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1. ABSTRACT  

 

Macrophages not only clean up damaged tissues but also promote the 

proliferation and differentiation of stem cells during the regeneration process in 

various tissues such as bone and muscle. However, the mechanisms by which 

macrophages promote bone regeneration has remained to be elucidated. We 

have shown here that macrophages promote the differentiation of an osteogenic 

progenitor Leptin Receptor (LepR) (+) lineage cells during the bone 

regeneration process through Wnt/β‑catenin signals. The cortical bone of tibiae 

was punctured in LepR‑Cre; Rosa26‑ tdTomato (tdTomato) mice and then the 

clodronate liposome (Clo‑lip) or control liposome (Ctrl‑lip) was 

intraperitoneally injected into those mice to deplete macrophages. F4/80 (+) 

macrophages was largely depleted in Clo‑lip‑treated mice. Micro CT analysis 

revealed that the newly formed bone volume in Clo‑lip‑treated mice was 

significantly lower than that in Ctrl‑lip‑treated mice in the bone injury site at 7 

days post injury (dpi). LepR‑Cre labeled bone marrow stromal cells were 

markedly increased in Ctrl‑lip‑treated but not in Clo‑lip‑treated mice in the 

bone injury site at 4 dpi and the percentage of proliferating Ki67 (+) LepR (+) 

cells is lower in Clo‑lip‑treated mice. Most of Sp7 (+) osteoblasts in the injury 

site at 4 and 7 dpi were labeled by LepR‑Cre, suggesting that osteoblasts are 

differentiated from LepR‑Cre‑labeled lineage cells. To clarify the involvement of 

Wnt signals in the differentiation of LepR (+) cells into osteoblasts, the bone 

regeneration was examined using tamoxifen‑treated Axin2‑CreERT2; tdTomato 

mice in which cells with activated Wnt/β‑catenin signals express red fluorescent 

protein tdTomato. Clo‑lip administration decreased the percentage of Axin2‑

tomato (+) Sp7 (+) cells in the bone injury site at 7 dpi. Together, macrophages 

promote Wnt signals in LepR (+) cells and then facilitate bone regeneration. 
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2. INTRODUCTION 

 

Bone is a highly regenerative tissue in our body. Bone repeats a cycle of 

bone resorption and formation to maintain its structure and function. The 

osteoblasts and osteoclasts are responsible for bone formation and resorption, 

respectively [1]. Osteoblasts originate from bone marrow stromal cells (BMSCs) 

and osteoclasts are from monocyte‑macrophage lineage cells in bone marrows 

[2‑5]. BMSCs are mesenchymal cells, which are frequently observed in 

perivascular areas with reticular morphology. They support hematopoietic stem 

cells by secreting cytokines such as CXCL12 (C–X–C motif chemokine 12) and 

SCF (stem cell factor, known as Kit ligand). Moreover, mouse BMSCs also 

express LepR (Leptin Receptor), Nestin, Prx1 (Paired‑related homeobox 1), and 

PDGFRβ (Platelet‑derived growth factor receptor beta), which were commonly 

used as BMSC marker genes for generating transgenic Cre mouse lines to reveal 

in vivo cell fates and their functions [4, 6, 7]. 

Musculoskeletal disorders are a major cause of disability in the world. In 

recent years, there are still a large number of patients suffer from bone fracture 

caused decreased productivity, low quality of daily life, high medical expenditure 

and other difficult issues [8‑12]. With growing our understanding of bone 

regeneration process, a great variety of approaches using recombinant proteins, 

stem cells, and related genes that tried to be applied to help with fracture repair 

[13‑16]. However, clinical limitations still exist and satisfactory healing has not 

yet been accomplished in all cases. To overcome those clinical limitations, our 

knowledge of cellular and molecular basis in bone regeneration need to be 

continuously expanded. 

Bone healing process is composed of hematoma formation, inflammation, 

granulation tissue deposition, callus formation, and bone remodeling [17]. 

Several key factors in every step are important for the outcome of fracture 
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healing. A well‑known factor affecting the outcome of bone healing is the degree 

of displacement between fractured bone ends. During the inflammatory phase, 

skeletal progenitor cells are recruited to the bone injury site and undergo 

osteogenesis according to guides of immune cells including macrophages that 

secrete growth factors and cytokines [18]. Thus, the callus formation is 

considered to depend on the immune cells and skeletal progenitor cells. 

Recently, macrophage has regarded as one of the most crucial immune cells 

because they are among the first cells to achieve to the bone injury site and 

present throughout the whole bone regeneration process [19, 20]. 

As phagocytes, macrophages remove cell fragments and eliminate 

pathogens in wound repair [21]. In bone healing process, various macrophage 

subpopulations not only play roles in damaged tissue clearance but also promote 

new bone formation. The depletion of macrophages at bone injury region by 

establishing a several experimental animal models lead to the failure in bone 

repair [22‑25]. F4/80 (+) macrophage subsets that at least include F4/80 (+) 

Mac‑2 (‑/low) TRACP (‑) osteomacs and F4/80 (+) Mac‑2 (hi) TRACP (‑) 

inflammatory cells have been demonstrated that they took part in the bone tissue 

regeneration during the whole healing process [23]. Besides characterized as 

classically activated macrophages (M1; pro‑inflammatory) and alternatively 

activated macrophages (M2; anti‑inflammatory), CD169 (+) macrophages have 

reportedly played important roles in bone healing, erythropoiesis and kidney 

disease [25, 26] These findings have suggested a possibility that different 

macrophage subpopulations are involved in each step during bone healing 

process. However, the molecular mechanism by which macrophages promote 

bone regeneration and what macrophage subpopulations involved in bone 

healing process in vivo remains largely unknown. 

Nineteen Wnt proteins (Wnts) have been identified in mammals and exert 

two signaling pathways: the canonical Wnt/β‑catenin pathway and the β‑

catenin‑independent non‑canonical Wnt pathway [27‑30]. Generally, in Wnt/β ‑
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catenin signal pathway, Wnt ligands bind to surface receptor Frizzled (FZD) and 

a co‑receptor LRP5/6, which in turn, inhibiting the activity of β‑catenin 

degradation complexes. This led to the cytosolic accumulation and the nuclear 

translocation of β‑catenin. Consequently, transcriptional activators (TCF/LEF) 

together with β‑catenin induces the expression of the target genes in certain cells 

[31‑33]. Wnt/β‑catenin signaling is involved in regulating bone metabolism and 

regenerative process [6, 34‑36] as well as in the self‑renewal of stem cells and 

the cell fate determinations [37]. 

Here we show that F4/80 (+) macrophage subset depleted by clodronate 

liposome administration leads to the impaired osteogenesis at bone injury site 

and the impaired activation of LepR (+) skeletal progenitor cells in the 

inflammatory phase. Furthermore, we have observed the depletion of F4/80 (+) 

macrophage caused limited number of Wnt activated osteoblastic lineage cells 

during bone healing, providing vital support to the macrophage subsets regulate 

the activation of skeletal progenitor cells in regenerative state directly or 

indirectly through the Wnt signaling pathway. 
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3. EXPERIMENTAL PROCEDURES  

 

3.1   Experimental animals.  

C57BL/6 mice were obtained from Japan SLC. B6.129‑

Leprtm2(cre)Rck/J (LepR‑Cre) [38], Axin2Cre/ERT2 mice (Stock#018867) 

[39] and Rosa26tdTomato mice (Stock#007914) [40] were purchased from 

Jackson Laboratory (Bar Harbor, ME). Col1(2.3)‑green fluorescent protein 

(GFP) mice were [41] kindly provided by Dr. K. Matsuo at Keio University. All 

animal studies were approved by the Animal Management Committee of 

Matsumoto Dental University and animal experiments were made to minimize 

suffering.  

 

3.2   Antibodies and reagents. 

FITC‑conjugated anti‑F4/80 rat monoclonal antibody [CI: A3‑1] 

(ab105155), anti‑Sp7/osterix rabbit polyclonal antibody (ab22552) and anti‑

beta‑catenin rabbit monoclonal antibody (ab32572) were purchased from 

Abcam (Cambridge, UK). Anti‑mouse osteocalcin monoclonal antibody (R21C‑

01A M188) was from TAKARA (Shiga, Japan). Rat IgG2bκIsotype control 

antibody (RTK4530 40060) was from BioLegend (San Diego, CA, USA). Anti‑ 

leptin receptor goat antibody (AF497) and normal goat IgG control (AB‑108‑C) 

were from R&D Systems (Minneapolis, MN, USA). FITC‑conjugated Ki‑67 

monoclonal antibody (SolA15) was from eBioscience (Waltham, MA, USA). 

FITC‑conjugated Ki‑67 monoclonal antibody (11‑5698‑82) from Invitrogen 

(Waltham, MA, USA).  

The secondary antibodies used were FITC‑conjugated donkey anti‑rat 

IgG [AP189F; Sigma‑Aldrich St. Louis, MO, USA] and Alexa Fluor® 488‑

conjugated donkey anti‑rabbit IgG (ab150073; Abcam). Alexa Fluor® 488‑
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conjugated donkey anti‑goat IgG (A11055) and Alexa Fluor® 594‑conjugated 

donkey anti‑rat IgG (A21209) were from Invitrogen. For enhancing 

immunoreactions, Can Get Signal (TOYOBO CO, Osaka, Japan) was used. 

Nuclei were stained with TO‑PRO‑3 Iodide (642/661) (Molecular Probes, 

Waltham, MA, USA). 

 

3.3   Mouse tibia intramembranous bone injury surgery.  

Mice at 10 to 12 weeks old were used. Under general anesthesia, an 

incision was made in the skin over the tibia, and cortical bone was exposed. A 

hole (0.8 mm diameter) on the cortical bone was created using a 21‑gauge 

needle. 

 

3.4   Depletion of macrophages during bone regeneration process by clodronate 

liposome administration. 

Liposomes used in this study were purchased from Liposoma BV Co.ltd. 

(Science Park 408, 1098XH AMSTERDA, the Netherlands). Clodronate 

liposomes: a suspension of artificially prepared lipid vesicles encapsulating 

clodronate. The concentration of clodronate in the suspension is ca. 5 mg/ml. 

Control liposomes: a suspension of artificially prepared lipid vesicles 

encapsulating an aqueous PBS solution. All the mice were treated with 

intraperitoneal injections (10.0μl/g) of the clodronate liposome (Clo‑lip) or 

Control liposome (Ctrl‑lip) at the time of surgery and followed by every two days 

administrations until 1 day before tissue harvests. 

 

3.5   Micro‑computed tomography (micro‑CT) analysis. 

Micro‑CT analysis (ScanXmate‑A080, Comscan Tecno, Kanagawa, 

Japan) was performed in 10 to 12‑week‑old mice to evaluate the bone 

regeneration condition in the bone injury site 7 dpi. Calculation of trabecular 
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bones located at injury site on day 7 using image analysis software (TRI/3D‑

BON, Ratoc System Engineering, Tokyo, Japan). 

 

 

3.6   Histological analysis.  

Samples were fixed by 4% paraformaldehyde (PFA) overnight at 4 ºC. 

Then the samples were transferred into 20% sucrose in PBS to incubate at 4 ºC 

more than 24 h. O.C.T compound was used for embedding tissues. The sections 

were made at 10 µm thickness with Kawamoto’s film method using Cryofilm 

type ⅢC and a tungsten carbide knife (Section‑Lab Co. Ltd. Hiroshima, Japan). 

The sections were incubated with primary antibody overnight at 4 ºC and were 

further incubated with secondary antibody at room temperature for 2 h. The 

sections were mounted using 30% glycerol, covered with coverslips, and sealed 

with nail polish. Fluorescence images were acquired using a confocal laser 

scanning system (LSM 510; CarlZeiss, Oberkochen, Germany). 

For paraffin‑embedded sections. Mouse tibias were fixed by 4% 

paraformaldehyde (PFA) and then hard tissues were decalcified in 10% EDTA 

for 1 week at 4 ºC. The sections were prepared at a thickness of 4 µm and stained 

with hematoxylin and eosin after deparaffinization. 

 

3.7   Flow cytometry analysis. 

Fluorescence‑labeled antibodies, FITC‑conjugated anti‑F4/80 rat 

monoclonal [CI: A3‑1] (ab105155) and isotype‑matched control IgG were 

purchased from BioLegend. Fluorescent DiI Liposomes (a suspension of 

artificially prepared lipid vesicles labeled with DiI encapsulating an aqueous PBS 

solution) was purchased from Liposoma BV and used for detecting phagocytes 

according to the same protocol for the injections of Clo‑lip. Flow cytometric 

analysis was performed using a flow cytometer (Cytomics FC500; Beckman 
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Coulter, Fullerton, CA). Data were analyzed with FlowJo software (Tree Star, 

Ashland, OR). 

 

3.8   RNA isolation and quantitative real‑time PCR. 

Samples of bone tissue from bone injury site of mouse tibiae and control 

samples of uninjured region from the contralateral tibiae were homogenized in 

TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) using 

TissueLyser II (Qiagen, Hilden, Germany). Total RNA was purified using RNA 

isolation kits (NucleoSpin RNA, Macherey‑Nagel, Düren, Germany). cDNA was 

synthesized from 1 mg purified RNA with iScript gDNA Clear cDNA Synthesis 

Kit (BIO‑RAD) according to the standard protocol and real‑time RT‑PCR was 

performed using Fast SYBR Green (Thermo Fisher Scientific) and the 

StepOnePlus system (Thermo Fisher Scientific). The PCR conditions were 95 

ºC for 20 s for reverse transcription, followed by 40 cycles of 95 ºC for 3 s and 60 

ºC for 30 s. Gene expression data was normalized to Gapdh. The sequences of 

other primers for each gene were as follows: 

        Gapdh, 5′‑TGTGTCCGTCGTGGATCTGA‑3′ (forward) and 5′‑

TTGCTGTTGAAGTCGCAGGAG‑3′ (reverse); 

        Sp7, 5′‑ CGCATCTGAAAGCCCACTTG‑3′ (forward) and 5′‑ 

CAGCTCGTCAGAGCGAGTGAA′ (reverse); 

        Axin2, 5′‑ ATGTCCTGTCTGCCAGCGTTC‑3′ (forward) and 5′‑ 

CAAGCACTAGCCAGTGGGTCAA‑3′ (reverse). 

 

3.9   Induction of Cre‑mediated recombination 

Tamoxifen (T‑5648; Sigma) was dissolved in corn oil followed by sonication 

for 15 to 30 min at 37 ºC. The tamoxifen solution (2 mg of tamoxifen per 30 g of 

body weight) was intraperitoneally administered into Axin2‑Cre ERT2; Rosa26 

tdTomato mice. 
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3.10   Statistics. 

Data were evaluated by unpaired Student’ s t‑tests. Independent 

experiments were performed at least three times. Statistical analyses were 

performed with GraphPad Prism 7 (GraphPad Softwear Inc., La Jolla, CA). P < 

0.05 was considered significant. 
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4. RESULTS 

 

4.1   F4/80 (+) phagocytic macrophages are indispensable for bone 

regeneration.  

The injection of Clo‑lip is established as a macrophage depleting method 

in mice [23]. To deplete bone marrow macrophages during the bone 

regeneration process in vivo, Clo‑lip was injected intraperitoneally every other 

day after exerting bone injury surgery until tissue harvest (Fig. 1A). The 

reduction of macrophages was confirmed by immunofluorescence analysis of 

F4/80 (Fig. 1B). Micro‑CT analysis showed that the the formation of 

regenerated bone was suppressed in the macrophage‑depleted mice compared 

with Ctrl‑lip‑treated mice. Clo‑lip‑treated mice exhibited the significant 

reduction of bone volume and trabecular bone number as well as the increase of 

trabecular bone separation at injury site (Fig. 1C). To confirm the incorporation 

of liposomes into macrophages, we injected DiI (red fluorochrome)‑liposome, 

instead of Clo‑lip into the mice. More than 50% of F4/80 (+) macrophages were 

DiI‑positive (54.93±6.72%, n=3) in the injury site at 4 dpi (Fig. 1D).  FACS 

analysis also showed that most of the DiI (+) cells highly expressed F4/80 (Fig. 

1E). These findings suggest that Clo‑lip is incorporated into F4/80 (+) 

macrophages and induces their cell death. 

Hematoxylin and eosin (H&E) staining showed that most of newly formed 

bone matrices associated with osteoblasts on their surfaces exhibited dark pink 

color in the injury site at 7 dpi in Ctrl‑lip‑treated mice. In the Clo‑lip‑treated 

bone injury site, most of bone matrices exhibited pale pink with lesser cells on 

their surfaces and hypertrophic cartilage‑like tissues were observed. This finding 

indicates that the macrophage depletion causes a delay of bone formation. (Fig. 

2A).  
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We next examined whether the macrophage depletion affects osteoblast 

differentiation. Using Col1(2.3)‑GFP mice [42, 43] in which osteoblasts express 

GFP and exhibit green fluorescent, we assessed localizations of osteoblasts in the 

callus of 7 dpi by detection of GFP (+) and osteocalcin (+) immunofluorecent 

signals in those mice treated with Clo‑lip (Fig. 2B, C). In the macrophage‑

depleted mice, the number of osteoblasts markedly decreased in the injury site 

compared to the controls. These results suggest that F4/80 (+) macrophage 

subsets are the targeted cells of clodronate liposome, which are indispensable for 

osteogenesis in the bone injury site to create the callus. 

 

4.2   F4/80 (+) macrophages promote bone regeneration via stimulating LepR 

(+) skeletal progenitor cell proliferation.  

Leptin receptor (+) cells largely contribute to newly differentiated 

osteoblasts in the fracture region 2 weeks after injury, but not in uninjured bone 

[4]. In our bone injury model, most of the osteocalcin (+) osteoblasts 

(97.10±1.51%) in callus 1 week after injury are Tom (+) in LepR‑Cre; Rosa26 

tdTomato (R26‑Tomato) mice (data not shown). From 1 to 7 dpi, the LepR‑Cre 

labeled cells gradually expanded and moved to the central area of injury site. 

These cells were extremely abundant in the injury site at 4 dpi. In addition, we 

noted that LepR (+) cells synchronously expanded with the F4/80 (+) 

macrophage expansion (data not shown). Furthermore, F4/80 (+) signals 

(green) were observed to be partially overlapped with LepR (+) signals (red), 

indicating that macrophages were closely associated with LepR (+) cells during 

healing process. Therefore, we examined whether the ablating of macrophages 

affected on the expansion of LepR (+) cells. As a result, the number of LepR (+) 

cells significantly decreased in the injury site at 4 dpi after F4/80 (+) 

macrophages depletion (Fig. 3A‑C). Immuno‑fluorescent staining by LepR and 

Sp7 antibodies further revealed the LepR‑Cre labeled cells express LepR protein 

and Sp7 in the injury sites at 4 dpi in Ctrl‑lip‑treated mice. In contrast, LepR‑
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Cre‑labeled LepR (+) cells and –labeled Sp7(+) cells are markedly decreased in 

the injury sites in Clo‑lip‑treated mice (Fig. 3. D, E). These findings suggest 

that F4/80 (+) macrophages support the expansion of osteoblastic bone marrow 

stromal cells. 

Next, we examined whether the proliferation of LepR (+) cells was 

impacted by the absence of F4/80 (+) macrophages during healing processes. 

The ablation of macrophages markedly reduced the percentage of proliferating 

LepR (+) cells (yellow cells) in injured site, but not in uninjured region (Fig. 4 

A, B), implying that LepR (+) cells receive mitogenic signals from F4/80 (+) 

macrophages due to the specific interactions between them during bone 

regeneration. 

 

4.3   F4/80(+) macrophages depletion caused limited number of Wnt activated 

osteoblastic lineage cells.  

Wnt/ β‑catenin signals are involved in cell proliferation [44] and the 

expression of Runx2 and Sp7 which regulates osteoblastic differentiation [45]. 

We therefore examined whether the macrophage ablation had impact on the 

activation of Wnt/β‑catenin signals of LepR (+) cells during bone healing 

process. The expression of Sp7 and a Wnt target gene Axin2 mRNA was 

upregulated at 4 dpi in Ctrl‑lip‑treated mice but not in Clo‑lip‑treated mice (Fig. 

5A, B). Moreover, the percentage of Wnt/β‑catenin signals activated β‑catenin 

(+) LepR‑Cre labeled cells significantly decreased in the injury site at 4 dpi in 

Clo‑lip‑treated mice (Fig. 5C). These data indicated the Wnt/β‑catenin 

signaling might be suppressed in LepR‑Cre labeled osteoblastic lineage cells 

after the depletion of macrophages. 

We next examined the bone healing processes of Axin2‑CreERT2 

tdTomato mice since Axin2 was known as an established target gene of Wnt/β‑

catenin signals [46‑49]. Axin2‑Cre–labeled Tomato (+) cells were observed 
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during bone healing phases by tamoxifen injections. The number of Axin2‑Cre–

labeled Tomato (+) cells located at bone injury site at 4, 5 and 7 dpi were lower 

in Clo‑lip ‑treated mice compared with Ctrl‑lip‑treated mice (Fig. 5D). 

Furthermore, we examined the expression of LepR and Sp7 proteins in Axin2‑

Cre‑labelled cells because Sp7 is continuously expressed during the transition of 

osteoblastic lineage cells from reticular‑osteoblast hybrid state to Wnt/β‑catenin 

active skeletal stem cell‑like state while the expression of LepR is gradually 

decreased with osteogenesis [6]. The percentage of both LepR (+) and Sp7 (+) 

Axin2‑Cre‑labeled cells significantly decreased at 5 dpi in mice treated with Clo‑

lip (Fig. 5E‑I). Similar results have been obtained at 7 dpi (Fig.5 J‑M). These 

findings indicated that the macrophages depletion decreased the number of Wnt 

activated osteoblastic lineage cells and implied that F4/80 (+) macrophages 

played a critical role that promoted the proliferation and differentiation of LepR 

(+) cells through the direct or indirect activation of Wnt/β‑catenin signals in 

bone repair (Fig. 6). 
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Fig. 1 F4/80 (+) phagocytic macrophages are indispensable for bone 

regeneration. 

A. Experimental protocol for injections of clodronate liposome (Clo‑lip) or 

Control liposome (Ctrl‑lip). 

B. Immuno‑fluorescent analysis of F4/80 (+) cells in the bone injury site at 

7 dpi. Nuclei were stained with TO‑PRO‑3 Iodide. Statistical analysis was 

performed using unpaired Student’ s t‑tests. Scale bar = 50 µm.  

C. Micro CT analysis of the bone injury site on 7 dpi during bone 

regeneration. Bone volume / tissue volume (BV/TV), trabecular bone 

thickness (Tb. Th), trabecular bone number (Tb. N) and trabecular bone 

separation (Tb. Sp) of the injured region. Statistical analysis was 

performed using unpaired Student’ s t‑tests. Scale bar = 800 µm. 

D. Immuno‑fluorescent analysis of F4/80 (+) and DiI (+) cells in the bone 

injury site at 4 dpi. % of DiI (+); F4/80 (+) cells/F4/80 (+) cells (mean ± 
s.d, n=3 mice). Scale bar = 50 µm. 

E. Flow cytometry analysis of F4/80 expression in DiI (+) cells (n=3 mice). 

 

 

 

 

 

 

 

 

 

 



20 

 

 



21 

 

Fig. 2 F4/80 (+) phagocytic macrophages which are depleted by clodronate 

liposome regulates osteogenesis at bone injury site. 

A. Representative images of hematoxylin and eosin (H&E) staining in the 

bone injury site at 7 dpi (n=3 mice). Scale bar = 50 µm. 

B. Immuno‑fluorescent analysis of osteocalcin (+) cells in the bone injury 

site at 7 dpi. Nuclei were stained with TO‑PRO‑3 Iodide. Statistical 

analysis was performed using unpaired Student’ s t‑tests. Scale bar = 100 

µm. 

C. Immuno‑fluorescent analysis of Col1‑GFP (+) cells in the bone injury 

site at 7 dpi. Nuclei were stained with TO‑PRO‑3 Iodide. Statistical 

analysis was performed using unpaired Student’ s t‑tests. Scale bar = 100 

µm. 
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Fig. 3 Macrophages induce LepR (+) cells activation during bone regeneration. 

A. Immuno‑fluorescent analysis of F4/80 (+) cells in LepR‑Cre tdTomato 

mice in the bone injury site at 4 dpi. Nuclei were stained with TO‑PRO‑3 

Iodide. Scale bar = 50 µm. 

B. Quantitative data of F4/80 (+) cells mice in the bone injury site at 4 dpi. 

Statistical analysis was performed using unpaired Student’ s t‑tests. 

C. Quantitative data of LepR‑Cre labeled Tomato (+) cells mice in the bone 

injury site at 4 dpi. Statistical analysis was performed using unpaired 

Student’ s t‑tests. 

D. Immuno‑fluorescent analysis of LepR (+) cells in LepR‑Cre tdTomato 

mice in the bone injury site at 4 dpi (n=3 mice). Nuclei were stained with 

TO‑PRO‑3. Iodide. Scale bar = 200 µm. 

E. Immuno‑fluorescent analysis Sp7 (+) cells in LepR‑Cre tdTomato mice 

in the bone injury site at 4 dpi (n=3 mice). Nuclei were stained with TO‑

PRO‑3. Iodide. Scale bar = 200 µm. 
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Fig. 4 Macrophage depletion decreased the proliferation rate of the LepR+ 

SSPCs in the bone injury site at 4 dpi. 

A. Immuno‑fluorescent analysis of Ki67 (+) cells in LepR‑Cre tdTomato 

mice in the bone injury site at 4 dpi and uninjured bone marrow area of 

diaphysis. Nuclei were stained with TO‑PRO‑3 Iodide. Scale bar = 50 

µm. 

B. The percentage of Ki67 (+) LepR‑Cre labeled Tomato (+) in all Tomato 

(+) cells in the bone injury site at 4 dpi. Statistical analysis was performed 

using unpaired Student’ s t‑tests. 
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Fig. 5 Macrophages promote osteogenesis via canonical wnt signaling. 

A. Quantitative RT‑PCR analyses of Sp7 mRNA expression level. Samples of 

bone tissue from bone injury site of mouse tibiae and control samples of 

uninjured region from the contralateral tibiae were collected. Gene 

expression data was normalized to Gapdh. Statistical analysis was 

performed using unpaired Student’ s t‑tests. 

B. Quantitative RT‑PCR analyses of Axin2 mRNA expression level. Gene 

expression data was normalized to Gapdh. Statistical analysis was 

performed using unpaired Student’ s t‑tests. 

C. Immuno‑fluorescent analysis of β‑catenin (+) cells in LepR‑Cre 

tdTomato mice in the bone injury site at 4dpi. Nuclei were stained with 

TO‑PRO‑3 Iodide. Statistical analysis was performed using unpaired 

Student’ s t‑tests. Scale bar = 50 µm. 

D. Immuno‑fluorescent analysis of Tomato (+) cells in the bone injury site 

at 4, 5 and 7 dpi in Axin2‑Cre ERT2 tdTomato mice (n=3 mice). Cre 

recombination was induced by i. p. injection of Tamoxifen for three 

consecutive days before tissue harvest. Nuclei were stained with TO‑

PRO‑3 Iodide. Scale bar = 200 µm. 

E. Immuno‑fluorescent analysis of LepR (+) cells in Axin2‑Cre ERT2 

tdTomato mice in the bone injury site at 5dpi. Nuclei were stained with 

TO‑PRO‑3 Iodide. Scale bar = 50 µm. 

F. Quantitative data of Axin2‑Cre labeled Tomato (+) cells mice in the bone 

injury site at 5 dpi. Statistical analysis was performed using unpaired 

Student’ s t‑tests. 

G. The percentage of LepR (+) Axin2‑Cre labeled Tomato (+) in all Tomato 

(+) cells in the bone injury site at 5dpi. Statistical analysis was performed 

using unpaired Student’ s t‑tests. 
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H. Immuno‑fluorescent analysis of Sp7 (+) cells in Axin2‑Cre ERT2 

tdTomato mice in the bone injury site at 5 dpi. Nuclei were stained with 

TO‑PRO‑3 Iodide. Scale bar = 50 µm. 

I. The percentage of Sp7 (+) Axin2‑Cre labeled Tomato (+) in all Tomato 

(+) cells in the bone injury site at 5 dpi. Statistical analysis was performed 

using unpaired Student’ s t‑tests. 

J. Immuno‑fluorescent analysis of Sp7 (+) cells in Axin2‑Cre ERT2 

tdTomato mice in the bone injury site at 7dpi. Nuclei were stained with 

TO‑PRO‑3 Iodide. Scale bar = 50 µm. 

K. Quantitative data of Sp7 (+) cells mice in the bone injury site at 7dpi. 

Statistical analysis was performed using unpaired Student’ s t‑tests. 

L. Quantitative data of Axin2‑Cre labeled Tomato (+) cells mice in the bone 

injury site at 7 dpi. Statistical analysis was performed using unpaired 

Student’ s t‑tests. 

M. The percentage of Sp7 (+) Axin2‑Cre labeled Tomato (+) in all Tomato 

(+) cells in the bone injury site at 7 dpi. Statistical analysis was performed 

using unpaired Student’ s t‑tests. 
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Fig. 6 Macrophages regulate the activation of skeletal stem and progenitor cells in 

regenerative state through Wnt signaling pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

5. DISCUSSION 
 

Here, we demonstrated that F4/80 (+) macrophages promotes bone 

regeneration through the activation of LepR (+) bone marrow stromal cells. The 

proliferation and differentiation of LepR (+) bone stromal cells are largely 

dependent on the recruitment of F4/80 (+) macrophages into bone injury sites. 

F4/80 (+) macrophages are involved in the activation of Wnt/β‑catenin signals 

in LepR (+) cells, which in turn promoting osteogenesis during bone healing 

processes (Fig. 6). 

Macrophages are indispensable in various tissue homeostasis and 

regeneration. Recently, they are considered to be composed of heterogeneous 

subpopulations due to our deeper understanding of their origin, maturation, and 

development in multiple tissue micro environments [50]. During embryonic 

stage, macrophages are derived from yolk sac and fetal liver erythro‑myeloid 

progenitors (EMPs). Some of these macrophage populations enter into tissues 

and maintain themselves by self‑renewal [51‑53]. Moreover, bone marrow 

hematopoietic stem cells (HSCs)‑derived circulating monocytes are able to 

replenish tissue resident macrophages in adult tissues except brain [3, 51]. 

Tissue resident macrophages secrete several cytokines and bioactive molecules 

such as PDGF and NAMPT and regulate tissue‑specific cells in each organ 

under a pathological state‑dependent manner [54‑56]. Our present study has 

showed that F4/80 (+) macrophages directly or indirectly activate Wnt/β‑

catenin signals in osteoblast precursors in the bone injury sites although the 

origin (HSC or fetal EMPs) of F4/80 (+) macrophages has still been unclear.  

F4/80 (+) macrophages were abundant in inflammatory phases (4 dpi) 

and able to phagocytose liposomes because DiI‑liposomes were incorporated 

into those cells and Clo‑lip depleted them with a high efficiency. The importance 

of F4/80 (+) macrophages in osteoblastogenesis are highlighted by the findings 
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that 1) the increase in LepR (+) stromal cells was synchronized by the 

recruitment of F4/80 (+) macrophages throughout the bone healing process; 2) 

F4/80 (+) macrophages were in the close proximity of LepR (+) stromal cells; 3) 

the depletion of F4/80 (+) macrophages decreased the proliferation of LepR(+) 

stromal cells and the expression of Sp7 in those cells. Since F4/80, a pan marker 

for macrophages, is widely expressed in macrophage populations, those F4/80 

(+) macrophages were likely to consist of different subtypes of macrophages 

such as M1 and M2 macrophages during bone repair. We tried to detect 

Arginase‑1, a M2 macrophage marker using immuno‑fluorescent techniques but 

failed it due to the unavailability of Arginase 1 antibodies suitable for immuno‑

fluorescent techniques. We didn’t further distinguish subsets included in F4/80 

(+) macrophages using subset‑specific markers. Further studies are needed to 

find out a specific macrophage subset involved in osteoblastogenesis during 

bone healing. 

Several macrophage depletion methods have been reported previously. 

van Rooijen and van Nieuwmegen reported in 1984 the eliminate of phagocytic 

cells in spleen by intravenous injections of liposome‑encapsulated clodronate 

[57]. Since then, this method had been widely used. AFS98 a neutralizing 

antibody against Colony‑stimulating factor1 receptor (Csf1r; also called c‑fms) 

was also effective for the depleting macrophages [58, 59]. Recently, with the 

development of mouse genetics, various lines of Cre mice are generated to 

express Cre recombinases under the control of macrophage lineage cell‑specific 

gene promotor including Csf1r and Cx3cr1. In addition, the inducible and cell‑

specific ablation model has been developed using the Cre‑recombinase‑mediated 

expression of human diphtheria toxin receptors (DTR) induced cell death in 

cells treated with diphtheria toxin (DT) in Cre‑inducible DTR transgenic 

(iDTR) mice [60]. To deplete Csf1r (+) cell lineage, Csf1r‑CreERT2; iDTR 

mice were treated with tamoxifen to inducibly express DTR in macrophage 

lineage cells and the bone injury was induced in those mice treated with DT. 
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The injections of DT had no effects on regenerative bone mass in those mice 

even though the number of DTR (+) cells were significantly depleted (data not 

shown). These findings suggested that macrophages expresseing Csf1r marked 

by DTR during healing process were dispensable in bone regeneration. 

The Csf1r gene has been extensively used to generate reporter mice as 

well as Csf1r‑deficient mice to examine macrophage functions and lineage traces 

in vivo. The Csf1r gene is however expressed not only in typical monocyte‑

macrophages lineage cells but also neutrophils, dendritic cells and their 

precursors with a low expression level [61, 62]. Therefore, we cannot rule out a 

possibility that various types of cells expressing Csf1r may deplete in Csf1r‑

CreERT2; iDTR mice. Clo‑lip has also experimental limitations known for the 

inhibitory effects on bone resorption [63, 64]. However, the obvious reduction 

of newly formed bone mass had been observed in mice treated with Clo‑lip in 

the present study. This finding indicated that effects of the macrophage 

depletion by Clo‑lip on bone formation was more obvious than the inhibitory 

effects of Clo‑lip on osteoclastic bone resorption in the bone injury model we 

used. 

Successful bone regeneration is required for the coordinated interactions 

between mesenchymal stem cells (MSCs) and macrophages [20]. Our current 

data demonstrated that macrophages activated Wnt/β‑catenin signals in LepR 

(+) MSCs in vivo. Previous in vitro experiments have suggested that 

macrophages‑derive cytokines such as Oncostatin M (OsM) and Bone 

Morphogenetic Protein‑2 (BMP2) to positively regulate osteoblastic 

differentiation of MSCs [65, 66]. Monocytes reportedly induced the activation of 

STAT3 in human MSCs, which in turn facilitating their osteoblastic 

differentiation [67]. These findings indicated that Wnt ligands cooperated with 

OsM and BMP2 to promote the differentiation of BMSCs into osteoblasts. 

Further studies are needed to clarify mechanism by which Wnt signals promote 

osteoblastic differentiation. 
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Macrophages reportedly secrete Wnt ligands to regulate tissue specific 

stem cells and their niches (68, 69). Therefore, the expression of Wnt ligands 

was searched on Tabula Muris transcriptome data base. No Wnt ligand 

expressed specifically was found in bone marrow macrophages. In addition, the 

expression levels of most Wnt ligands is lower in bone macrophages compared 

with BMSCs. We performed a real time PCR analysis of bone injury sites at 4 dpi 

and found the expression of several Wnt ligands was increased (data not shown). 

These findings suggest that Wnt ligands certainly expressed in bone injury sites 

activate Wnt/β‑catenin signals in LepR (+) MSCs. Further studies are needed to 

clarify which Wnt ligand is dominantly involved in bone healing and which type 

of cells secrete the Wnt ligands. 

The present study demonstrated that F4/80 (+) macrophage play an 

important role in bone regeneration. These macrophages activate Wnt/β‑catenin 

signals in MSCs, which in turn promoting their proliferation and differentiation 

into osteoblasts. The identification of master regulators in these processes 

enable us to develop new methods using recombinant proteins, cDNA, and 

mRNA of targets for treatments of bone fractures including facial bones and jaw 

surgeries. 
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