osteopontin or anti-osteocalcin antibodies but could not detect Il7-driven GFP 

expression in osteoblasts in situ (Fig. 3A, and Fig. S4D and E, respectively). Occasionally, 

we could find low Il7-driven GFP signal adjacent to osteopontin or osteocalcin-positive 

cells, but upon careful 3-dimensional analysis we failed to detect signal co-localization (Fig. 
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S4D). In order to analyze Il7 expression in osteoblasts in a quantitative manner we measured 

Il7 mRNA expression in cultured osteoblasts from adult femur BM precursors, and from 

neonatal calvaria BM precursors, by quantitative PCR. We found that Il7 expression is 

essentially undetectable in these cells, whereas osteocalcin (Bglap, a gene highly expressed 

in pre-osteoblasts and mature osteoblasts) was readily detected, and Cxcl12 expression was 

also detected (Fig. 3B, and Fig. S4F), as expected (Ding and Morrison, 2013; Sugiyama et 

al., 2006). To convincingly rule out the possibility that an undetectable amount of Il7 
expressed by osteoblasts contributed to B lymphopoiesis we conditionally deleted Il7 in 

osteoblasts using the Col1a1 2.3Kb promoter driven-cre recombinase approach (Col2.3-cre) 

(Liu et al., 2004). We found no evidence for a significant contribution of osteoblast-

expressed IL-7 to B lymphopoiesis (Fig. 3C and Fig. S4G). Furthermore, we could not 

detect Il7 expression in hematopoietic cell subsets (not shown), nor did Il7 deletion from 

hematopoietic cells using the Vav-cre transgene resulted in measurable defects in B cell 

production (Fig. 3D). In summary, these data demonstrate that osteoblasts are not a 

physiologically relevant source of IL-7 for lymphopoiesis.

IL-7+ cells are a subset of BM CAR cells and are critical for B-lymphopoiesis

The fact that CXCR4 was critical for CLP positioning near or in contact with IL-7-

producing reticular cells suggested that IL-7+ cells express significant amounts of CXCL12. 

However, distinct stromal cell subsets were suggested to produce either CXCL12 or IL-7, 

but not both (Tokoyoda et al., 2004). To gain insight into the BM niches that support 

lymphoid lineage differentiation, we analyzed the cellular composition and distribution of 

IL-7+ cells in BM of Il7GFP/+; Cxcl12DsRed/+ double reporter mice. We carefully extracted 

and digested BM cells with collagenase (see Experimental Procedures for details) and 

analyzed cells by flow cytometry. We found that 0.05±0.01% of total BM cells expressed Il7 
(Fig. 4A). Of these cells, 90.3±6.0% expressed Cxcl12 at very high levels (Fig. 4B), and 

were large reticular cells distributed in BM parenchyma and perivascular areas (Fig. 4D). A 

few IL-7+ cells did not express Cxcl12 (2.8±3.2%, Fig. 4B and D), and these cells were also 

large reticular cells distributed in parenchyma and perivascular areas (not shown). Although 

>97% of IL-7+ cells expressed Cxcl12 (at intermediate and high amounts), only 61.5±3.9% 

of the CXCL12+ cells were marked by Il7-driven GFP signal (Fig. 4C).

CAR cells share functional similarities with a subset of mesenchymal progenitor cells that 

expresses Leptin receptor (Omatsu et al., 2010; Zhou et al., 2014). The majority of IL-7+ 

cells (88.3±8.6%) expressed LEPR, (Fig 4E); Lepr-cre driven tandem dimer Tomato 

expression marked IL-7+ BM cells (Fig. 4F), and Lepr-cre driven Zoanthus sp Green 

fluorescent protein (ZsGreen) expression marked 97.6% of CAR cells ((ZsGreen expression 

driven by the Rosa26 promoter repressed by a loxp-flanked transcriptional repressor; Fig. 

S5A and B). Next, we asked if Il7 expressed by LEPR+ cells was required for B-

lymphopoiesis. We found that conditional deletion of Il7 from LEPR+ cells resulted in a 

significant reduction in Ly6D+ CLPs in BM (Fig. 4G), and reduced phosphorylated 

(p)STAT5α in these cells (Fig. 4H and I). Consequently, the number of developing B cell 

subsets was dramatically reduced (Fig. 4J), which led to peripheral B lymphopenia (Fig. 4K, 

and Fig. S5C). The number of monocytes and granulocytes were unchanged (Fig. S6C). In 

the thymus, even though early thymic precursors (ETPs) were significantly reduced (Fig. 
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S5D), it did not impact downstream thymocyte populations, nor peripheral T cell numbers 

(Fig. S5E–G). Finally, deletion of Il7 from mesenchymal progenitor cells using Prx1-cre 

(PRX1 is a transcription factor expressed in the limb bud mesoderm) (Logan et al., 2002)) 

also led to a significant reduction in developing B cell subsets in BM (Fig. S5H and I).

Endothelial cell-derived IL-7 contributes to B-lymphopoiesis

A previous study indicated that some IL-7+ cells in BM express endothelial cell markers 

(Hara et al., 2012). Likewise, we found that a small fraction (20.6±7.2%) of IL-7+ cells 

expressed CD31 (PECAM-1) and Stem Cells Aantigen-1 (SCA-1, Fig. 5A). To rule out the 

possibility of an in vitro staining artifact, we analyzed IL-7+ cells in relation to BM 

endothelial cells by confocal microscopy. We found that in some BM sinusoidal endothelial 

cells, vascular endothelial growth factor-3 (VEGFR3), CD31 and CD144 co-localize with 

GFP expression driven by Il7 (Fig. 5B and S6A). Occasionally, we found extremely large 

and elongated IL-7+ cells adjacent to arterioles, which resembled a population of Nestin-

GFP bright cells, Nestinperi, (Kunisaki et al., 2013), that also expressed the pericyte marker 

neural-glial antigen-2 (NG2, Fig. 5B and Fig. S6B and C). We then sorted CD144+ CD31+ 

CD45− Ter119− BM endothelial cells, and LEPR+ CD144− CD31− CD45− Ter119− MSPCs, 

and compared Il7 and Cxcl12 expression by qPCR. We found that even though Il7 (and 

Cxcl12) was mostly expressed by MSPCs, Il7 expression could also be readily detected in 

BM endothelial cells (Fig. 5C). To analyze the contribution of endothelial cell-derived IL-7 

to B cell development, we crossed Il7−/−; Tie2-cre male mice with Il7fl/fl females, and 

analyzed CLPs and B cell development in the BM. Il7 deletion from endothelial cells using a 

Tie2-cre transgene resulted in a small, selective, but significant reduction in proB and preB 

cell numbers in BM (Fig. 5D), suggesting that proB and preB cell proliferation was sensitive 

to endothelial sources of IL-7. In control experiments using Tie2-cre male mice crossed with 

Rosa26tdTomato/+ female mice (tdTomato expression driven by the Rosa26 promoter 

repressed by a loxp-flanked transcriptional repressor), we also noted that Tie2-cre activity 

was significantly higher in BM endothelial cells isolated from female progeny as compared 

to male progeny (Fig. S6D). In summary, a small fraction of sinusoidal endothelial cells 

provide a minor source of IL-7 for B lymphocyte development.

IL-7+ cells are mesenchymal progenitor cells

CAR cells include mesenchymal progenitor cells that can differentiate into multiple cell 

lineages including osteoblasts, osteocytes, chondrocytes and adipocytes, and possibly 

stromal cells (Omatsu et al., 2010). As most IL-7+ cells form a subset of CAR cells it raised 

the possibility that IL-7+ cells also overlap with mesenchymal progenitor cells. 

Alternatively, IL-7+ CAR cells could represent a differentiated mesenchymal subset that no 

longer retains multipotent differentiation potential. To distinguish between these 

possibilities, we traced cell lineages that differentiated from IL-7+ cells by crossing Il7-cre 

transgenic mice (Repass et al., 2009) with Rosa26YFP mice (YFP expression driven by the 

Rosa26 promoter repressed by a loxp-flanked transcriptional repressor), and examined the 

cellular composition and distribution of YFP+ cells in BM. We found that a large fraction of 

bone-lining osteocalcin+ osteoblasts were YFP+, and a few bone-embedded osteocytes were 

also YFP+ (Fig. 6A). To determine if adipocytes could differentiate from IL-7+ cells, we 

induced adipogenesis by sub-lethal irradiation (Bryon et al., 1979) and examined femurs and 
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tibias of Il7-cre+; Rosa26YFP mice for YFP expression in perilipin+ adipocytes. We found 

that irradiation-induced adipogenesis occurred partly from IL-7+ cells (Fig. 6B), while 

adipocytes expressed marginal amounts of Il7 and high amounts of adipocyte-specific 

adiponectin and perilipin (Fig. 6C). Combined, these data show that IL-7+ stromal cells can 

differentiate into adipocytes and osteoblasts that express low and undetectable amounts of 

Il7 mRNA, respectively. In summary, IL-7+ cells contain mesenchymal progenitor activity 

with multilineage differentiation capacity.

IL-7+ cells are a component of HSC niches and regulate HSC and MPP numbers in BM

The fact that IL-7+ cells share many functional and phenotypic similarities with HSC niche 

cells led us to examine the distribution of HSCs and MPPs relative to IL-7+ cells in femur 

whole-mounts by confocal microscopy. Even though IL-7+ cells comprise < 0.1% of total 

BM cells, these cells are large, reticular, and form a vast cellular network that interacts with 

many cells (Fig. 4D and Fig. S3A), thus raising the concern that HSC distribution relative to 

IL-7+ cells might be random. To address this concern, we measured the distribution of 

randomly placed cells relative to IL-7+ cells. In tissues collected from 5 mice, we detected 

approximately 60% of HSCs identified as Lin− CD41− CD48− CD150+, or as Lin− CD41− 

CD48− Fgd5-ZsGreen+ (Gazit et al., 2014), in direct contact with IL-7+ cells (Fig. 7A – C, 

and Fig. S7A and B), and the average distance between HSCs and the nearest IL-7+ cell was 

3.9 μm (Fig. 7C). We found that the HSC distribution was significantly different from 

random cell positioning in BM. The distribution of MPPs (identified as Lin− CD41− CD48− 

cKIT+ CD150− FLT3+) relative to IL-7+ cells was similar to HSCs (Fig. 7D and E), and in 

four occasions out of 42 HSCs and 77 MPPs analyzed, we found an HSC and an MPP in the 

vicinity of a single IL-7+ cell (Fig. 7D), suggesting that HSCs and MPPs can interact with 

the same IL-7+ cell. These findings led us to ask whether CXCL12 produced by IL-7+ cells 

was important for HSC and MPP maintenance, and B lymphocyte development. To address 

this question, we conditionally deleted Cxcl12 from IL-7+ cells by crossing Cxcl12fl/fl mice 

(Ding and Morrison, 2013) with Il7-cre transgenic mice, and quantified HSCs, MPPs, CLPs, 

and developing B cell subsets in BM and spleen by flow cytometry. We found significant 

reductions in the number of HSCs, MPPs, CLPs, and developing B cell subsets in BM (Fig. 

7F), whereas in the spleen these cell populations were numerically equivalent (Fig. 7G). 

These data indicated that CXCL12 produced by IL-7+ cells played an important role in the 

generation and/or maintenance of normal numbers of HSCs, but not in HSC retention within 

BM. Besides CXCL12, HSC maintenance also requires cell-intrinsic cKit signaling 

triggered by membrane-bound SCF (mSCF). Of note, mSCF was readily detected in ~17% 

of IL-7+ cells (Fig. 7H and I). Importantly, conditional Scf deletion from IL-7+ cells resulted 

in a significant reduction of HSC and MPP numbers in BM (Fig. 7J). Control experiments 

showed that Il7-cre marks ~80% of mesenchymal LEPR+ cells in BM, whereas Lepr-cre acts 

on more than 95% of mesenchymal LEPR+ cells in BM (Fig. S7C–E). These data showed 

that HSC niche cells expressed factors essential for HSC and MPP maintenance, as well as 

for lymphoid-lineage commitment and differentiation.
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Discussion

Here we showed that the BM niche formed by IL-7+ cells represented a common niche for 

hematopoietic progenitors at multiple stages of differentiation. The majority of IL-7+ cells 

formed a subset of mesenchymal progenitor CAR cells capable of multilineage 

differentiation, and a minor fraction of IL-7+ cells were BM sinusoidal endothelial cells. 

CXCR4 was critically required in CLPs for positioning in the vicinity of IL-7+ cells in BM, 

and proximity to IL-7 enabled optimal IL-7R signaling and B cell developmental 

progression. Furthermore, a considerable fraction of HSCs and MPPs were positioned in 

direct contact with IL-7+ cells, which regulated HSC and MPP numbers through CXCL12 

and membrane-bound SCF expression.

HSCs require short-range extrinsic factors, such as mSCF, produced by rare MSPCs and 

endothelial cells in BM for their long-term maintenance. SCF-producing cells overlap 

entirely with CAR cells (Ding et al., 2012), and IL-7 expression marked the mesenchymal 

progenitor subset that expresses the highest amounts of CXCL12. Furthermore, Nestin-GFP 

expressing mesenchymal cells are also critical components of HSC niches in BM, and these 

cells also express essential HSC maintenance and lymphoid differentiation factors, and 

largely overlap with IL-7+ and IL-7− CAR cells. As HSCs are highly dependent on CXCR4 

signaling for quiescence and long-term maintenance (Nie et al., 2008; Sugiyama et al., 

2006), our studies suggest that HSC quiescence and lymphopoiesis are distinct cellular 

decisions controlled by highly overlapping cellular niches.

Mesenchymal progenitor cells respond to long-range signals, such as cytokines and 

hormones, which regulate mesenchymal progenitor cell activity. For example, adrenergic 

signals controlled by circadian rhythms are sensed by beta 3 adrenergic receptors expressed 

on mesenchymal progenitor cells and reduce CXCL12 production (Mendez-Ferrer et al., 

2008). Consequently, HSPCs are displaced from HSC niches and exit the BM in a circadian 

manner, although the physiological role for HSPC recirculation remains poorly understood. 

As our data showed that hematopoietic cell lineages are differentially sensitive to CXCR4 

signaling (lymphoid lineages being more dependent on CXCR4 than myeloid and erythro-

megakaryocyte lineages), we suggest that circadian fluctuations in CXCL12 production 

contribute to the regulation of both HSC and MPP quiescence as well as multilineage 

differentiation. Periodic fluctuations in CXCR4 signaling may allow HSCs and MPPs to 

uncouple from niche signals that promote cellular quiescence (e.g. mSCF) and signals that 

support lymphoid lineage commitment, thereby allowing for cell division, self-renewal, and 

commitment to the myeloid lineage. Similarly, fluctuations in CXCL12 production may 

regulate IL7Ra signaling and EBF1 and PAX5 expression in CLPs (Dias et al., 2005), and 

lead to consequent fluctuations in the activation of B cell fate gene programs and repression 

of T, NK and innate lymphoid cell fates (Nechanitzky et al., 2013). In this model, 

constitutive CXCR4 signaling would prevent HSC and MPP uncoupling from quiescence 

signals to divide and differentiate, which is highly consistent with evidence that CXCR4 

signaling intensity inversely correlated with hematopoietic reconstitution in mice and in 

humans (McDermott et al., 2015).
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B cells develop through multiple developmental stages in which entry and exit from cell 

cycle and RAG protein expression are tightly controlled. Some evidence suggests that 

distinct BM niches control RAG expression and cell cycle, particularly at the preB cell stage 

where cell proliferation driven by IL-7R signaling inhibits Rag gene re-expression and 

prevents Ig light chain gene recombination (Clark et al., 2014). Specifically, CXCR4 

expression is increased in preB cells when compared to proB cells, and such an increase was 

proposed to attenuate IL7R signaling by positioning preB cells away from IL-7+ cells 

(Johnson et al., 2008). However, our studies using IL-7 and CXCL12 reporter mice 

demonstrated that Il7 is expressed by BM cells that express the highest amounts of 

CXCL12. Given the notorious difficulty we, and others (Mazzucchelli et al., 2009), had in 

visualizing IL-7+ cells in situ, it is possible that the previous studies that identified IL-7+ 

cells in BM (Tokoyoda et al., 2004) were able to visualize IL-7+ CXCL12− cells only. In our 

studies, we found that IL-7 produced by endothelial cells contributed primarily to proB and 

preB cell development, suggesting that perivascular niches might be important sites for proB 

and preB cell differentiation. Alternatively, as proB and preB cell proliferation is highly 

dependent on IL-7, and both subsets divide more rapidly than CLPs, it is possible that proB 

and preB cells are more sensitive than CLPs to small reductions in IL-7 in BM. Thus, studies 

designed to quantify the distribution of proB and preB cells in relationship to endothelial 

cells, IL-7+ and IL-7− CAR cells, are needed for a detailed understanding of the BM niches 

controlling B cell developmental transitions.

Osteolineage cells, and specifically osteoblasts, have been implicated as essential regulators 

of BM niches supporting the development of lymphoid lineages. Using in vivo cell ablation 

strategies, previous studies demonstrated significant reductions in CLPs and downstream 

lymphoid progenitors when osteolineage cells and osteoblasts were induced to undergo 

apoptosis (Terashima et al., 2016; Visnjic et al., 2004; Yu et al., 2016; Zhu et al., 2007). 

However, the use of conditional approaches for inducing osteoblast-lineage cell death result 

in synchronized cell apoptosis within BM that may not be efficiently cleared by phagocytic 

macrophages, which may drive an inflammatory response. In turn, inflammatory signals not 

only reduce B lymphopoiesis (Ueda et al., 2004), but may also affect HSC numbers 

(Glatman Zaretsky et al., 2014), and these changes were evident in some of these studies 

(Visnjic et al., 2004; Zhu et al., 2007). Adding support to this possibility, a recent study 

showed an inflammation-dependent increase in myeloid cell populations in BM presumably 

caused by osteolineage cell ablation toxicity (Yu et al., 2016).

Other studies lending support to the model that endosteal niches control lymphopoiesis 

focused on the effects of conditional gene deletion in osteolineage cells and osteoblasts. For 

example, Gs alpha subunit (Gnas) and Il7 deletion in osteolineage cells and osteoblasts 

revealed moderate to profound reductions in lymphopoiesis (Terashima et al., 2016; Wu et 

al., 2008; Yu et al., 2016). However, these studies used conditional gene deletion strategies 

that are highly efficient in mesenchymal progenitor stages prior to osteolineage 

commitment. Specifically, constitutive Sp7-driven (Sp7 encodes the transcription factor 

Osterix) cre activity has been shown to mark mesenchymal-lineage progenitors, including 

osteolineage cells (Greenbaum et al., 2013). Additionally, an inducible Sp7-cre strain 

revealed that Sp7-cre activity is active in distinct waves of mesenchymal multipotent 

progenitors during embryonic and postnatal life until 8 weeks of age, after which inducible 
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Sp7-cre activity becomes restricted to osteoblasts (Mizoguchi et al., 2014). Importantly, the 

large majority of mesenchymal-lineage cells marked by inducible Sp7-cre activity at 6 

weeks of age contained very few osteoblasts (Yu et al., 2016). Thus, these data strongly 

suggest that conditional Il7 deletion using the inducible Sp7-cre at 6 weeks of age 

(Terashima et al., 2016) favored IL-7 deletion from MSPCs, and very little from osteoblasts. 

Likewise, the constitutive osteocalcin promoter-driven cre expression used to delete Il7 in 

osteoblasts (Terashima et al., 2016) targets ~70% of CAR cells (Zhang and Link, 2016), 

which include osteolineage progenitors (Omatsu et al., 2010). Finally, Cxcl12 deletion from 

osteoblasts using the Col2.3-cre transgene led to a small but significant reduction in BM 

CLPs that did not cause B-lymphopenia (Ding and Morrison, 2013). However, it should be 

noted that Col1a1 expression is detectable in the transcriptome of Nestin+ MSPCs and SCF+ 

BM stromal cells (Ding et al., 2012; Kunisaki et al., 2013; Mendez-Ferrer et al., 2010) and 

thus it is possible that the Col2.3-cre transgene is already active in a small fraction of 

MSPCs.

In summary, our studies revealed that IL-7 was produced in BM by a rare and heterogeneous 

cell subset composed of mesenchymal cells with multilineage differentiation potential, by 

sinusoidal endothelial cells, and by periarteriolar pericytes. The majority of IL-7+ cells 

expressed the highest amount of CXCL12 in BM. Consequently, CLPs rely on CXCR4 

signaling for positioning in proximity to IL-7+ cells, which was essential for accessing 

limiting IL-7 and for receiving sufficient IL-7R signaling. Although IL-7 is essential for B 

and T cell development in adult mice (Carvalho et al., 2001), and possibly in adult humans 

(Parrish et al., 2009), NK cell development is mostly dependent on IL-15. NK cells also 

developed poorly from CXCR4-deficient MPPs and CLPs, and CAR cells express IL-15 

(Noda et al., 2011). Combined, these data demonstrate that the control of cell positioning in 

BM niches is an essential checkpoint in lymphopoiesis as it enables hematopoietic precursor 

cells to access limiting lymphoid-instructive cytokines. The findings that HSCs and MPPs 

were located near or in contact with IL-7+ cells and that CXCL12 and SCF expressed by 

IL-7+ cells are important for HSC and MPP maintenance favor a model in which HSC 

maintenance and multilineage differentiation are distinct cell lineage decisions controlled by 

overlapping BM niches. The functional and evolutionary advantage(s) for the local control 

of HSC maintenance and multilineage differentiation remain(s) to be determined.

Experimental Procedures

Mice

Adult C57BL/6 (CD45.2+) and Boy/J (CD45.1+) were purchased from The Jackson 

Laboratories or National Cancer Institute. Cxcl12fl/fl, Scffl/fl, Lepr-cre, Rosa26YFP, 

Rosa26tdtomato/+ (stock 007909), Tie2-cre (stock 004128), Fgd5ZsGreen/+, and Prx1-cre 

(stock 005584) mice were also obtained from The Jackson Laboratories. Il7-cre, Il7racre/+, 

Cxcr4fl/fl and Il7fl/fl mice were from internal colonies. Flk2-cre mice were a gift from Dr. E. 

Camilla Forsberg (University of California, Santa Cruz). We noted that the Flk2-cre 

transgene is inherited from the Y-chromosome, but hematopoietic cell composition in BM 

and secondary lymphoid organs of Flk2-cre and littermate controls is indistinguishable. Il7-

ECFP mice were provided by Dr. Scott Durum (National Institute of Health). Some Il7GFP/+ 
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mice (Hara et al. 2012) were from our internal colony (Kyoto University); some Il7GFP/+ 

mice were obtained from Dr. Susan Kaech (Yale University). Cxcl12DsRed/+ mice were a 

kind gift from Dr. Sean Morrison (University of Texas Southwestern Medical Center). 

Col2.3-cre mice were kindly provided by T. Nakamura (Kyoto University). Vav-cre mice 

were kindly provided by Dr. Thomas Graf (Albert Einstein College of Medicine). All mice 

were maintained under specific pathogen-free conditions at Yale Animal Resources Center 

and the Experimental Research Center for Infectious Diseases in the Institute for Virus 

Research, Kyoto University, and used according to the protocol approved by the Yale 

University Institutional Animal Care and Use Committee and by the Animal Research 

Committee at the Institute for Virus Research, Kyoto University.

Immunostaining of bone marrow

BM Whole Mounts. Whole mounts were stained with primary antibodies for 2–3 days at 

4°C and secondary antibodies for 1 day at 4°C. For random positioning analysis, spots were 

placed on all DAPI+ or LIN+ cells, and each spot was given a unique identification number 

ranging from 0 to N. The randbetween() function in Microsoft Excel was then used to 

generate random numbers between 0 and N (each of which corresponded to a DAPI+ or 

LIN+ spot). The distance between the selected spot and the closest IL-7+ cell was then 

measured using the measurement function in Imaris. Images were acquired on a Leica SP8 

confocal microscope.

CLP single cell differentiation in vitro assays

Single live Ly6D+ CLP (Lin− CD127+ cKITint SCA1+ FLT3+ Ly6D+) were sorted to 96-well 

seeded with OP9 stromal cells in RPMI supplemented with Flt3L, SCF, IL-7 and IL-2 (final 

concentration of 50 ng/mL). On day 5, culture medium was replaced, and on day 10 scores 

were assigned for B cells (CD19+), myeloid (CD11b+), NK cells (NK1.1+) and dendritic 

cells (CD11c+) by flow cytometry.

Mesenchymal progenitor cell sorting, and mSCF analyses

Fresh unfixed collagenase-digested BM cells were stained with rat anti-mouse SCF antibody 

(R&D) for 1 hour. SCF staining was revealed with an anti-rat AlexaFluor 555 antibody. 

Cells were acquired and sorted on a BD FACS Aria II equipped with UV (355nm), Violet 

(405nm), Blue (488nm), Green (532nm) and Red (640nm) lasers, and with FACSDiva 7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Intrinsic expression of CXCR4 in MPPs and CLPs is critical for lymphoid cell 
development
A–D, Frequency of CD45.2+ hematopoietic cell subsets in BM (A and B), thymus (C), and 

in all lymphoid organs (BM, blood, spleen, thymus, lymph nodes, Peyer’s patch, peritoneal 

cavity, lung and liver, D) of mice reconstituted with 90% CD45.2+ Flk2-cre−;Cxcr4fl/fl or 

Flk2-cre+;Cxcr4fl/fl cells mixed with 10% CD45.1+ WT cells (data pooled from three 

independent experiments). E, Frequency of CD45.2+ HSCs, MPPs and CLP subsets in BM 

of mice reconstituted with 90% CD45.2+ Il7raCre/+;Cxcr4fl/fl or Il7raCre/+;Cxcr4+/+ cells and 

10% WT CD45.1+ cells. F, ETP number in Il7raCre/+;Cxcr4fl/fl and control mice. G, 
Frequency of CD45.2+ hematopoietic cell subsets isolated from all lymphoid organs of mice 

reconstituted with 90% CD45.2+ Il7raCre/+; Cxcr4fl/fl or Il7raCre/+; Cxcr4+/+ cells and 10% 

WT CD45.1+ cells. Data are representative of 3 independent experiments with 3–6 mice in 

each group and each experiment. Bars indicate the average; circles depict individual mice. 
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H, CXCR4 surface expression in HSCs, MPPs, total CLPs, and in Ly6D− and Ly6D+ CLPs. 

I, In vitro cell chemotaxis through 5-μm transwells: nil, CXCL12 (300 ng/mL). Bars 

indicate mean, circles depict individual experiments. J, In vitro single cell CLP 

differentiation on OP-9 stromal cells for 12 days in the presence of IL-7 (50ng/mL). K, Il7 
and Cxcl12 mRNA expression in non-irradiated and irradiated OP-9 stromal cells. 

Expression is relative to Hprt. Data in panels H–K are representative of at least 3 

independent experiments. * P<0.05, **P<0.01, ***P<0.001 (unpaired, two-tailed Student’s 

t-test). See also Figures S1 and S2.
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Figure 2. CXCR4 controls CLP positioning near IL-7+ cells in BM
A, 7μm-thick section of Il7-ECFP transgenic femur. Lin., IL-7Rα, Ly6D and Il7. Scale bar, 

20 μm. B, Ly6D+ CLP (n=166), IgD+ (n=164), and IL-7+ cell distribution in BM. C, Ly6D+ 

CLP and IgD+ cell frequency near IL-7+ cells (<15 μm). D and E, Distribution of Flk2-
cre+;Cxcr4fl/fl (ΔX4) or Flk2-cre−;Cxcr4fl/fl (CTR) Ly6D+ CLPs, and IL-7+ cells (D); cell 

frequency near IL-7+ cells (<15 μm) (E). F and G, Distribution of Ly6D+ CLPs and IL-7+ 

cells after AMD3100 (AMD) or vehicle (Veh) treatment for 3 days (F). Cell frequency near 

IL-7+ cells (<15 μm) (G). Data in panels A–G are representative of 2–3 independent 

experiments. H and I, pSTAT5a in Il7raCre/+;Cxcr4fl/+ (CTR) and Il7raCre/+;Cxcr4fl/fl (ΔX4), 
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Ly6D+ CLPs. Shaded histogram shows pSTAT5α in Ly6D+ CLPs isolated from Il7−/− mice. 

(H). pSTAT5α geometric mean intensity (I). Data in panels H and I are representative of 

two independent experiments with at least 3 mice in each group per experiment. Bars 

indicate mean; circles depict individual mice. * P<0.05, **P<0.01, ***P<0.001 (unpaired, 

two-tailed Student’s t-test). See also Figure S3.
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Figure 3. Osteoblast-derived IL-7 is not required for B-lymphopoiesis
A, Distribution of IL-7+ and osteopontin+ cells in BM. B, Bglap (osteocalcin), Cxcl12, and 

Il7 expression in osteoblasts by qPCR. Gene expression is relative to Hprt. Data in A and B 
are representative of 3–5 independent experiments. C, Total number of hematopoietic cell 

subsets in BM of Il7fl/−; Col2.3-cre+ mice and control littermates. D, Total number of 

hematopoietic cell subsets in BM of Il7fl/−; Vav-cre+ mice and control littermates. Bars 

indicate average, circles depict individual mice. Data panels C and D are representative of at 

least 3 independent experiments with 4–6 mice per group. See also Figure S4.
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Figure 4. Most IL-7+ cells are a subset of CXCL12-abundant reticular cells
A, Frequency of IL-7+ cells in BM. B, Cxcl12 expression in IL-7+ CD45− cells. C, Cxcl12 
and Il7 expression in CD45− cells (left and middle). Il7 expression in Cxcl12+ cells (right). 

D, 25μm-thick section of Il7GFP/+;Cxcl12DsRed/+ mouse femur stained to detect IL-7+ cells. 

CXCL12+ cells were directly visualized. Scale bar is 50 μm. Insert, example of an IL-7+ 

CXCL12− cell, and of an IL-7+ CXCL12+ cell. E Left, gated IL-7+ cells; right, LEPR 

expression in gated IL-7+ cells. Data in panels A–D is representative of more than 5 mice 

analyzed. F, Lineage mapping of Il7 expressing cells using Lepr-cre transgenic mice. 8 μm-

thick femur section of Lepr-cre; Rosa26tdtomato/+; Il7GFP/+ mice. Scale bar is 50 μm. Arrow 

and arrowhead indicate Lepr-cre-derived IL-7+ cells and Lepr-cre-derived IL-7− cells 

respectively. Yellow arrow indicates IL-7+ Lepr-cre− cells. Data are representative of 2 

independent experiments. G, HSC, MPP, and CLP number in BM of Lepr-cre+; Il7fl/fl and 

Lepr-cre−; Il7fl/fl mice. H, histogram of pSTAT5α in Ly6D+ CLPs from Lepr-cre+; Il7fl/fl 

and Lepr-cre−; Il7fl/fl mice. I, pSTAT5α geometric mean intensity in Ly6D+ CLPs in Lepr-
cre−; Il7fl/fl mice and in Lepr-cre+; Il7fl/fl (ΔIl7) mice. J and K, Developing B cell numbers 

in BM (J); splenic B cells (K) in Lepr-cre+; Il7fl/fl and Lepr-cre−; Il7fl/fl mice. In panels G, 

I, J and K, bars indicate mean, circles depict individual mice. Data are representative of 2 
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independent experiments with 4–6 mice per group. * P<0.05, **P<0.01, ***P<0.001 

(unpaired, two-tailed Student’s t-test). See also Figure S5.
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Figure 5. Endothelial cell-derived IL-7 contributes to B cell development
A, Flow cytometric analysis of SCA-1 and CD31 expression in IL-7+ BM cells. Blood 

endothelial cells (BECs). B, Il7 colocalization with CD31 and VE-Cadherin. Scale bar is 50 

μm. Data are representative of more than 5 mice analyzed. C, Il7 and Cxcl12 expression in 

FACS sorted CD45−Ter119−CD144−CD31−LEPR+ MSPCs and endothelial cells (ECs, 

CD45−Ter119−CD144+CD31+LEPR−). Gene expression is relative to Hprt. Bars indicate 

average ± SD of 3-independent cell sorting experiments. D, Total number of hematopoietic 

cell subsets in BM of Il7fl/−; Tie2-cre+ mice and control littermates. Bars indicate average, 

circles depict individual mice. Data are representative of 2 independent experiments with 4–

6 mice per group. * P<0.05, (unpaired, two-tailed Student’s t-test). See also Figure S6.
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Figure 6. IL-7+ BM cells are mesenchymal progenitor cells
A, 25μm-thick sections of Il7-cre; Rosa26YFP/+ or control mouse femurs stained to detect 

osteocalcin+ cells and YFP+ cells. Arrow indicates osteoblasts derived from IL-7+ cells, 

arrowhead indicates osteocyte derived from IL-7+ cell. Scale bar is 50 μm. B, 25μm-thick 

sections of irradiated Il7-cre; Rosa26YFP/+ or control mouse femurs stained to detect 

perilipin+ cells and YFP+ cells. Scale bar is 50 μm. Insert shows Il7-cre-derived adipocyte. 

C, Adipoq, Plin1, Cxcl12, and Il7 mRNA expression in adipocytes. mRNA expression is 

relative to Hprt. Data in all panels are representative of two independent experiments.
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Figure 7. HSCs and MPPs reside in, and are maintained by, niches formed by IL-7+ cells
A, Femur whole-mount from Il7-ECFP mice stained with antibodies to detect CFP, lineage, 

nuclei (DAPI), and CD150. Scale bar is 10 μm. Orange arrow indicates HSC. B, Femur 

whole-mount from Il7-ECFP mice transplanted with Fgd5Zsgreen/+ BM cells stained with 

antibodies to detect CFP and lineage (blue). Zsgreen+ cells were directly visualized. Scale 

bar is 10 μm. Orange arrow indicates HSC. C, Quantification of HSCs and randomly 

selected cells in contact with IL-7+ (CFP+) BM cells (left), and average distances to nearest 

IL-7+ cell (right). Circles indicate average of at least 9 HSCs or > 100 randomly selected 

cells in individual mice analyzed. Green filled circle indicates chimera from Fgd5Zsgreen/+ 

BM; lines connect random cells and observed HSCs in individual mice. Statistical 

significance calculated with paired t test. D, Femur whole-mount section from Il7-ECFP 

mice stained with antibodies to detect CFP, lineage, cKit, FLT3, and CD150. Scale bar is 10 
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μm. Orange arrow indicates HSC; yellow arrow indicates MPP. E, Quantification of cell 

distance to nearest IL-7+ cell: HSCs (n = 52), MPPs (n = 25) and randomly selected cells. 

Circles indicate individual cells analyzed from 5 independent experiments for HSCs, and 2 

independent experiments for MPPs. Statistical significance calculated with unpaired t test. F 
and G, Enumeration of hematopoietic cell subsets in BM (n=15–20) (F) and spleen (n=9) 

(G) of Il7-cre+; Cxcl12fl/fl and littermate controls. Bars indicate the mean±S.E.M. Statistical 

significance calculated with unpaired t test. H, Membrane-bound SCF expression in IL-7+ 

BM cells. Left panel indicates CD31+CD144 expression versus IL-7-GFP in gated live 

CD45+Ter119− BM cells. Right panel shows mSCF expression in gated IL-7+ cells; filled 

histogram is staining control. I, Frequency of mSCF+ cells within the IL-7+ BM cell gate. 

Bar indicates average, circles represent individual mice analyzed. J, Enumeration of HSCs 

and MPPs in BM of Il7-cre+; Scffl/fl mice and littermate controls. Bars indicate the mean, 

circles depict individual mice analyzed. Statistical significance calculated with unpaired t 
test. See also Figure S7.
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