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Abstract

Cells of the osteoblast lineage provide critical support for B lymphopoiesis in the bone marrow 

(BM). Parathyroid hormone (PTH) signaling in osteoblastic cells through its receptor (PPR) is an 

important regulator of hematopoietic stem cells; however, its role in regulation of B lymphopoiesis 

is not clear. Here we demonstrate that deletion of PPR in osteoprogenitors results in a significant 

loss of trabecular and cortical bone. PPR signaling in osteoprogenitors, but not mature osteoblasts 

or osteocytes, is critical for B cell precursor differentiation via IL-7 production. Interestingly, 

despite a severe reduction in B cell progenitors in BM, mature B lymphocytes were increased 3.5-

fold in the BM of mice lacking PPR in osteoprogenitors. This retention of mature IgD+ B cells in 

the BM was associated with increased expression of vascular cell adhesion molecule 1 (VCAM1) 

by PPR-deficient osteoprogenitors, and treatment with VCAM1 neutralizing antibody increased 

mobilization of B lymphocytes from mutant BM. Our results demonstrate that PPR signaling in 

early osteoblasts is necessary for B cell differentiation via IL-7 secretion, and for B lymphocyte 

mobilization via VCAM1.
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INTRODUCTION

B cell development is tightly regulated and guided by interactions with niche-forming bone 

marrow (BM) stromal cells that drive B cell precursors from one niche to another(1,2). 

Paracrine factors from the stromal cells such as C-X-C motif chemokine 12 (CXCL12), stem 
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cell factor (SCF), interleukin-7 (IL-7), and receptor activator of nuclear factor κB ligand 

(RANKL) are critical regulators of B cell development(2,3). Moreover the active migration of 

B cell precursors is a fundamental process for B lymphocyte differentiation and maturation, 

and is finely regulated by cell-cell interactions through integrins and cell adhesion molecules 

found on the cell membranes of B cells and niche forming stromal cells(4–6). In addition, 

circulating hormones also highly influence B cell development, as in the case of potent 

inhibition of B lymphopoiesis by estrogens(7,8).

Among the niche-forming stromal cells, cells of the osteoblast lineage have been shown to 

be important regulators of hematopoiesis(9,10). Cells of the osteoblast lineage include 

morphologically and functionally distinct cell types including osteoprogenitors, mature 

osteoblasts, and osteocytes. Numerous lines of evidence point to cells of the osteoblast 

lineage as major regulators of B lymphopoiesis. Conditional deletion of osteoblasts in vivo 
leads to a progressive failure of hematopoiesis beginning with an early defect in B 

lymphopoiesis and erythropoiesis(11). Induced osteocyte-deficiency in adult mice also leads 

to marked decrease in common lymphoid progenitors and subsequent B cell 

development(12). In vitro, osteoblastic cell cultures are able to sustain B cell commitment 

and subsequent differentiation to all stages of B lymphopoiesis starting from primitive 

HSCs(13). However, the cellular mechanisms for the support of B lymphopoiesis by cells of 

the osteoblast lineage remain largely unknown.

Parathyroid hormone (PTH) is a versatile hormone that has wide and varied effects on the 

skeleton, kidney, and immune system(14–16). PTH is a potent modulator of hematopoiesis via 

its actions on niche forming stromal cells. Removal of parathyroid glands in rats reduced 

overall bone marrow cellularity with the most profound decrease in lymphoid and erythroid 

subpopulations, suggesting that PTH may be a major regulator of lymphoid cell 

proliferation(17). On the other hand, continuously elevated levels of PTH are associated with 

impaired antibody production response of B cells(18,19). Many of the regulatory effects of 

PTH on hematopoiesis are mediated via PPR signaling in cells of the osteoblast lineage. For 

example, constitutive activation of PPR signaling in osteoblasts leads to significant 

expansion of hematopoietic stem and progenitor cells(20).

Increasing evidence suggests that PPR signaling components are also important regulators of 

B lymphopoiesis. In vitro osteoblast support of B lymphopoiesis was further augmented by 

PTH treatment(13) suggesting that the PTH signaling in osteoblastic cells may be a major 

regulator of B lymphopoiesis. Mice lacking Gsα, the stimulatory G protein subunit 

downstream of G protein-coupled receptors (GPCRs) including PPR, in osteoprogenitors 

(Osx-GsαKO mice) exhibit a dramatically hypoplastic spleen and a specific block in the 

transition from Prepro B to Pro B cell precursors during B lymphocyte development(21). In 

contrast, deletion of Gsα in mineral-embedded osteocytes did not affect B lymphocytes(22) 

suggesting that the defective B lymphopoiesis seen in mice with induced osteocyte 

deficiency(12) is most likely independent of PTH signaling.

We therefore hypothesized that PPR signaling in specific stage(s) of osteoblastic cell 

differentiation is a critical component of the niche regulation of B lymphopoiesis. To test 

this hypothesis, we generated and examined B lymphopoiesis in mice lacking PPR in 
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osteoprogenitors (Osx-PPRKO), mature osteoblasts (OC-PPRKO), and osteocytes (DMP1-

PPRKO). Osx-PPRKO mice developed severe osteopenia and exhibited a specific block in B 

cell precursor differentiation. By contrast, the OC-PPRKO and DMP1-PPRKO mice did not 

reveal any effects on B lymphopoiesis. Despite a significant reduction in B cell precursors in 

BM and severe lymphopenia in peripheral blood, Osx-PPRKO mice display an increased 

retention of mature B lymphocytes in BM that is due at least in part to overexpression of 

VCAM1 in Osx+ osteoprogenitors. Taken together, our study demonstrates that PPR 

signaling in osteoprogenitors but not maturing osteoblasts or osteocytes is essential for 

regulating B lymphopoiesis and B cell mobilization in BM.

MATERIALS AND METHODS

Animals

Mice lacking PPR in osteoprogenitors were generating by mating PPRfl/fl (23) mice with 

transgenic mice in which Cre recombinase is driven by the Osterix promoter(24). Deletion of 

PPR in mature osteoblasts and osteocytes was obtained by mating PPRfl/fl mice with mice 

expressing Cre recombinase driven by Osteocalcin (OC) and DMP1 promoters 

respectively(22,25). PPRfl/fl (wild-type, WT) littermates were used as controls for all the 

experiments. Because the presence of Osx-driven Cre recombinase transgene results in mild 

runting, experiments were also repeated with Osx:Cre-PPR+/+ and PPR+/+ mice as controls. 

There was no difference in phenotypes between PPRfl/fl and PPR+/+ mice, therefore where 

applicable we have presented data from PPRfl/fl and Osx:Cre-PPR+/+ mice as controls. 

Genotyping was performed on genomic DNA obtained from tail biopsies as previously 

described(21,26). All animals were housed in the Center for Comparative Medicine at the 

Massachusetts General Hospital and the Comparative Medicine Pavilion in Stanford 

University, and all procedures were approved by the MGH Subcommittee on Research 

Animal Care or the Stanford Administrative Panel on Laboratory Animal Care.

Skeletal Analysis

Skeletal DXA and µCT analysis was performed as described in Supplementary methods.

Bone chip cell culture

Hind limbs were harvested from 3-week old Osx-Cre:PPRfl/fl and Osx-Cre:PPR+/+ mice. 

After soft tissue dissection and BM removal by centrifugation(27), bones were minced into 

small pieces and washed at least 3 times in serum-free αMEM medium. Bone chips were 

then digested in serum-free αMEM medium containing 2 mg/ml Collagenase Type II 

(Worthington) for 2 hours at 37°C and subsequently washed again at least 3 times to remove 

all the cells in suspension. The resulting bone chips were resuspended in αMEM (GIBCO) 

medium supplemented with 10% heat inactivated fetal bovine serum (FBS) (GIBCO), 50 

µg/ml ascorbic acid (Sigma) and antibiotics (GIBCO) and plated in a 10 cm dish. After 16–

18 days in culture, cells were trypsinized and FACS-sorted as described in Supplementary 

Methods.
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Flow cytometry analysis and sorting

Flow cytometric analysis was performed on bone marrow, spleen and blood while 

fluorescence-activated cell sorting (FACS) was performed on bone chip cell cultures using 

specific cell-surface fluorochrome-tagged antibodies as described in Supplementary 

Methods.

Gene expression analysis

Total mRNA from Osx-GFP+ sorted cells and freshly isolated marrow depleted long bones 

was extracted and qPCR was performed as described in Supplementary Methods.

Immunohistochemistry

Frozen section immunohistochemistry on long bones from KO and WT littermates was 

performed as described in Supplementary Methods.

In vivo treatments

Recombinant murine IL7 (mIL7) (R&D Systems) was reconstituted in 1× PBS and injected 

intraperitoneally at a dose of 0.2 mg/kg/day in Osx-PPRKO, WT and Osx-PPR+/+ mice daily 

from day 14 till day 21. To block VCAM-1 in vivo, Osx-PPRKO mice and WT littermates 

were injected intraperitoneally with 200 µg of purified antibody to mouse VCAM-1 

(Biolegend, clone 429) or isotype-matched rat IgG1 at day 20. Mice were sacrificed after 24 

hours and BM was collected for B cell analyses. For determination of B cell retention in BM 

in vivo, 5×106 splenocytes from WT donors were labeled with the PKH26 Red Fluorescent 

Cell Linker Kit (Sigma-Aldrich) for cell tracking and injected into the marrow cavity by an 

intra-tibia injection. Osx-PPRKO and WT littermate mice were sacrificed after 48 hours and 

BM from the injected tibia and spleen were collected and analyzed by flow cytometry.

Protein Array

RayBio Mouse cytokine antibody arrays (G series 2000) were purchased from RayBiotech 

(Norcross, GA). Bone marrow supernatants from 3 week old control and Osx-PPRKO mice 

were collected, pooled to obtain 10µl for each sample, diluted 10-fold with PBS and then 

analyzed on the protein array according to the manufacturer's instructions.

Statistics

All values are expressed as mean ± SEM. Statistical analyses were performed using two-

tailed Student’s t-test and one-way or two-way analysis of variance (ANOVA) followed by 

appropriate post hoc tests for multiple comparisons. Differences were considered significant 

for P<0.05. When the asterisk symbol is presented alone, the KO group was significantly 

different from both control groups; when the asterisk is presented with a bar, only the groups 

denoted by the bar were significantly different. Analyses were performed using GraphPad 

Prism 6.
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RESULTS

Severe osteopenia in mice lacking PPR in osteoprogenitors

To examine the role of PPR signaling in the osteoblast lineage in regulating B 

lymphopoiesis, we conditionally ablated PPR in osteoprogenitors (Osx-PPRKO mice)(24). 

Because previous studies have shown that the presence of Osx:Cre transgene itself results in 

a transient decrease in body weight that normalizes by 12 weeks of age(28), in the majority 

of experiments we included the Osx-PPR+/+ mice along with WT littermates as controls. 

Osx-PPRKO mice showed growth retardation as early as 1 week of age, with more than 45% 

and 54% decrease in body weight by 3 weeks of age when compared to Osx-PPR+/+ and WT 

mice respectively (Fig. 1A, B). Osx-PPRKO mice do not survive past 1 month of age; 

therefore all analyses were carried out prior to postnatal day 21 (P21). PPR mRNA 

expression was decreased by 78.7% in BM-depleted long bones (Fig. 1C) and by 44.8% in 

Osx-GFP+ FACS-sorted cells (Fig. 1D), indicating successful deletion of PPR in osteoblast 

lineage cells.

Histological examination showed a substantial decrease in trabecular and cortical bone (Fig. 

1E). Micro-computed tomography (µCT) analysis (Fig. 1F) of distal femurs and dual-energy 

X-ray absorptiometry (DXA) analysis of skeletal bone mineral density (BMD) revealed a 

significant decrease in BMD (Fig. 1G) and a dramatic reduction in trabecular bone volume 

fraction (BV/TV) (Fig. 1H), trabecular number (Tb.N) (Fig. 1I), and trabecular thickness 

(Tb.Th) (Fig. 1J), and a significant increase in trabecular spacing (Tb.Sp) (Fig. 1K) in Osx-

PPRKO mice. µCT of midshaft femurs showed a marked decrease in cortical shell thickness 

(Cort.Th) (Fig. 1L) and cortical bone area fraction (BA/TA) (Fig. 1M) in 3 week old Osx-

PPRKO mice. Examination of osteoblast-specific gene expression in the long bones revealed 

a significant decrease in mRNA levels of the master osteoblast transcription factor Runx2, 

early markers type I collagen (Col1α1) and alkaline phosphatase (ALP), and the late marker 

osteocalcin (OC) in Osx-PPRKO mice (Fig. 1N). Furthermore, FACS-sorted Osx-GFP+ 

osteoprogenitors from OsxPPR+/+ and KO mice revealed similarly decreased expression of 

Col1α1, ALP, and OC genes in the Osx-GFP+ cells from Osx-PPRKO mice (Fig. 1O). These 

data suggest that the severe osteopenia in the Osx-PPRKO mice is mostly due to decreased 

osteoblast numbers and activity.

Progressive impairment of B lymphopoiesis in mice lacking PPR in osteoprogenitors is 
not due to increased apoptosis

Because Gsα-dependent signaling downstream of PPR in osteoblasts regulates B 

lymphopoiesis, we hypothesized that Osx-PPRKO mice would also have defective B 

lymphopoiesis. BM cellularity is decreased at 2 weeks (data not shown) but not by 3 weeks 

of age (Fig. 2A). However, because Osx-PPRKO mice are significantly smaller than controls 

(Fig. 1B), we also normalized BM cellularity to body weight. When normalized for 

decreased body weight, by 3 weeks of age a relative increase in cellularity was observed in 

the BM of Osx-PPRKO animals as compared to WT but not Osx-PPR+/+ controls (Fig. 2B). 

The spleens of 3-week old Osx-PPRKO mice were extremely hypoplastic with a 2 to 3-fold 

decrease in the ratios of spleen weight to body weight when compared to Osx-PPR+/+ or WT 
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controls, respectively (Fig. 2C, D), accompanied by a 5.1 to 10-fold decrease in splenocyte 

cellularity (Fig. 2E).

To examine B lymphocyte development in the BM we performed flow cytometry following 

Hardy’s B cell development surface marker definitions(29,30). Total B220+ CD19+ B cells 

were significantly decreased in Osx-PPRKO mice at 3 weeks of age, and the B cell 

precursor fraction (B220+ CD93+ IgM−) was significantly reduced while no changes were 

found in the immature fraction (B220+ CD93+ IgM+ IgD−) (Fig. 3A). To investigate B cell 

precursors in greater detail, we performed flow cytometric analysis to distinguish Prepro B, 

Pro B and Pre B subpopulations within the B cell precursor fraction (B220+ CD93+ IgM−). 

No difference was found in numbers of Prepro B cells (B220+ CD19− CD93+ CD43+) in 

BM of Osx-PPRKO mice relative to controls (Fig. 3B). However, as we previously reported 

in Osx-GsαKO mice(21), a specific block in the transition from Prepro B to Pro B cells was 

found in Osx-PPRKO mice with a significant reduction in Pro B (B220+ CD19+ CD93+ 

CD43+) and Pre B (B220+ CD19+ CD93+ CD43−) cell subsets (Fig. 3B). Importantly, the 

reduction in Pro B and Pre B cell subsets in Osx-PPRKO BM was not due to either 

increased apoptosis or reduced proliferation as apoptosis was normal (Fig. 3C) and 

proliferation was instead significantly increased (Fig. 3D) in these subsets.

Expression of IL-7 but not CXCL12 is reduced with loss of PPR in osteoprogenitors

The progression to the Pro B stage is highly regulated by the cytokine IL-7, a potent growth-

stimulating factor for lymphocyte precursors, which is produced by stromal cells in 

BM(1,13). The specific block in the transition from Prepro B to Pro B cells in Osx-GsαKO 

mice was associated with decreased expression of IL-7 by osteoprogenitors, while CXCL12 

levels were unchanged(21). Similarly, BM-depleted long bones of Osx-PPRKO mice showed 

a 69% reduction of IL-7 mRNA levels when compared to control littermates, while no 

difference was detected for CXCL12 mRNA (Fig. 3E, F). Interestingly, IL-7 receptor α 
(IL-7Rα) expression was significantly decreased in BM Pro B cell subsets of Osx-PPRKO 

mice (Fig. 3G). To confirm that decreased IL-7 contributes to the loss of Pro B and Pre B 

cells from Osx-PPRKO mice, we provided exogenous IL-7 in the form of daily injection of 

recombinant murine IL7 from day 14 until day 21. IL-7 but not PBS significantly increased 

the levels of Pro B and Pre B cells in Osx-PPRKO mice, restoring Pro B and Pre B cell 

numbers to levels seen in Osx-PPR+/+ and WT controls (Fig. 3H). Furthermore, expression 

of integrin VLA4, which mediates B cell precursor retention within supportive niches 

through adhesion to VCAM1 on stromal cells(1,5), was significantly reduced on the surface 

of both Prepro B and Pro B cells (Fig. 3I). Therefore Osx-PPRKO mice recapitulate the 

block in the progression from Prepro B to Pro B cell precursors as described in Osx-GsαKO 

mice(21). These findings indicate that PPR is a major GPCR upstream of Gsα involved in the 

regulation of B lymphopoiesis by osteoprogenitors, with this interaction mediated at least in 

part by IL-7/IL-7Rα signaling at the Pro B stage.

B cell development depends on PPR signaling in osteoprogenitors but not in mature 
osteoblasts or osteocytes

The osteoblast lineage consists of distinct cell types from osteoprogenitors to mature 

osteoblasts to osteocytes, and deletion of PPR in osteoprogenitors leads to the absence of 
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PPR in more differentiated mature osteoblasts and osteocytes. Recent findings have 

demonstrated that osteoblast lineage cells in different maturational stages provide distinct 

stromal cell niches in the BM and regulate specific progenitor populations(31,32). To 

determine the individual contribution of specific osteoblast lineage stages to PPR-mediated 

regulation of B cell development, we examined B lymphopoiesis in mice lacking PPR in 

progressively differentiated osteocalcin-expressing mature osteoblasts (OC-PPRKO) and in 

Dmp1-expressing osteocytes (DMP1-PPRKO). In contrast to Osx-PPRKO mice, at 3 weeks 

of age OC-PPRKO mice showed increase in BM cellularity and B cell precursors compared 

to WT mice (Fig. 4A–B) while no difference was found in DMP1-PPR KO mice (Fig. 4C–

D). OC-PPRKO mice have been reported to have decreased trabecular bone volume but 

increased cortical thickness by 4 weeks of age(33) while DMP1-PPR KO mice only develop 

increased bone mass in adulthood(22,34). We therefore next analyzed B lymphocyte 

development in BM of both OC-PPRKO and DMP1-PPRKO mice at 12 weeks of age. BM 

cellularity and B cell precursor numbers in OC-PPRKO had returned to control levels by 12 

weeks (Fig. 4E–F). 12-week old DMP1-PPR KO mice showed no impairment in either BM 

cellularity or in B cell development; the absolute counts of Prepro B, Pro B and Pre B cell 

were normal (Fig. 4G–H). Therefore, expression of PPR in osteoprogenitors, but not in 

mature osteoblasts and osteocytes, is essential for B cell development.

Loss of PPR signaling in osteoprogenitors impairs B lymphocyte maturation and egress 
from BM

Pre B cell precursors give rise to IgM+ immature/naïve B cells that enter the circulation to 

reach the secondary lymphoid organs such as spleen, where maturation is marked by 

decreasing IgM and increasing IgD expression. Although B lymphocytes leave the BM 

before IgD upregulation, a small number of recirculating IgD+ B lymphocytes are normally 

found in BM(35). Interestingly, when we extended our FACS analysis to the later stages of B 

lymphocyte differentiation in BM (Fig. 5A) the absolute numbers of both IgM+ IgD+ and 

IgMlo IgD+ mature B lymphocytes were significantly increased in BM of Osx-PPRKO at 3 

weeks of age (Fig. 5B). The increase of IgD+ mature B cells in BM of Osx-PPRKO mice 

was confirmed by immunohistochemistry of frozen tibia sections (Fig. 5C). However, total 

CD19+ B cells were dramatically and significantly decreased in spleen of Osx-PPRKO mice 

compared to WT and Osx-PPR+/+ controls (Fig. 5D), and absolute counts of IgM+ IgDlo, 

IgM+ IgD+ and IgMlo IgD+ maturing B cells were all significantly lower in spleen of Osx-

PPRKO mice (Fig. 5E). Ki-67 staining revealed that the increase in BM IgD+ mature B cells 

is not due to an increase in proliferation in these subsets (Fig. S1A). In the spleens of Osx-

PPRKO mice there is a slight but non-significant decrease of B cell progenitor proliferation 

(Fig. S1B). Taken together, these data indicate that no extramedullary B lymphopoiesis takes 

place in the spleen; thus the increased number of maturing B lymphocytes in BM of Osx-

PPRKO mice is caused by abnormal BM retention.

To further confirm the impaired egress of IgD+ B lymphocytes from the BM of Osx-PPRKO 

mice, we injected 5 × 106 splenocytes labeled with PKH26 fluorescent-dye into the tibial 

BM cavity of 19 day old Osx-PPRKO and control mice (Fig. 5F). After 48 hours, analysis of 

PKH26+ cells in tibia of recipient mice revealed that BM of Osx-PPRKO mice had 3.6-fold 

increased numbers in IgM+ IgDlo, and 26- and 27-fold increased numbers in IgM+ IgD+ and 
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IgMlo IgD+ PKH26+ populations, respectively when compared to both control groups (Fig. 

5G). Taken together, these data demonstrate increased retention and impaired mobilization 

of mature IgD+ B cells in the BM of Osx-PPRKO mice.

Increased retention of IgD+ cells in BM is associated with increased VCAM1 in 
osteoprogenitors and LPAM1 in IgD+ B cells

Several studies have demonstrated the importance of integrins and adhesion molecules 

within the BM for B lymphocyte migration. Integrin α4, which heterodimerizes with β1 or 

β7 subunits to form VLA4 or LPAM1, respectively, is essential for early B lymphopoiesis in 

BM(4), and conditional deletion of their ligand VCAM1 in Tie2-cre and Mx-Cre expressing 

cells leads to a selective decrease in immature B cell numbers in the BM and increase of 

B220+ cells in peripheral blood(36–38). Signaling through the CXCL12/CXCR4 axis has also 

been shown to promote VLA4/VCAM1-mediated adhesion of B cell progenitors in BM 

parenchyma; however, this sustained adhesion decreases as B cell maturation progresses(1,5). 

Other studies have shown increased B cell egress from BM in response to CXCR4 ablation 

or blocking. However, we found a significant reduction of CXCR4 expression in mature 

IgMlo IgD+ B lymphocytes from BM of Osx-PPRKO mice compared to WT littermates (Fig. 

S2) suggesting that the increased mature B cell retention in Osx-PPRKO mice is likely not 

mediated by CXCR4. The expression of VLA4 (α4β1), the main VCAM1 receptor, was 

significantly decreased in IgM+ IgDlo, IgM+ IgD+ and IgMlo IgD+ B lymphocytes from the 

BM cells of Osx-PPRKO mice (Fig. 6A). However, the expression of another VCAM1 

receptor, α4β7 integrin or LPAM1, was significantly higher in IgM+ IgDlo, IgM+ IgD+ and 

IgMlo IgD+ B lymphocytes from BM of Osx-PPRKO mice (Fig. 6B). Interestingly, the 

expression of VCAM1 was also increased significantly in maturing B cells from the BM of 

Osx-PPRKO mice (Fig. 6C). Immunohistochemistry for VCAM1 on frozen sections 

revealed markedly increased VCAM1 staining in the BM of Osx-PPRKO mice compared to 

WT mice (Fig. 6D). These cells likely comprise both hematopoietic and stromal cells. We 

therefore examined total bone and Osx-GFP+ sorted cells for expression of VCAM1, and 

observed a 2.9-fold increase in the levels of VCAM1 mRNA in Osx-PPRKO long bones and 

a 2.7-fold increase in Osx-GFP+ sorted cells (Fig. 6E–F). In vitro studies have demonstrated 

that canonical Wnt pathway signaling suppresses VCAM1 expression on marrow stromal 

cells(39); in accordance with these findings mRNA levels of Wnt target genes Axin 2, Lef1 

and Tcf7 were significantly reduced in osteoprogenitors of Osx-PPRKO mice compared to 

Osx-PPR+/+ osteoprogenitors (Fig. 6G). Expression of VCAM1 is also upregulated in 

response to inflammation(40). Interestingly, the gene expression of IL1β and TNF, central 

cytokine players in the regulation of immune and inflammatory responses, were significantly 

increased in Osx-GFP+ sorted cells from Osx-PPRKO mice (Fig. 6H). These findings 

collectively suggest that the disruption of PPR in osteoprogenitors is associated with reduced 

canonical Wnt signaling and increased proinflammatory cytokine production leading to an 

overexpression of VCAM1 on bone cells and B lymphocytes.

Increased VCAM1 in osteoblasts and LPAM1 in IgD+ B cells mediate the retention of 
mature B cells in BM in Osx-PPRKO mice

To determine whether the impaired retention of mature B cells in the BM of Osx-PPRKO 

mice is caused by LPAM1 and VCAM1 overexpression, we performed in vivo neutralization 
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of VCAM1 using an VCAM1 blocking antibody. Osx-PPRKO and WT mice were injected 

intraperitoneally with 200 µg of anti-VCAM1 antibody and sacrificed after 24 hours. Flow 

cytometric analysis of BM of mice treated with anti-VCAM1 antibody revealed a 50% 

reduction of IgD+ B cell frequencies in both Osx-PPRKO and control littermates when 

compared to isotype control antibody-treated animals. Interestingly, after a single treatment 

the frequencies of all three mature B cell subsets (IgM+ IgDlo, IgM+ IgD+ and IgMlo IgD+) 

in Osx-PPRKO mice normalized to the levels of the isotype treated WT littermates (Fig. 

7A). We examined expression of ICAM1 and MadCAM1, other cell adhesion molecules of 

the immunoglobulin superfamily similar in structure to VCAM1, and found increased 

ICAM1 mRNA levels in Osx-GFP+ cells and increased levels of soluble MadCAM1 in BM 

supernatant of Osx-PPRKO mice (Fig. 7B–C). Taken together, these data suggest that 

LPAM1/VCAM1 signaling may mediate the retention of mature B cells in the BM of Osx-

PPRKO mice and that ICAM1 and MadCAM1, similar in structure to VCAM1, may 

reinforce the process interacting with the same integrins present on mature B lymphocytes.

DISCUSSION

In adults B lymphocyte development occurs continuously in BM where non-lymphoid BM 

stromal cells provide direct cell-cell and paracrine signaling support within the niche to 

guide the precise development of B cells. In the present study, we show that loss of PPR 

signaling in osteoprogenitors leads to a profound osteopenia with dramatic reductions in 

trabecular and cortical bone volume. Furthermore, deletion of PPR in osteoprogenitors, but 

not in mature osteoblasts and osteocytes, results in marked impairment of B lymphopoiesis 

in BM.

We find that PPR-deficient osteoprogenitors affect B lymphopoiesis in at least two distinct 

stages of development: reduced differentiation of early B cell precursors (Pro B and Pre B 

stages) and, unexpectedly, increased accumulation of mature B cells in BM (Fig. 8). Mice 

lacking Gsα in osteoprogenitors (Osx-GsαKO) also display reduced numbers of Pro B and 

Pre B cells in BM due to decreased expression of IL-7 by osteoprogenitor cells(21); however 

because Osx-GsαKO mice die even earlier, mainly before the 2nd week of life, a BM 

retention phenotype has not been assessed in those mice. Several GPCRs in addition to PPR 

signal through Gsα. Because Osx-PPRKO mice can largely recapitulate the B cell precursor 

development defect of Osx-GsαKO mice, we conclude that the PPR signaling is a key 

upstream GPCR that mediates the regulation of B cell differentiation by Gsα signaling in 

osteoprogenitors. Taken together, these data show that PPR signaling in osteoprogenitors is 

an essential cellular signaling pathway for B cell development within the supportive niche 

offered by osteoprogenitors.

The mechanism by which osteoprogenitors support B lymphopoiesis is of great interest. As 

with Osx-GsαKO mice, in Osx-PPRKO mice we find reduced expression of IL-7 in 

marrow-depleted bones, and in vivo injection of recombinant IL7 significantly restores the 

levels of Pro B and Pre B cells in Osx-PPRKO mice. Notably, while CXCL12 has also been 

reported to play a significant role in support of B lymphocyte differentiation, we did not find 

any changes in CXCL12 expression levels in marrow depleted long bones from Osx-PPRKO 

mice, and no defects in Prepro B cells. Therefore while CXCL12 expression by cultured 
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osteoblasts can be augmented by PTH treatment, deletion of PPR in osteoprogenitors in vivo 

does not apparently affect CXCL12 expression or its effects on Prepro B cells.

These studies are consistent with others highlighting the importance of osteoprogenitors to 

the B lymphocyte niche. While ablation of Gsα in osteoprogenitors leads to impaired early 

B lymphopoiesis(21), the absence of Gsα in Dmp1-expressing osteocytes yields no B cell 

phenotype(22). Likewise, deletion of PPR in osteocytes has no effect on more differentiated 

B220+ IgM+ B cells(22). Here we have examined B cell precursor populations more carefully 

in mice lacking PPR in either osteoblasts or osteocytes, and found no evidence of impaired 

B cell precursor differentiation. Taken together, these studies further confirm that 

osteoprogenitors are a critical regulator of B lymphopoiesis through PPR/Gsα signaling. 

This does not, however, rule out that other osteoblast lineage cells may also influence B 

lymphopoiesis through other signaling pathways. For instance, Greenbaum et al. have 

reported that deletion of CXCL12 in Osx+ osteoprogenitors but not in osteocalcin-

expressing osteoblasts leads to loss of common lymphoid progenitors (CLPs) and Prepro B 

cells(32). In addition, osteocytes may indirectly regulate B lymphopoiesis; Sato et al. recently 

demonstrated that ablation of osteocytes in vivo leads to impaired B cell precursor 

differentiation, likely through depletion of B lymphoid-supporting stromal cells(12). 

Moreover, very recent studies reported that Osterix promoter is not restricted to osteolineage 

cells during embryonic and early postnatal life, but can be found more broadly expressed in 

some bone marrow stromal and perivascular cells; thus, it is not possible to exclude the 

importance of the effects of PPR deletion on these other cell types(41,42).

We report here the novel finding that ablation of PPR in osteoprogenitors unexpectedly 

results in increased numbers of IgD+ B lymphocytes in the BM most likely due to aberrant 

IgD expression in immature B cells accompanied by enhanced retention of these cells. B cell 

proliferation analysis in BM revealed that B cell precursors of Osx-PPRKO mice are more 

proliferative when compared to their littermate controls; however, although no difference 

was found in apoptosis, the numbers of Pro and Pre B cells were significantly lower. On the 

other hand, the spleen of Osx-PPRKO mice showed no extramedullary B lymphopoiesis. 

Interactions between adhesion molecules and integrins are necessary for B cell migration. 

We further find that the abnormal retention of naïve IgD+ B lymphocytes in the BM is 

mediated at least in part by increased VCAM1. VCAM1 has been shown to be integral to 

support of B lymphocyte differentiation on osteoblasts in vitro (13). VCAM1 expression has 

been identified in osteoblast lineage cells(13,43) and endothelial cells(44,45). While the 

absence of VCAM1 does not affect B lymphopoiesis, it impairs retention of immature B 

cells and homing of mature B cells in BM. Specifically, VCAM1-deficient mice showed loss 

of immature IgM+ IgD− B cells from BM and their accumulation in peripheral blood and a 

significant decrease of IgD+ mature recirculating B cells in BM(37). Conditional deletion of 

VCAM1 in endothelial cells with Tie2-Cre leads to mild leukocytosis in peripheral blood, 

with elevation of IgM+ IgDlo immature B cells and accompanied by a reduction of IgM+ 

IgDlo and IgD+ B cells in the BM(36). Little is known about a role for PPR in the regulation 

of VCAM1 expression, but in cementoblasts overexpressing JunB, decreased expression of 

PPR is also inversely correlated with increased expression of VCAM1(46). Another in vitro 
study reported that canonical Wnt signaling pathway negatively regulates VCAM1 

expression on marrow stromal cells(39). Interestingly, deletion of PPR in osteocytes was 
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reported to inhibit Wnt-β-catenin signaling pathway(26) and we also have previously shown 

that ablation of Gsα in osteoprogenitors results in reduced canonical Wnt signaling(47). In 

accordance with these last findings, we found a significant downregulation of Wnt target 

genes such as Axin2, Lef1 and Tcf7 in Osx-PPRKO osteoprogenitors. Moreover, 

upregulation of VCAM-1 in endothelial cells is mediated by pro-inflammatory cytokines 

such as tumor necrosis factor-alpha (TNF-α) and interleukin-1β (IL-1β) (40) and the 

expression of both genes are significantly increased in Osx-GFP+ sorted cells from Osx-

PPRKO mice as compared to Osx-PPR+/+ mice. Further studies to investigate the link 

between PPR-mediated signaling and expression of VCAM1 in osteoblasts are now 

underway. Treatment of the Osx-PPRKO mice with VCAM1 antibody significantly 

decreased the accumulation of mature B cells in the BM, indicating that the PPR signaling in 

osteoprogenitors also influences B cell mobilization at least in part by regulating the 

expression of the adhesion molecule VCAM1.

More broadly, understanding the interactions between the osteoblast lineage and 

hematopoietic lineages has significant clinical relevance. Several studies have highlighted 

the role of the microenvironment, and osteoblasts in particular, in the pathogenesis of 

myeloproliferative syndrome, myelodysplasia and leukemias(48–52). B lymphoid 

malignancies are also known to target the skeleton; for example, multiple myeloma involves 

well-characterized interactions between malignant plasma cells, osteoclasts, and osteoblasts. 

In particular, interaction of myeloma cells with stromal cells is also mediated by 

VCAM-1(53,54). Conversely, production of normal hematopoietic cells might one day be 

enhanced by treatments directed at the osteoblast lineage. In a proof of concept study, we 

have demonstrated that recombinant PTH (teriparatide) can significant increase circulating 

HSCs in postmenopausal women with osteoporosis(55). Therefore understanding the 

mechanisms by which B lymphocytes and their malignant counterparts home to and engraft 

in the bone microenvironment may enable novel therapies targeted at the normal and 

malignant hematopoietic cell niches.
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Fig.1. Osx-PPR KO mice are osteopenic
(A) Gross appearance at 3 weeks of age and (B) growth curve of WT, Osx-PPR+/+ and Osx-

PPRKO (KO) mice. (C) Relative PPR mRNA expression in BM depleted long bones from 

WT (black) and KO (white) mice; n=5 WT, n=6 KO; *, p<0.05. (D) Relative PPR mRNA 

expression in FACS-sorted Osx-GFP+ cells from bone chip cultures of Osx-PPR+/+ (grey) 

and KO (white) mice; n=7 Osx-PPR+/+, n=6 KO; *, p<0.05. (E) Representative hematoxylin 

and eosin stained sections of proximal tibial metaphyses (upper panels; i, iii) and diaphyses 

(lower panels; ii, iv) of WT (i,ii) and KO mice (iii, iv). (F) Representative µCT images 
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showing 3-D rendering of trabecular (upper panels; i, iii) and cortical bone (lower panels; ii, 

iv) microarchitecture of distal and midshaft femora of WT (i, ii) and KO mice (iii, iv). (G) 

Bone mineral density in femurs of 3 week-old KO compared to WT littermates; n=5 WT, 

n=6 KO; *, p<0.05. (H–K) Quantitative µCT assessment showing trabecular bone fraction 

(BV/TV) (H), trabecular numbers (Tb.N) (I), trabecular thickness (Tb.Th) (J), and trabecular 

spacing (Tb.Sp) (K) in WT, Osx-PPR+/+ and KO mice. (L–M) Quantitative µCT assessment 

showing cortical thickness (Cort. Th) (L) and cortical bone area fraction (BA/TA) (M) in 

WT, Osx-PPR+/+ and KO mice; n=5 WT, n=6 Osx-PPR+/+, n=5 KO; *, p<0.05. (N–O) 

Expression of osteoblast specific mRNAs including Runx2, collagen type I (Col1α1), 

alkaline phosphate (ALP), and osteocalcin in BM depleted long bones (N) and in Osx-GFP+ 

sorted osteoprogenitors (O) from 3 week-old WT and KO and Osx-Cre:PPR+/+ and KO 

mice, respectively; n=9 WT, n=6 KO; and n=7 Osx-Cre:PPR+/+, n=6 KO; *, p<0.05.
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Fig.2. Osx-PPRKO mice show progressive peripheral lymphopenia
(A) BM cellularity in the WT, Osx-PPR+/+ and KO mice at 3 weeks (3w) of age. (B) BM 

cellularity normalized to the body weight at 3 weeks of age. (C) Gross appearance of spleen 

of WT (left) Osx-PPR+/+ (middle) and KO (right), (D) spleen weight normalized to the body 

weight, and (E) spleen cellularity in the WT, Osx-PPR+/+ and KO mice. N≥10 WT, n=10 

Osx-PPR+/+, n≥11 KO; *, p<0.05.
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Fig.3. Deletion of PPR in osteoprogenitors impairs Prepro B cell to Pro B cell transition with 
decreased IL-7 expression
(A) Absolute numbers of B cell populations in the BM of 3-week old WT, Osx-PPR+/+ and 

Osx-PPRKO (KO) mice. Total B cells (B220+ CD19+), B cell precursors (Prec) (B220+ 

CD93+ IgM−) and immature B cells (Immat) (B220+ CD93+ IgM+). (B) Absolute numbers 

of Prepro B (B220+ CD19− CD93+ CD43+), Pro B (B220+ CD19+ CD93+ CD43+), and Pre 

B (B220+ CD19+ CD93+ CD43−) cell populations in 3 week-old WT, Osx-PPR+/+ and KO 

mice. (C) Frequency of Annexin V+ apoptotic B cells within the PreproB, ProB and PreB 

cell subsets in 3 week-old WT, Osx-PPR+/+ and KO mice. (D) Frequency of Ki67+ 
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proliferating PreproB, ProB and PreB cell fractions in 3 week-old WT, Osx-PPR+/+ and KO 

mice. (E–F) Relative mRNA levels of IL-7 (E) and CXCL12 (F) in long bones of Osx-

PPRKO mice and control groups. (G) Flow cytometric analysis of IL-7Rα expression in B 

cell precursors. (H) Absolute numbers of Prepro B, Pro B and Pre B cells after IL7 or PBS 

in vivo treatment in Osx-PPRKO mice and WT littermates at 3 weeks of age. N=6 WT, n=5 

Osx-PPR+/+, n=6 KO; *, p<0.05. (I) Flow cytometric analysis of VLA-4 expression in B cell 

precursors. N≥4 WT, n≥9 Osx-PPR+/+, n≥5 KO; *, p<0.05.
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Fig.4. B cell development is normal in mice lacking PPR in mature osteoblasts and osteocytes
(A) BM cellularity of 3 week-old mice lacking PPR in mature osteoblasts and osteocytes 

(OC-PPRKO); n=5 WT, n=3 KO; *, p<0.05. (B) Absolute counts of Prepro B, Pro B, and 

Pre B populations in 3 week-old OC-PPRKO compared to WT littermates; n=5 WT, n=3 

KO; *, p<0.05. (C) BM cellularity of 3 week-old mice lacking PPR in osteocytes (DMP1-

PPRKO); n=6 WT, n=8 KO; *, p<0.05. (D) Absolute counts of Prepro B, Pro B, and Pre B 

populations in 3-week old DMP1-PPRKO compared to WT littermates; n=6 WT, n=8 KO; *, 

p<0.05. (E) BM cellularity of 12 week-old OC-PPRKO and WT littermates. (F) Absolute 
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counts of Prepro B, Pro B, and Pre B populations in 12 week-old OC-PPRKO compared to 

WT littermates. (G) BM cellularity of 12 week-old mice lacking PPR in osteocytes (DMP1-

PPRKO) and WT littermates. (H) Absolute counts of Prepro B, Pro B, and Pre B cells in 12 

week-old DMP1-PPRKO compared to respective WT littermates. N≥8 WT, n≥13 KO; *, 

p<0.05.
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Fig.5. Osx-PPRKO mice have impaired B lymphocyte maturation and egress from BM
(A) Schematic representation of B cell maturation. The last step of B cell differentiation in 

BM is represented by immature IgM+ IgD−/lo B lymphocytes. Subsequently, the immature B 

cells migrate to the spleen where they become mature B lymphocytes through the 

upregulation of IgD (IgM+ IgD+) and downregulation of IgM (IgMlo/− IgD+). (B) FACS 

analysis of IgM+ IgD+ and IgMlo IgD+ mature B cells in BM of 3-week old Osx-PPRKO 

mice compared to Osx-PPR+/+ mice and WT littermates; n=4 WT, n=10 Osx-PPR+/+, n=5 

KO; *, p<0.05. (C) Fluorescent immunohistochemistry showing IgD and IgM staining in 
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diaphyses of 3-week old Osx-PPRKO mice (lower panels) and control mice (upper panels); 

(i–ii) IgD staining 10×, (iii–iv) IgM staining 10× and (v–vi) merged images of IgD and IgM 

stainings. Absolute numbers of (D) total B cells and (E) maturing B cells in spleen n≥4 WT, 

n≥8 Osx-PPR+/+, n≥5 KO; *, p<0.05. (F) Schematic representation of the splenocyte 

labeling with PKH26 and intra-tibia injection. Numbers of PKH26+ IgD+ B cells in the (G) 

BM of Osx-PPRKO compared to control mice after intra-tibia injection of PKH26 labeled 

splenocytes. N=9 WT, n=4 Osx-PPR+/+, n=7 KO;*, p<0.05.
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Fig.6. Deletion of PPR in osteoprogenitors increases the expression of VCAM1 in osterix+ cells 
and mature B cells
(A–C) Expression by flow cytometric analysis of VLA-4 (A), LPAM1 (B), and VCAM1 (C) 

in maturing B cells in Osx-PPRKO mice compared to control groups at 3 weeks of age; n=9 

WT, n=8 Osx-PPR+/+, n=8 KO; *, p<0.05. (D) VCAM1 immunohistochemistry on Osx-

PPRKO (lower panel) and WT (upper panel) frozen bone sections. Representative images 

for (i,iv) trabecular bone (tr), (ii,v) cortical bone (c) and (iii,vi) BM showing a blood vessel 

(bv) stained with CD31. (E) Quantitative analysis of VCAM1 gene expression in BM 

depleted long bones and (F) Osx-GFP+ sorted osteoprogenitors; n≥7 WT, n=6 KO; *, 
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p<0.05. (G) Relative mRNA levels of Axin2, Lef1 and Tcf7 in Osx-GFP+ sorted cells of 

Osx-PPRKO mice and controls; n=3 pools WT, n=3 pools KO; *, p<0.05. (H) Quantitative 

analysis of IL1β and TNF gene expression in Osx-GFP+ sorted osteoprogenitors; n=3 pools 

WT, n=3 pools KO; *, p<0.05.
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Fig.7. VCAM1 overexpression is responsible for mature B cell retention in BM but other cell 
adhesion molecules, such as ICAM1 and MadCAM1, are significantly increased in mice lacking 
PPR in osteoprogenitors
(A) Reduced frequencies of maturing B cells in the BM of Osx-PPRKO and WT mice after 

in vivo blocking of VCAM1 with the neutralizing antibody; n=8 ISOT. WT, n=7 ISOT. KO, 

n=8 VCAM1 WT, n=8 VCAM1 KO; *, p<0.05. (B) Relative mRNA levels of ICAM1 in 

Osx-GFP+ sorted cells of Osx-PPRKO mice and controls; n=3 pools WT, n=3 pools KO; *, 

p<0.05. (C) Median fluorescence intensity of soluble MadCAM in BM supernatant of 3 

week old Osx-PPRKO mice and controls; n=4 pools WT, n=4 pools KO; *, p<0.05.
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Fig.8. Model of B lymphopoiesis regulation by osteoblastic cells
Deletion of PPR in mature osteoblasts or osteocytes does not alter B lymphopoiesis at any 

level of B cell development. On the contrary, ablation of PPR in osteoprogenitors affects B 

lymphopoiesis in the early stage of B cell differentiation as well as in the late stage of the 

maturation process due to increased retention of mature B cells in BM caused by VCAM1 

overexpression in osteoblastic cells.
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