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Abstract 

 

Stromal cells in bone marrow (BM) constitute a specific microenvironment supporting 

development and maintenance of hematopoietic cells. Adiponectin is a cytokine secreted by 

adipocytes. Besides its anti-diabetic and anti-atherogenic roles, adiponectin reportedly 

regulates development and function of hematopoietic cells in BM. However, it remains 

unclear whether mesenchymal stromal cells in BM express adiponectin. Here, we show that 

PDGFRb+VCAM-1+ stromal cells express adiponectin. Lineage tracing revealed that a 

majority of PDGFRb+VCAM-1+ cells were targeted by an adiponectin promoter-driven Cre 

(Adipoq-Cre) transgene. Additionally, the Adipoq-Cre transgene targets a minority of 

osteoblasts at younger age but larger populations are targeted at older age. Furthermore, the 

Adipoq-Cre transgene targets almost all of CXCL12-abundant reticular (CAR) cells and that 

most of the stromal cells targeted by the Adipoq-Cre transgene are CAR cells. Finally, 

deletion of interleukin-7 (IL-7) by the Adipoq-Cre transgene resulted in severe impairment of 

B lymphopoiesis in BM. These results demonstrate that PDGFRb+VCAM-1+ stromal cells in 

BM express adiponectin and are targeted by the Adipoq-Cre transgene, suggesting broader 

specificity of Adipoq-Cre transgene. 

 

Keywords: adipocyte, adiponectin, bone marrow, CXCL12, IL-7, stromal cells 
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Introduction 

 

Bone marrow (BM) microenvironment is constituted of several types of mesenchymal stromal 

cells. First, CXCL12-GFP knock-in mice revealed robust GFP-expressing mesenchymal 

stromal cells, known as CXCL12-abundant reticular (CAR) cells. CAR cells support 

hematopoietic stem cell (HSC) maintenance by secreting CXCL12 and stem cell factor (SCF), 

and B lymphopoiesis by secreting interleukin-7 (IL-7) (1-4). Second, arteriolar NG2+ cells 

maintain HSCs by producing CXCL12 but not SCF (5). Finally, while CAR cells are 

Ter119−CD45−Sca-1−PDGFRa+ cells, Ter119−CD45−Sca-1+PDGFRa+ stromal cells, referred 

to as PaS, are distributed primarily around arterioles (6). Mesenchymal stromal cells were 

identified by their expression of nestin-GFP, leptin receptor (Lepr), and Prx1-Cre, but the 

subsets defined by different markers appear to overlap with each other (7, 8). Furthermore, 

mesenchymal stromal cells in BM have potential to differentiate into osteoblasts, adipocytes, 

and chondrocytes in vitro (9). It remains controversial how and where HSC self-renewal and 

differentiation are maintained in BM microenvironment. 

Adiponectin (Adipoq) is one of the cytokines secreted by adipocytes. Adiponectin 

enhances insulin sensitivity by increasing glucose uptake and fatty acid oxidation in liver and 

muscle (10-13). In addition, adiponectin plays roles in immunity: adiponectin inhibits 

proliferation of myelomonocytic and early B lymphoid cells, suppresses functions of 

macrophages and NK cells, and increases HSC proliferation (14-18). Later, it is reported that 

adiponectin is expressed also in osteoblasts and Lepr+ stromal cells in BM (19, 20). However, 

these reports are inconsistent with the observation that Adipoq-Cre BAC transgene is 

expressed specifically in adipose tissue of Adipoq-Cre transgenic mice (21-28). Therefore, it 

is still uncertain whether BM stromal cells secrete adiponectin. 
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In this study, we showed that PDGFRb+VCAM-1+ stromal cells in BM express 

adiponectin transcripts, and a majority of PDGFRb+VCAM-1+ stromal cells were targeted by 

an Adipoq-Cre transgene. Consistently, the Adipoq-Cre transgene targets almost all of CAR 

cells in BM. Furthermore, B cell development was severely impaired in BM of IL-7f/f 

Adipoq-Cre mice. Thus, our study demonstrates that adiponectin transcripts is specifically 

expressed in PDGFRb+VCAM-1+ stromal cells in addition to adipocytes. 
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Methods 

 

Mice 

C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan). Adipoq-Cre, R26tdTomato, 

R26YFP, CXCL12GFP, IL-7GFP and IL-7fl mice were reported previously (1, 21, 29-31). These 

mouse lines were on C57BL/6 backgrounds. Mice were maintained under specific 

pathogen-free conditions in the Experimental Research Center for Infectious Diseases in the 

Institute for Frontier Life and Medical Sciences, Kyoto University. All mouse protocols were 

approved by the Animal Experimentation Committee of the Institute for Frontier Life and 

Medical Sciences, Kyoto University. 

 

Antibodies (Abs) and flow cytometry 

Flow cytometry and cell sorting were performed on a FACS Verse flow cytometer and a 

FACS Aria III cell sorter (BD Biosciences, Franklin Lakes, NJ) and analyzed with the FlowJo 

software (TreeStar, Ashland, OR). The following monoclonal antibodies (mAbs) (clone name 

in parentheses) were used: FITC-anti-CD31 (MEC13.3), PE-Cy7-anti-Sca-1 (E13-161.7), 

Brilliant Violet (BV) 421-anti-CD31 (390), BV421-anti-Sca-1 (D7), APC-anti-VCAM-1 

(429), PE-anti-VCAM-1 (429), APC-Cy7-anti-CD45 (30-F11), APC-Cy7-anti-Ter119, 

biotin-anti-PDGFRb (APB5), anti-Cre (7-23), anti-alkaline phosphatase (ALPL) 

(Phe18-Gly503), FITC-anti-CD19 (6D5), PE-anti-Flt3 (A2F10), PE-Cy7-anti-IgD (11-26c.2a), 

APC-anti-c-Kit (2B8), BV421-anti-IgM (RMM-1), FITC-anti-EpCAM (G8.8), 

APC-anti-Ly51 (6C3), FITC-anti-CD3e (145-2C11), PE-anti-NK1.1 (PK136), 

PE-Cy7-anti-CD45.2 (104), APC-CD1d tetramer loaded with PBS-57, APC-anti-CD19 

(MB19-1), APC-Cy7-anti-CD4 (RM4-5), eFluor 450-anti-CD8 (53-6.7), and APC-anti-mouse 

IgG1 (RMG1-1). Abs were obtained from BioLegend (San Diego, CA), R&D Systems 
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(Minneapolis, MN), eBioscience (San Diego, CA), TONBO (Tokyo, Japan), and Merck 

(Darmstadt, Germany) except for APC-CD1d tetramer, which was a kind gift from NIH 

Tetramer Core Facility at Emory University. PE-Cy7-streptavidin, BV421-streptavidin, and 

Alexa Fluor 647-anti-goat IgG were purchased from BioLegend, eBioscience, and Invitrogen 

(Carlsbad, CA), respectively. Intracellular staining was done using the Foxp3 Staining Buffer 

Set according to the manufacturer’s instructions (eBioscience). 

 

Isolation of BM cells 

For analysis of lymphocytes in BM, cells were isolated by flushing femurs. Red blood cells 

were lysed with ammonium chloride potassium buffer. For analysis of stromal cells in the 

inner compartment of bone marrow (I-BM), tibias and femurs were flushed with using 1 ml of 

RPMI 1640 medium containing 200 U/ml collagenase �  (Worthington Biochemical 

Corporation, Lakewood, NJ) and 100 U/ml DNase I�(Sigma-Aldrich, St. Louis, MO). The 

flushed marrow was digested at 37°C for 40 min. Ter119+ and CD45+ cells were then depleted 

using anti-Ter119 and CD45 microbeads and LD Columns (Miltenyi Biotec, Bergisch 

Gladbach, Germany). For analysis of osteoblasts associated with the endosteal surface of bone 

marrow (E-BM), marrow-flushed bones were crushed with a pestle and incubated in the same 

solution as above at 37°C for 10 min. The incubation was repeated three times and then 

filtered through a 40 µm cell strainer. For analysis of adipocytes in caudal vertebrae (CV), CV 

were dissected under a stereo microscope and crushed with a pestle and incubated in the same 

solution as above at 37°C for 40 min. The cell suspension was filtered through a 100 µm cell 

strainer and centrifuged at 380 × g for 4 min at room temperature. Floating cell layer was 

collected as CV adipocytes. 

 

Isolation of adipocytes and stromal vascular fraction (SVF) from adipose tissue 
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Mice were perfused with 25 ml of phosphate-buffered saline (PBS) containing 25 mM EDTA. 

Perigonadal and mesenteric fat pads were cut into pieces with scissors and incubated at 37°C 

for 1 hr in 1 ml of RPMI 1640 medium containing 200 U/ml collagenase � and 100 U/ml 

DNase I�(Sigma-Aldrich, St. Louis, MO). The cell suspension was filtered through a 100 µm 

cell strainer and centrifuged at 380 × g for 4 min at room temperature. Floating cell layer and 

cell pellet were collected as adipocytes and the SVF cells, respectively. 

 

Enrichment of thymic stromal cells 

Mice were perfused with 25 ml of PBS containing 25 mM EDTA. Thymus was cut into pieces 

with scissors and incubated at 37°C for 1 hr in 1 ml of RPMI 1640 medium containing 200 

U/ml collagenase IV and 100 U/ml DNase I. The cell suspension was filtered through a 70 µm 

cell strainer, and CD45+ cells were then depleted using CD45 microbeads and LD Columns. 

 

Real-time RT-PCR 

Total RNA was extracted with Sepasol reagent (Nacalai Tesque, Kyoto, Japan), and reverse 

transcribed using ReverTra Ace (Toyobo, Osaka, Japan) with oligo(dT)12–18 primer. cDNA 

was amplified in duplicate on a StepOnePlus Real-Time PCR System (Thermo Fisher 

Scientific, Waltham, MA) with a QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, 

Germany) and ROX reference dye (Invitrogen). PCR was carried out initially at 95°C for 15 

sec and then 45 cycles of 95°C 20 sec, 55°C 30 sec, and 72°C 1 min. After amplification, 

melting curve analysis was performed to verify the specificity of the reaction. PCR efficiency 

was normalized using cDNA of isolated adipocytes from wild-type perigonadal adipose tissue 

(PAT) as a standard for real-time PCR. Transcript levels were normalized to 

hypoxanthine-guanine phosphoribosyltransferase (HPRT) mRNA. Primer sequences are as 

follows: Adipoq (adiponectin), 5’-TGAGACCTGGCCACTTTCTC-3’ and 
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5’-TGGGCAGGATTAAGAGGAAC-3’; Plin1 (perilipin), 

5’-CTGTGGTACACTATGTGCCG-3’ and 5’-GCTGAAGGGTTATCGATGTC-3’; and Hprt 

(HPRT), 5’-GTTGGATACAGGCCAGACTTTGTTG-3’ and 

5’-GATTCAACTTGCGCTCATCTTAGGC-3’. 

 

Immunohistochemistry 

Freshly dissected tissues were fixed in 4% paraformaldehyde at 4°C for 6 hr, followed by 

3-day dehydration in a solution of 10%, 20% and 30% sucrose in PBS at 4°C overnight. 

Samples were embedded in Optimal Cutting Temperature compound (Sakura Finetechnical, 

Tokyo, Japan) and frozen in cooled hexane. Sections (8 µm thick) were prepared according to 

the Kawamoto method (32). Sections were rehydrated in PBS for 5 min and blocked with 

PBS containing 0.05% Tween, 20.1% BSA and 5% mouse serum at room temperature for 1 hr 

before staining. Primary Abs were applied to the slides at room temperature for 1.5 hr, 

followed by secondary Ab incubation at room temperature for 30 min. Anti-GFP (Invitrogen), 

anti-S100 (Dako, Santa Clara, CA), anti-perilipin (Abcam, Cambridge, UK), anti-ALPL 

(R&D Systems) and biotin-anti-VCAM-1 (a kind gift of Dr. Tatsuo Kina at Kyoto University) 

were used as the first Abs. DyLight 488-anti-rabbit IgG (BioLegend), DyLight 649-anti-rabbit 

IgG (BioLegend), Alexa Fluor 647-anti-goat IgG (Invitrogen) and BV421-streptavidin 

(eBioscience) were used as the second Abs. Alexa Fluor 488-anti-Sca-1, FITC-anti-EpCAM, 

and APC-anti-Ly51 (all from BioLegend) were also used. For nuclear staining, sections were 

treated with DAPI. Sections were washed with PBS between Ab incubations. Stained sections 

were mounted with PermaFluor Aqueous Mounting Medium (Thermo Fisher Scientific, 

Waltham, MA). Images were acquired on a Leica SP8 confocal microscope. 

 

Statistical analysis 
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For all bar graphs, data are shown as means ± SEM. Comparisons between two samples were 

performed using the unpaired two-tailed Student’s t-test. One-way ANOVA analyses followed 

by Tukey’s multiple-comparisons test and two-way ANOVA analyses were used for multiple 

group comparisons. Statistical analyses were performed using the GraphPad Prism 7 software. 

Asterisks in all figures indicate the following: *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., 

not significant. 
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Results 

 

PDGFRb+VCAM-1+ stromal cells in BM express adiponectin transcripts 

To investigate whether BM cells express adiponectin, we compared adiponectin transcripts in 

subpopulations of BM with those in adipocytes of PAT. We isolated 

Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ cells, blood vascular endothelial cells 

(BECs), other stromal cells, and CD45+ hematopoietic cells from wild-type BM of femurs and 

tibias by flow cytometry to measure adiponectin transcripts by real-time RT-PCR (Fig. 1A). 

To isolate adipocytes from BM, we took advantage of a gradient of adiposity in mouse 

vertebrae (33). Thoracic vertebrae (TV) and sacral vertebrae (SV) appeared red, whereas 

caudal vertebrae (CV) looked white (Fig. 1B). The mRNA levels of perilipin, a lipid 

droplet-associated protein, in the whole CV were significantly higher than the whole TV and 

SV (Fig. 1C). These results imply that CV contain a much greater number of adipocytes than 

TV and SV. At 8 weeks old, levels of adiponectin transcripts in PDGFRb+VCAM-1+ cells 

were twofold higher than in PAT adipocytes and 20-fold higher than in CV adipocytes (Fig. 

1D). By contrast, levels of adiponectin transcripts in BECs, other stromal cells, and 

hematopoietic cells were lower by 7-, 700-, and 2,500-fold, respectively, than PAT mature 

adipocytes. As for perilipin expression, all the subpopulations of BM including 

PDGFRb+VCAM-1+ cells and CV adipocytes represented much lower levels of perilipin 

transcripts than PAT adipocytes (Fig. 1D). In addition, flow cytometric analysis revealed that 

93% of PDGFRb+VCAM-1+ cells expressed Cre recombinase in Adipoq-Cre mice at 8 weeks 

old, although hematopoietic cells and other BM stromal cells did not (Fig. 1E and F). Similar 

pattern of adiponectin mRNA expression was observed at 4 weeks old (Supplementary Figure 

1A). We also observed that 85% of PDGFRb+VCAM-1+ cells expressed Cre recombinase in 

Adipoq-Cre mice at 4 weeks old (Supplementary Figure 1B and C). These results indicate that 
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PDGFRb+VCAM-1+ stromal cells in BM express adiponectin at high levels both at 8 and 4 

weeks old. 

 

An Adipoq-Cre transgene targets a majority of PDGFRb+VCAM-1+ stromal cells in bone 

marrow 

Because adiponectin was expressed in PDGFRb+VCAM-1+ stromal cells, we asked whether 

an Adipoq-Cre transgene targets these cells. To define the targeting specificity of the 

Adipoq-Cre transgene, we generated Adipoq-Cre+; R26tdTomato/+ mice. The R26tdTomato allele 

permits identification of Adipoq-Cre-targeted Tomato+ cells. We separately examined the 

cells in the inner compartment of BM (I-BM) and those associated with the endosteal surface 

of BM (E-BM) at 8 weeks old. We checked Tomato expression in PDGFRb+VCAM-1+ 

stromal cells, CD31+Sca-1+ BECs, CD31−Sca-1+ stromal cells, and other stromal cells in 

I-BM, and also in osteoblasts, BECs, and CD31−Sca-1+ stromal cells in E-BM of 

Adipoq-Cre+; R26tdTomato/+ femurs and tibias (Fig. 2A and B). Interestingly, we observed that 

the Adipoq-Cre transgene targets 94% of PDGFRb+VCAM-1+ cells but less than 10% of any 

other stromal cell populations at 8 weeks old (Fig. 2C). Additionally, most of 

Adipoq-Cre-targeted PDGFRb+VCAM-1+ cells expressed Cre recombinase, and vice versa 

(Fig. 2D), suggesting that PDGFRb+VCAM-1+ cells are homogenous with regard to 

adiponectin expression. 

Next, we employed immunostaining to detect Tomato expression in Adipoq-Cre+; 

R26tdTomato/+ mice. To assess targeting of the cells in I-BM, we stained bone sections with Abs 

against S100 and Sca-1 to detect mesenchymal stromal cells and arteriolar endothelial cells, 

respectively. Tomato+ cells largely co-expressed S100 but not Sca-1 in I-BM (Fig. 3A). Next, 

we stained E-BM bone sections with Abs against alkaline phosphatase (ALP) to detect 

osteoblasts. Tomato+ cells rarely co-expressed ALP or Sca-1 in E-BM (Fig. 3B). Finally, we 
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stained bone sections and mesenteric adipose tissue with Abs against perilipin. Some Tomato+ 

cells co-expressed perilipin in BM, and most Tomato+ cells co-expressed perilipin in adipose 

tissue (Fig. 3C and Supplementary Figure 2). These results indicate that Adipoq-Cre 

transgene targets a majority of PDGFRb+VCAM-1+ stromal cells but a minority of other 

stromal cell populations in BM at 8 weeks old. In addition, although the expression level of 

adiponectin in BM adipocytes is lower than that in PAT adipocytes (Fig. 1D), Adipoq-Cre 

transgene targets adipocytes in BM. To confirm the accuracy of Adipoq-Cre targeting with a 

different fluorescent protein, we generated Adipoq-Cre+; R26YFP/+ mice. We checked YFP 

expression in PDGFRb+VCAM-1+ stromal cells in I-BM and in osteoblasts in E-BM of 

Adipoq-Cre+; R26YFP/+ femurs and tibias (Supplementary Figure 3A and B). The percentages 

were similar to that in Adipoq-Cre+; R26tdTomato/+ mice. We also detected YFP+ cells in 

Adipoq-Cre+; R26YFP/+ BM sections with similar results (Supplementary Figure 3C). 

Thymus contains some adipocyte precursors (34-36), and number of adipocytes increases 

during thymic involution (37-39). Thus, we next examined Tomato expression in thymus, 

which contains thymic epithelial cells (TECs) and mesenchymal stromal cells. Flow 

cytometric analysis showed that the Adipoq-Cre transgene targets 4.5% of TECs but only 

0.06% of EpCAM− stromal cells at 8 weeks old (Supplementary Figure 4A and B), and 5.1% 

of TECs and 0.1% of EpCAM− stromal cells at 24 weeks old (Supplementary Figure 4B). 

Immunofluorescence staining showed Tomato+ cells exist exclusively in thymic medulla 

(Supplementary Figure 4C). These data suggest that the Adipoq-Cre targets a minority of 

medullary TECs (mTECs) in thymus. 

Secondary lymphoid organs contain stromal cells, which support homeostasis and 

response of lymphocytes. Splenic stromal cells include VCAM-1+ICAM-1+ cells and 

MAdCAM-1+ marginal reticular cells (40), whereas lymph node stromal cells include 

gp38+CD31− fibroblastic reticular cells and gp38+CD31+ lymphatic endothelial cells (LECs) 
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(41). To assess targeting of the cells in secondary lymphoid organs, we performed 

immunostaining to detect Tomato expression in spleen and mesenteric lymph nodes (mLNs) 

of Adipoq-Cre+; R26tdTomato/+ mice. We rarely detected Tomato+ cells either in spleen or mLNs 

(Supplementary Figure 4D and E). This observation suggests that there are few 

Adipoq-Cre-targeted cells in spleen or mLNs. 

 

A majority of the BM stromal cells targeted by the Adipoq-Cre transgene are 

CXCL12-abundant reticular cells 

To further characterize targeting specificity of the Adipoq-Cre transgene in BM, we generated 

Adipoq-Cre+; R26tdTomato/+; Cxcl12GFP/+ mice. The Cxcl12GFP/+ transgene permits identification 

of CAR cells. We examined Tomato and GFP expression in BM of Adipoq-Cre+; 

R26tdTomato/+; Cxcl12GFP/+ mice at 8 weeks old by flow cytometry. Almost all CAR cells were 

targeted by Adipoq-Cre (Fig. 4A and B), and most Adipoq-Cre-targeted Tomato+ cells were 

CAR cells (Fig. 4C and D). Immunofluorescence staining also showed that GFP+� CAR cells 

mostly co-expressed Tomato (Fig. 4E). These results indicate that a majority of 

Adipoq-Cre-targeted stromal cells in BM are CAR cells at 8 weeks old. 

 

The Adipoq-Cre transgene targets PDGFRb+VCAM-1+ stromal cells and osteoblasts in an 

age-dependent manner 

To investigate whether targeting specificity of the Adipoq-Cre transgene changes with age, 

we examined Tomato expression in PDGFRb+VCAM-1+ stromal cells and osteoblasts of 

Adipoq-Cre+; R26tdTomato/+ mice at 4 and 24 weeks old by flow cytometry (Fig. 5A and B). 

The Adipoq-Cre transgene targeted 84% and 91% of PDGFRb+VCAM-1+ stromal cells and 

1.4% and 21% of osteoblasts at 4 and 24 weeks old, respectively (Fig. 5C). We also observed 

by immunostaining that Tomato+ osteoblasts increased at 24 weeks old compared with 8 
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weeks old (Fig. 5D). These results indicate that the Adipoq-Cre transgene targets 

PDGFRb+VCAM-1+ stromal cells and osteoblasts in an age-dependent manner. 

To further check the developmental onset of the Adipoq-Cre transgene, we performed 

immunostaining of Adipoq-Cre+; R26tdTomato/+ BM at postnatal day 0 (P0), 1 (P1), 2 (P2) and 7 

(P7). While Tomato+ cells were rarely detected in BM at P0, Tomato+ cells were scattered 

throughout the BM at P7. Furthermore, there was a sharp increase in the number of Tomato+ 

cells by P1 (Fig. 5E and Supplementary Figure 5). These results suggest that Tomato+ cells 

emerge within one day after birth in BM of Adipoq-Cre+; R26tdTomato/+ mice. 

 

Many of IL-7+ stromal cells in BM are targeted by the Adipoq-Cre transgene 

IL-7 is a cytokine important for lymphocyte development and homeostasis. Previous studies 

suggested that IL-7 produced by Lepr-Cre-targeted stromal cells plays an important role in B 

cell development in BM (1). We previously reported that IL7GFP/+ transgene allows 

identification of IL-7-producing cells (31). To investigate the relationship between IL-7+ 

stromal cells and Adipoq-Cre-targeted cells, we generated Adipoq-Cre+; R26tdTomato/+; IL7GFP/+ 

mice. Flow cytometric analysis showed that 57% and 36% of PDGFRb+VCAM-1+ stromal 

cells were Tomato+GFP+ and Tomato+GFP−, respectively, at 8 weeks old (Fig. 6A). We also 

observed by immunostaining that many of Tomato+ cells co-expressed IL7-GFP (Fig. 6B). 

These results indicate that the Adipoq-Cre transgene targets many of IL-7-producing stromal 

cells in BM. 

Next, we performed immunofluorescence staining to assess IL-7 expression in adipocytes 

in IL7GFP/+ mice, which the Adipoq-Cre transgene targets. Adipose tissue accounts for more 

than half of BM volume in elderly humans, whereas adipocytes are rare in adult murine BM, 

especially in long bones. We observed that adipocytes were more abundant in distal tibias 

than in proximal tibias, but that perilipin+ adipocytes did not co-express GFP in any part of the 
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BM in IL7GFP/+ mice (Supplementary Figure 6A). Furthermore, we did not detect IL7-GFP+ 

cells in mesenteric adipose tissue (Supplementary Figure 6B). 

 

B cell development is severely impaired in IL-7f/f Adipoq-Cre mice 

We previously reported that IL-7 produced by PDGFRb+VCAM-1+ stromal cells is essential 

for B cell development in BM (1). To assess whether Cre recombinase operates in BM of 

Adipoq-Cre mice, we generated IL-7f/f Adipoq-Cre mice and examined hematopoietic cells in 

BM by flow cytometry. The proportions of pro B, pre B, immature B, and mature B cells 

were significantly decreased in IL-7f/f Adipoq-Cre mice (Fig. 7A and B). Absolute numbers of 

pro B, pre B, immature B, and mature B cells were reduced by 17-, 37-, 14-, and 2-fold, 

respectively (Fig. 7B). The reduction of mature B cells was not as severe as B cell precursor 

subpopulations, probably because mature B cells survive and accumulate in periphery. By 

contrast, the proportions and absolute numbers of NK, NKT, invariant NKT (iNKT), T, 

CD8−CD4− double-negative (DN) T, CD8 T, and CD4 T cells were unchanged or slightly 

increased (Supplementary Figure 7A and B). These results suggest that B cell development is 

severely impaired because the Adipoq-Cre transgene has efficiently deleted IL-7 gene in 

mesenchymal stromal cells. 

Because IL-7 produced by TECs is important for T cell development in the thymus (42), 

we examined whether thymocytes are affected in IL-7f/f Adipoq-Cre mice by flow cytometry. 

The proportions and absolute numbers of NKT, iNKT, DN, CD8+CD4+ double-positive (DP), 

CD8+CD4− SP (CD8 SP), and CD8−CD4+ SP (CD4 SP) cells were unchanged (Supplementary 

Figure 8A and B). This result is consistent with the observation that the Adipoq-Cre transgene 

targets only small proportion of TECs shown in Supplementary Figure 4B. 

Finally, to investigate whether the disruption of BM microenvironment have some 

influence on lymphocytes in periphery, we examined PAT, mesenteric adipose tissue (MAT), 
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spleen, and mesenteric lymph nodes (mLNs) of IL-7f/f Adipoq-Cre mice. In PAT, the 

proportions and absolute numbers of NK, NKT, CD4 T, CD8 T, and B cells were unchanged 

(Supplementary Figure 9). By contrast, in MAT, proportion of NK cells increased and that of 

B cells decreased. Absolute numbers of B, T, CD8 T, and CD4 T cells significantly decreased 

(Supplementary Figure 9). In spleen and mLNs, proportions of B cells decreased, whereas 

those of NK, NKT, CD8 T, and CD4 T cells were unchanged or slightly elevated 

(Supplementary Figure 10). Meanwhile, absolute numbers of B and CD8 T cells decreased, 

whereas those of NK, NKT, and CD4 T cells were unchanged in spleen and mLNs. These 

results suggest that the impairment of B cell development in BM of IL-7f/f Adipoq-Cre mice 

affects lymphocytes in peripheral lymphoid tissues in a tissue-dependent manner. 
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Discussion 

 

In this study, we show that PDGFRb+VCAM-1+ stromal cells in BM express adiponectin at 

high levels (Fig. 1). We also observe that the Adipoq-Cre transgene targets a majority of 

PDGFRb+VCAM-1+ stromal cells but less than 10% of any other stromal cell populations 

including BECs and osteoblasts at 8 weeks old (Fig. 2 and 3). In addition, we show that the 

Adipoq-Cre transgene targets almost all of CAR cells and that about 85% of the 

Adipoq-Cre-targeted stromal cells are CAR cells (Fig. 4). It is reported that Lepr-Cre 

transgene targets most of PDGFRb+ stromal cells and that Lepr+ cells contribute to bone 

formation (43). We demonstrate that the proportion of osteoblasts targeted by the Adipoq-Cre 

transgene increases with age (Fig. 5). It is reported that BM stromal cells start to express the 

leptin receptor by P0 (43). As for adiponectin expression, we show that Adipoq-Cre-targeted 

cells drastically increase by P1 (Fig. 5). Finally, we observe that the Adipoq-Cre transgene 

targets many of IL-7-producing BM stromal cells (Fig. 6) and that IL-7 deletion by the 

Adipoq-Cre transgene severely impairs B cell development in BM (Fig. 7). 

Because specific stromal cell populations regulate development and maintenance of 

distinct types of hematopoietic cells, it is important to validate the approaches to target 

specific stromal populations. Previous studies have shown that Prx1-Cre, Osx1-Cre, NG2-Cre, 

and Nes-GFP more broadly target BM stromal cells than Lepr-Cre (3, 5, 44). Here, we 

revealed that Adipoq-Cre efficiently targets BM stromal cells besides adipocytes. In general, 

our results indicate that the specificity of Adipoq-Cre transgene in BM is similar to that of 

Lepr-Cre transgene, not only in terms of targeting efficiency of CAR cells but also of 

osteoblasts. However, taking into account the difference of targeted cells within a few days 

after birth, Adipoq-Cre transgene might start to target BM stromal cells slightly later than 

Lepr-Cre transgene. Additionally, a lineage tracing experiment proved that an Adipoq-Cre/ER 
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transgene targets only 6% of Lepr+ stromal cell (20). We think that the difference in Cre 

expression might cause the difference in targeting efficiency between Adipoq-Cre and 

Adipoq-Cre/ER. 

We also show that the Adipoq-Cre transgene targets a few mTECs, but not cTECs, in 

thymus (Supplementary Figure 4B). Expression of tissue-specific antigens (TSAs) in mTECs 

by transcription factors, AIRE and Fezf2, triggers deletion of autoreactive T cells and thereby 

induces central tolerance (45). AIRE deficiency results in autoimmune diseases restricted in 

specific organs. TSAs are expressed in only 1-5% of mTECs (46, 47). There are no 

age-dependent changes in expression levels of TSAs (48). Considereing the low frequency of 

Adipoq-Cre-targeted mTECs, it is possible that adiponectin expressed by 

Adipoq-Cre-targeted mTECs is one of the TSAs. 

In IL-7f/f Adipoq-Cre mice, the reduction of mature B cells in BM and peripheral tissues is 

smaller than that of B cell precursors in BM (Fig. 7, Supplementary Figure 9 and 10), 

possibly because mature B cells accumulate in periphery. T cells decrease in mesenteric 

adipose tissue (MAT) but not in thymus of Adipoq-Cre IL-7 cKO mice (Supplementary 

Figure 8 and 9), suggesting a MAT-specific mechanism. Immunostaining reveals that there 

are no IL-7+ cells in MAT (Supplementary Figure 6B). Thus, IL-7+ adipocytes, undetectable 

by IL-7-GFP, might be present in MAT and support tissue-resident T cells. 

The adipose tissue contains various hematopoietic cells such as T, NKT, NK, Treg, and 

macrophages, and gains much attention as an immunological organ. Adipocytes secrete 

various cytokines including IL-6, and immunological aspects of adipocytes are closely related 

to obesity and chronic inflammation. To study immunological mechanisms in adipose tissue, 

the Adipoq-Cre mouse line has been frequently used as a adipocyte-specific Cre driver (49). 

However, our data suggest that the Adipoq-Cre transgene has broader specificity than 

previously thought. It has been reported that adipocyte IL-15 is important for maintenance of 
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systemic NK cells by using IL-15f/f Adipoq-Cre mice (50). Because IL-15 gene was probably 

deleted in mesenchymal stromal cells of BM, NK cell development might be impaired in the 

IL-15f/f Adipoq-Cre mice. Thus, the interpretation of the previous results in IL-15f/f 

Adipoq-Cre mice might be complicated. 

Although in vitro studies suggest that adiponectin plays some roles in the immune system, 

it is still unclear whether adiponectin is indispensable for hematopoiesis in vivo. Adiponectin 

receptors, AdipoR1 and AdipoR2, are expressed on murine HSCs (14) and on human 

lymphocytes and monocytes (51). Systemic adiponectin knockout mice show larger number 

of major histocompatibility complex class II+ (MHC-II+) macrophages in BM (16). Besides, 

hematopoietic recovery was delayed in adiponectin knockout mice after BM ablation (52). 

These in vivo analyses suggest that adiponectin might play some roles in BM. It is of note that 

the expression level of adiponectin transcripts in PDGFRb+VCAM-1+ stromal cells of BM is 

higher than in adipocytes of adipose tissue and caudal vertebrae (Fig. 1). It is controversial 

whether BM adipocytes express as high levels of adiponectin as adipocytes in the adipose 

tissue. A previous study reported that BM adipocytes serve as a major source of circulating 

adiponectin (33). On the other hand, another study reported that BM adipocytes express lower 

levels of adiponectin than adipocytes in adipose tissue (53), which is consistent with our 

results. Our data raise the possibility that BM PDGFRb+VCAM-1+ stromal cells, many of 

which are overlapped with CAR cells, contribute to plasma adiponectin as well as adipocytes 

in adipose tissue. Considering importance of CAR cells in hematopoiesis, adiponectin 

produced by PDGFRb+VCAM-1+ stromal cells might play an important role in BM 

In conclusion, our study demonstrates that PDGFRb+VCAM-1+ stromal cells express 

adiponectin and are targeted by the Adipoq-Cre transgene, suggesting broader specificity of 

the Adipoq-Cre transgene than previously recognized. It is expected that future studies will 

elucidate the functions of adiponectin in BM hematopoiesis. 
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Figure Legends 

 

Figure 1. PDGFRb+VCAM-1+ stromal cells in bone marrow express adiponectin. 

(A) Gating strategy for Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ stromal cells, blood 

vascular endothelial cells (BECs, Ter119−CD45−CD31+Sca-1+), and other stromal cells in 

bone marrow (BM). (B) Gross anatomy of the centrums of thoracic vertebrae (TV), sacral 

vertebrae (SV), and caudal vertebrae (CV) at 8 weeks old. (C) Plin1 (perilipin) transcripts in 

the whole TV, SV, and CV at 8 weeks old were measured by real-time RT-PCR and 

normalized to those of HPRT. The transcript levels in the TV were normalized to 1. Data are 

means ± SEM from 3 mice in one experiment. **p < 0.01. (D) Adipoq (adiponectin) and 

Plin1 (perilipin) transcripts in adipocytes of perigonadal adipose tissue (PAT), adipocytes of 

caudal vertebrae (CV), PDGFRb+VCAM-1+ stromal cells, BECs, other stromal cells, and 

hematopoietic cells sorted from BM at 8 weeks old were measured by real-time RT-PCR and 

normalized to those of HPRT. The transcript levels in PAT adipocytes were normalized to 1. 

Data are means ± SEM from 3-4 mice in 2 independent experiments. ***p < 0.001. (E) Flow 

cytometric analysis of Cre expression in Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ 

cells (solid line with untinted area), other stromal cells (dotted line with tinted area), and 

hematopoietic cells (solid line with tinted area) in Adipoq-Cre BM. (F) Percentages of Cre+ 

cells in Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ cells in BM from Adipoq-Cre mice 

at 8 weeks old (n = 6). Data are means ± SEM. 

 

Figure 2. Adipoq-Cre transgene targets a majority of PDGFRb+VCAM-1+ stromal cells in 

BM. 

(A) Flow cytometric analysis of Tomato expression in 

Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ cells, blood vascular endothelial cells 
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(BECs, Ter119−CD45−CD31+Sca-1+), Ter119−CD45−CD31−Sca-1+ cells, and other stromal 

cells in the inner compartment of bone marrow (I-BM) from Adipoq-Cre+; R26tdTomato/+ mice 

at 8 weeks old. (B) Flow cytometric analysis of Tomato expression in osteoblasts 

(Ter119−CD45−CD31−Sca-1−PDGFRbintALP+), BECs, and Ter119−CD45−CD31−Sca-1+ cells 

associated with the endosteal surface of bone marrow (E-BM) in Adipoq-Cre+; R26tdTomato/+ 

mice at 8 weeks old. (C) Percentages of Tomato+ cells in the indicated cells shown in A and B 

(n = 8). Data are means ± SEM. (D) Flow cytometric analysis of Cre and Tomato expression 

in Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ cells and other stromal cells in the inner 

compartment of bone marrow (I-BM) from Adipoq-Cre+; R26tdTomato/+ mice at 8 weeks old. 

 

Figure 3. Adipoq-Cre transgene targets mesenchymal stromal cells in BM. 

(A) Tomato expression was detected in many of S100+ stromal cells in Adipoq-Cre+; 

R26tdTomato/+ I-BM at 8 weeks old. (B) Tomato expression was rarely detected in ALP+ 

osteoblasts or Sca-1+ blood endothelial cells (BECs) in Adipoq-Cre+; R26tdTomato/+ E-BM at 8 

weeks old. The dotted line represents endosteum. (C) Tomato expression was detected in 

perilipin+ adipocytes (arrowhead) in Adipoq-Cre+; R26tdTomato/+ BM and mesenteric adipose 

tissue at 8 weeks old. Scale bar, 50 µm. 

 

Figure 4. A majority of the bone marrow stromal cells targeted by Adipoq-Cre transgene are 

CAR cells. 

(A) Flow cytometric analysis of Tomato expression in GFP− and GFP+ stromal cells in BM of 

Adipoq-Cre+; R26tdTomato/+; Cxcl12GFP/+ mice at 8 weeks old. (B) Percentage of Tomato+ cells 

in GFP+ stromal cells shown in A (n = 5). Data are means ± SEM. (C) Flow cytometric 

analysis of GFP expression in Tomato− and Tomato+ stromal cells in Adipoq-Cre+; 

R26tdTomato/+; Cxcl12GFP/+ BM at 8 weeks old. (D) Percentage of GFP+ cells in Tomato+ 
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stromal cells shown in C (n = 5). Data are means ± SEM. (E) Immunohistochemistry of BM 

of Adipoq-Cre+; R26tdTomato/+; Cxcl12GFP/+ mice at 8 weeks old. Scale bar, 100 µm. 

 

Figure 5. Adipoq-Cre transgene targets PDGFRb+VCAM-1+ stromal cells and osteoblasts in 

an age-dependent manner. 

(A) and (B) Flow cytometric analysis of Tomato expression in 

Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ stromal cells and osteoblasts 

(Ter119−CD45−CD31−Sca-1−PDGFRbintALP+) in BM of Adipoq-Cre+; R26tdTomato/+ mice at 4 

(A) and 24 (B) weeks old. (C) Percentages of Tomato+ cells in indicated cell populations of 

Adipoq-Cre+; R26tdTomato/+ BM at different ages (n = 6, 8, and 5 for 4-, 8-, and 24-week-old 

mice, respectively). Data are means ± SEM. *p < 0.05, ***p < 0.001, n.s., not significant. (D) 

Tomato expression in ALP+ osteoblasts in Adipoq-Cre+; R26tdTomato/+ mice at 8 and 24 weeks 

old. White arrows show Tomato+ osteoblasts. Scale bar, 50 µm. (E) Tomato expression in BM 

from Adipoq-Cre+; R26tdTomato/+ mice at postnatal day 0 (P0), day 1 (P1), and day 7 (P7). 

Scale bar, 50 µm. 

 

Figure 6. Many of IL-7+ bone marrow stromal cells are targeted by Adipoq-Cre transgene. 

(A) IL-7-GFP and Tomato expression in Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ 

stromal cells in BM of Adipoq-Cre+; R26tdTomato/+; IL7GFP/+ mice at 8 weeks old (left panel) 

and percentages of indicated cells (right graph) (n = 6). Data are means ± SEM. (B) 

Immunohistochemistry of BM of Adipoq-Cre+; R26tdTomato/+; IL7GFP/+ mice at 8 weeks old.  

 

Figure 7. B cell development in BM is severely impaired in IL-7f/f Adipoq-Cre mice. 
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(A) Flow cytometric analysis of B cell development in BM of IL-7f/f and IL-7f/f Adipoq-Cre 

mice at 8 weeks old. (B) Percentages and absolute numbers of each cell population (n = 6). 

Data are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Legends to Supplementary Figures 

 

Supplementary Figure 1. PDGFRb+VCAM-1+ stromal cells in bone marrow express 

adiponectin even at 4 weeks old. 

(A) Adipoq (adiponectin) and transcripts in adipocytes of perigonadal adipose tissue (PAT), 

PDGFRb+VCAM-1+ stromal cells, BECs, other stromal cells, and hematopoietic cells sorted 

from BM at 4 weeks old were measured by real-time RT-PCR and normalized to those of 

HPRT. The transcript levels in PAT adipocytes at 8 weeks old were normalized to 1. Data are 

means ± SEM from 3 mice in one experiment. ***p < 0.001. (B) Flow cytometric analysis of 

Cre expression in Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ cells, BECs, other stromal 

cells, and hematopoietic cells in Adipoq-Cre BM at 4 weeks old. In the overlaid histogram, 

solid line with untinted area, long-dashed line with tinted area, dotted line with tinted area, 

and solid line with tinted area represents PDGFRb+VCAM-1+ cells, BECs, other stromal cells, 

and hematopoietic cells, respectively. (C) Percentages of Cre+ cells in 

Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ cells in BM from Adipoq-Cre mice at 4 

weeks old (n = 3). Data are means ± SEM. 

 

Supplementary Figure 2. Tomato expression in perilipin+ adipocytes (arrowhead) of 

Adipoq-Cre+; R26tdTomato/+ bone marrow with serial sections at 8 weeks old. Scale bar, 50 µm.  

 

Supplementary Figure 3. YFP expression in Adipoq-Cre+; R26YFP/+ mice. 

(A) Flow cytometric analysis of YFP expression in 

Ter119−CD45−CD31−Sca-1−PDGFRb+VCAM-1+ stromal cells and osteoblasts 

(Ter119−CD45−CD31−Sca-1−PDGFRbintALP+) in bone marrow (BM) of Adipoq-Cre+; 

R26tdTomato/+ mice at 8 weeks old. (B) Percentages of YFP+ cells in the indicated cell 
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populations in BM shown in A (n = 4). Data are means ± SEM. (C) YFP expression in 

Adipoq-Cre+; R26YFP/+ BM at 8 weeks old. Scale bar, 50 µm. 

 

Supplementary Figure 4. Tomato expression in Adipoq-Cre+; R26tdTomato/+ mice. 

(A) Flow cytometric analysis of Tomato expression in thymic epithelial cells (TECs) and 

other stromal cells in Adipoq-Cre+; R26tdTomato/+ thymus at 8 weeks old. (B) Percentages of 

Tomato+ cells in the indicated cell populations in thymus at 8 (n = 5) and 24 (n = 5) weeks old. 

Data are means ± SEM. (C, D, E) Tomato expression in Adipoq-Cre+; R26tdTomato/+ thymus 

(C), spleen (D), and mesenteric lymph nodes (mLNs) (E) at 8 weeks old. Scale bars are 100 

µm (C), 200 µm (D), and 50 µm (E). 

 

Supplementary Figure 5. Tomato+ cells expand dramatically within 1 week after birth in 

bone marrow of Adipoq-Cre+; R26tdTomato/+ mice. 

(A) Tomato expression in Adipoq-Cre+; R26tdTomato/+ bone marrow at postnatal day 0. (B) 

Tomato expression in Adipoq-Cre+; R26tdTomato/+ bone marrow at postnatal day 0 (P0), 

postnatal day 1 (P1), and postnatal day 2 (P2). The dotted line represents endosteum. Scale 

bar, 200 µm. 

 

Supplementary Figure 6. Adipocytes are IL-7-negative in bone marrow and adipose tissue 

of IL7GFP/+ mice. 

(A, B) GFP and perilipin expression in IL7GFP/+ bone marrow (A) and mesenteric adipose 

tissue (B) at 8 weeks old. Scale bars are 100 µm (A) and 50 µm (B). 

 

Supplementary Figure 7. NK cells increase in IL-7f/f Adipoq-Cre bone marrow.  
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(A) Flow cytometric analysis of NKT (CD3+NK1.1+), invariant NKT (iNKT, 

CD3+NK1.1+CD1d-tetramer+), NK (CD3−NK1.1+), and T (CD3+NK1.1−) cells in bone 

marrow of IL-7f/f and IL-7f/f Adipoq-Cre mice at 8 weeks old. (B) Percentages and absolute 

numbers of each cell population (n = 8). Data are means ± SEM. *p < 0.05, **p < 0.01, ***p 

< 0.001. 

 

Supplementary Figure 8. Thymocytes are unchanged in IL-7f/f Adipoq-Cre mice. 

(A) Flow cytometric analysis of thymocyte subpopulations in IL-7f/f and IL-7f/f Adipoq-Cre 

mice at 8 weeks old. (B) Percentages and absolute numbers of each cell population (n = 6). 

Data are means ± SEM. 

 

Supplementary Figure 9. B and T cells are reduced in mesenteric but not in perigonadal 

adipose tissue of IL-7f/f Adipoq-Cre mice. 

(A, B) Flow cytometric analysis of NKT, NK, B, and T cells in perigonadal adipose tissue (A) 

and mesenteric adipose tissue (B) from IL-7f/f and IL-7f/f Adipoq-Cre mice at 8 weeks old. (C, 

D) Percentages and absolute numbers of each cell population in perigonadal adipose tissue 

(C) (n = 6) and mesenteric adipose tissue (D) (n = 8). Data are means ± SEM. *p < 0.05, **p 

< 0.01, ***p < 0.001. 

 

Supplementary Figure 10. B cells are significantly reduced in spleen and lymph nodes of 

IL-7f/f Adipoq-Cre mice. 

(A, B) Flow cytometric analysis of NK, NKT, T, and B cells in spleen (A) and mesenteric 

lymph nodes (B) from IL-7f/f and IL-7f/f Adipoq-Cre mice at 8 weeks old. (C, D) Percentages 

and absolute numbers of each cell population in spleen (C) (n = 6–10) and mesenteric lymph 

nodes (D) (n = 6). Data are means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Supplementary FIGURE 5
A Adipoq-Cre+; R26tdTomato Bone marrow
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Supplementary FIGURE 7
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Supplementary FIGURE 10
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