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Abstract

By binding to its chemokine receptor CXCR4 on osteoclast precursor cells (OCPs), it is well 

known that SDF-1 promotes the chemotactic recruitment of circulating OCPs to the homeostatic 

bone remodeling site. However, the engagement of circulating OCPs in pathogenic bone 

resorption remains to be elucidated. The present study investigated a possible chemoattractant role 

of MIF, another ligand for CXCR4, in the recruitment of circulating OCPs to the bone lytic lesion. 

To accomplish this, we used Csf1r-eGFP-KI mice to establish an animal model of Polymethyl 

methacrylate (PMMA) particle-induced calvarial osteolysis. In the circulating Csf1r-eGFP+ cells 

of healthy Csf1r-eGFP-KI mice, Csf1r+/CD11b+ cells showed a greater degree of RANKL-

induced osteoclastogenesis compared to a subset of Csf1r+/RANK+ cells in vitro. Therefore, 

Csf1r-eGFP+/CD11b+ cells were targeted as functionally relevant OCPs in the present study. 

While expression of the two cognate receptors for MIF, CXCR2 and CXCR4, was elevated on 

Csf1r+/CD11b+ cells, transmigration of OCPs toward recombinant MIF in vitro was facilitated by 

ligation with CXCR4, but not CXCR2. Meanwhile, the level of PMMA-induced bone resorption 

in calvaria was markedly greater in wild-type mice compared to that detected in MIF-KO mice. 

Interestingly, in contrast to the elevated MIF, diminished SDF-1 was detected in a particle-induced 

bone lytic lesion of wild-type mice in conjunction with an increased number of infiltrating 

CXCR4+ OCPs. However, such diminished SDF-1 was not found in the PMMA-injected calvaria 

of MIF-KO mice. Furthermore, stimulation of osteoblasts with MIF in vitro suppressed their 

production of SDF-1, suggesting that MIF can down-modulate SDF-1 production in bone tissue. 
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Systemically administered anti-MIF neutralizing mAb inhibited the homing of CXCR4+ OCPs, as 

well as bone resorption, in the PMMA-injected calvaria, while increasing locally produced SDF-1. 

Collectively, these data suggest that locally produced MIF in the inflammatory bone lytic site is 

engaged in the chemoattraction of circulating CXCR4+ OCPs.
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Introduction

The response of monocytes to local irritants, such as wear debris particles generated from 

implant device after total joint arthroplasty, is thought to cause peripheral osteolytic lesion. 

Growing evidence suggests that the inflammation elicited by wear debris particles promotes 

migration of osteoclast precursors (OCP) to the osteolytic lesion, while upregulating 

osteoclastogenesis at the site of inflammation (1–3). Although these events promote bone 

resorption, the molecular mechanisms underlying the migration of OCPs remain to be 

elucidated.

Classical consensus has supported the idea that osteoclasts complete their life cycle in the 

microenvironment of bone surface. However, accumulated lines of evidence suggest that 

osteoclast lineage cells, especially OCPs, circulate in the blood stream (4). It has been 

demonstrated that monocyte chemoattractant protein-1 (MCP-1), a chemokine which binds 

to the CCR2 receptor, is associated with the local migration of OCPs to particle-induced 

lesions (5, 6). Furthermore, chemotactic recruitment of OCPs to blood circulation is 

dynamically controlled by sphingosine-1-phosphate (S1P), a chemoattractant factor 

abundantly available in the blood, which facilitates the migration of OCPs expressing S1PR1 

and S1PR2 receptors (7, 8). Contrary to S1P-mediated migration of OCPs to blood 

circulation, it is reported that stromal cell-derived factor-1 (SDF-1)/CXCL12, as well as 

CX3CL1, or fractalkine, both produced in bone marrow, are engaged in the homing of OCPs 

to bone marrow by ligation with CXCR4 and CX3CR1 receptors, respectively (9, 10).

Accumulated lines of evidence indicate that macrophage migration inhibitory factor (MIF), a 

pleiotropic proinflammatory protein involved in the development of various bone 

pathologies, including wear debris-induced osteolysis, elicits chemoattraction for leukocytes 

via interaction with CD74, CXCR2, and CXCR4 cell receptors (11–18). Nonetheless, it is still 

not known if MIF is engaged in the chemotaxis of OCPs to peripheral bone resorption 

lesions.

Among these three known receptors for MIF, CD74, a single-pass type II membrane protein, 

also known as MHC class II invariant chain (Ii), does not appear to play a role in MIF-

mediated migration of leukocytes by itself, while the complexes of CD74 with the classical 

trafficking receptors, CXCR2 and CXCR4, are engaged in leukocyte recruitment (14, 19). 

Interestingly, the MIF/CD74 axis has been implicated in the promotion of 

osteoclastogenesis (20, 21). CXCR2, an IL-8 (CXCL8) receptor, is expressed on the surface 

of neutrophils, but it is also expressed on the surface of monocytes, a source of OCPs. While 
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it is unlikely that IL-8/CXCR2 axis elicits a signal required for migration of 

monocytes (22, 23), MIF/CXCR2 axis is reported to be involved in the arrest and chemotaxis 

of these cells (14). However, the possible role of CXCR2 in the recruitment of OCPs to an 

osteolytic lesion remains unclear. On the other hand, the relevance of chemotactic receptor 

CXCR4 in the migration of OCPs under physiological conditions has been reported (9). 

Moreover, a recent study showed that CXCR4 expression is upregulated on the surface of 

leukocytes in response to the challenge with metallic wear debris in both in vitro and in vivo 
contexts (24). Nevertheless, to the best of our knowledge, no study has addressed the 

involvement of the MIF/CXCR4 axis in the induction of OCP chemotaxis.

In the present study, we report that MIF/CXCR4 axis does play a key role in the homing of 

OCPs to particle-induced osteolysis lesion. Using a mouse model of PMMA-induced 

osteolysis, anti-MIF neutralizing mAb as well as MIF-KO mice were employed to establish 

the role of locally produced MIF in homing of CXCR4+ OCPs to bone resorption lesion.

Material and Methods

Mouse strain and anesthesia procedures

The experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the Forsyth Institute. MIF-knockout (KO) mice, CSF1r-eGFP 

knock-in (KI) mice and their wild-type (WT) (C57BL/6J) mice were used in this study (6–8 

weeks; body weight 25–30 g). CSF1r-eGFP-KI and WT mice were obtained from the 

Jackson Laboratory (Bar Harbor, ME, USA), and MIF-KO mice were generously donated by 

Dr. Satoskar (Ohio State University). Animals were kept in a conventional room with a 12-

hour light-dark cycle at constant temperature.

Murine particle-induced calvarial osteolysis model

After mice were anaesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg), 

Poly(methyl methacrylate) PMMA particles (mean diameter 6.5 μm) (Bangs Laboratories, 

Fishers, IN) suspended in PBS were injected subcutaneously over the calvarial bone by 

using a 1 ml Tuberculin syringe attached with a 28G × ½″ needle (Covidien, Inc., Costa 

Mesa, CA). Control animals received sham injection of PBS (150 μl/site). The site of 

PMMA suspension in PBS or PBS along injection was adjusted to the midline and one 

millimeter anterior from the line connecting the ears.

Particle preparation

To prepare an injection suspension of PMMA particles, 10 mg of particles were washed 

three times in 1 ml of 70% ethanol (molecular biology grade; Sigma-Aldrich) at room 

temperature. Then the particles were washed in sterile PBS three times and resuspended in 

150 μl sterile PBS. The suspension was stored at 4°C not more than one week. All particle 

preparations were processed under sterile conditions.
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μCT analysis

Seven days after placement of PMMA particles, mice were sacrificed, and osteolysis 

induced in the calvariae was evaluated ex vivo by using a SCANCO μCT 40 scanner. A 3-D 

reconstruction was performed using μCT 40 evaluation software.

Isolation of mononuclear cells

Splenocytes—A mouse spleen was collected and placed into a nylon cell strainer (70 μm; 

Thermo Fisher Scientific, Waltham, MA). Using the plunger end of the syringe, the spleen 

was mashed through the cell strainer into a conical tube. Mononuclear cells were isolated 

using density gradient centrifugation in Histopaque® 1083 (Sigma-Aldrich, St. Louis, MO). 

Finally, lysis buffer (BioLegend, San Diego, CA) was used to destroy red blood cells.

Calvarial tissue derived mononuclear cells—Murine calvariae were harvested from 

particle-injected and control animals and placed in PBS on ice. Using a SMZ745T Nikon 

dissecting microscope (Tokyo, Japan), the dura mater was carefully removed and finely 

minced into small fragments with sterile scissors (Fine Science Tools) and homogenized 

using a tissue grinder (Thermo Scientific™). Then, mononuclear cells were isolated from 

mouse calvariae using a previously published protocol (25) with Histopaque® 1083 gradient 

centrifugation.

Synovial-like peri-prosthetic membranes derived mononuclear cells—Peri-

prosthetic membranes were dissected from the PMMA-induced calvaria lesions and were 

digested with Collagenase D (Roche, Basel Switzerland). Mononuclear cells were isolated 

as described above.

Multicolor flow cytometry and FACS sorting

Multicolor flow cytometry of OCPs—Isolated mononuclear cells from murine CSF1r-

eGFP-KI calvarial tissues were incubated with anti-mouse CD16/32 (Fc-blocking antibody, 

Ab) and then stained with anti-CD11b conjugated to Pacific blue, anti-CXCR2 conjugated to 

Alexa 647, and anti-CXCR4 conjugated to PE Abs (BioLegend, San Diego, CA) to 

characterize OCPs as eGFP+CD11b+ cells. Cells were acquired on the BD FACSAria™ II 

Cell Sorter (BD Biosciences, Franklin Lakes, NJ) and analyzed with FlowJo (ver. 10) 

software (Tree Star, Ashland, OR).

Multicolor flow cytometry of synovial-like periprosthetic membrane cells—
Isolated mononuclear cells were incubated with anti-mouse CD16/32 and then stained with 

anti-CD45 conjugated to FITC, anti-CD11b conjugated to PE/Cy7, anti-F4/80 conjugated to 

Alexa 647 Abs (BioLegend) to characterize macrophages as CD45+CD11b+F4/80+ cells.

Fluorescence Activated Cell Sorting (FACS)—Mononuclear cells isolated from the 

spleen of CSF1r-eGFP mice were reacted with anti-CD11b conjugated to Pacific blue and 

RANK-biotin/avidin-APC/Cy7 Abs in the presence of Fc-blocking Ab (BioLegend). 

Staining with 7-AAD (BioLegend) was used as a marker for live/dead cells. Cells were then 

submitted to FACS using the BD FACSAria™ II Cell Sorter.
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Chemotaxis assay

Altogether, 5×105 FACS-sorted eGFP+CD11b+ OCPs isolated from the spleen of CSF1r-

eGFP-KI mice were loaded in the upper chamber of a transwell culture insert with a pore 

size of 8 μm (Corning Inc., Corning, NY). Filters were transferred into the wells containing 

medium (α-MEM, 10% fetal bovine serum, FBS) in the presence or absence of various 

concentrations of recombinant mouse MIF and SDF-1 proteins (both from BioLegend). To 

test the effects of chemical inhibitors of CXCR2 or CXCR4 on chemotaxis in response to 

various concentrations of MIF or SDF-1, SB225002 (100 ng/ml) or plerixafor (100 ng/ml, 

trade name Mozobil) (both from Cayman Chemical, Ann Arbor, MI), respectively, were 

used. PBS alone was used as control. The transwell chambers were incubated for 12 hours at 

37°C, and the number of cells transmigrating into the lower chamber were counted 

microscopically, followed by calculation of the chemotactic index as described (26).

RANKL-induced osteoclastogenesis in vitro

Cell populations sorted by FACS or eGFP+CD11b+ OCPs collected from the lower chamber 

of a transwell device were seeded in 96-well plates at a density of 1 × 104 cells/well in α-

MEM medium (Life Technologies, Carlsbad, CA) containing 10% FBS (Atlanta Biologicals, 

Norcross, GA) with 30 ng/mL of M-CSF (BioLegend) and 50 ng/ml RANKL (ProSpec, East 

Brunswick, NJ). OCPs which were stimulated by either MIF or SDF-1 in the course of 

transmigration were continuously stimulated with the same chemoattractant in the course of 

RANKL-induced osteoclastogenesis. Five days later, cells were stained for tartrate-resistant 

acid phosphatase (TRAP) using a leukocyte acid phosphatase kit (Sigma). TRAP-positive 

(TRAP+) cells with more than three nuclei were considered as osteoclasts. TRAP+ 

multinuclear cells were counted, and the results were expressed as numbers per well.

Stimulation of bone marrow derived macrophages by PMMA particles in vitro

Mononuclear bone marrow cells isolated from femur and tibia of WT mice were seeded into 

24-well plates (5×105 cells/well) in α-MEM supplemented with 10% FBS and 30 ng/ml M-

CSF (Biolegend). After incubation for 3 days, fresh medium containing 2.5×10−3 % (w/v) 

PMMA particles and 30 ng/ml M-CSF was applied. No particle containing medium served 

as a control. The cells were stimulated for 24 h and then conditioned medium was collected 

and evaluated by ELISA.

Effects of plerixafor on OCPs mobilization in vivo

Immediately after PMMA particles placement, groups of CSF1r-eGFP-KI mice were 

injected subcutaneously (s.c.) with sterile PBS or plerixafor solution in PBS at 5 mg/kg 

every 24 hours (27). At day 3, calvaria tissues were collected and evaluated by multicolor 

flow cytometry as described above.

Design of anti-MIF neutralizing mAb

A monoclonal antibody (mAb) to mouse MIF was developed as described elsewhere (28, 29). 

Briefly, 8-week-old BALB/c mice were immunized with highly specific peptide sequence of 

mouse MIF protein (MIF-peptide: SGTNDPCALCSLHSIGKI) which was designed using 

BLAST search. A panel of hydridomas resulting from the cell fusion between NS-O 
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myeloma and splenocytes of immunized mice were subsequently evaluated for specificity to 

the MIF-peptide as well as recombinant MIF. After cloning of the antibody-producing 

hybridomas, we obtained one hybridoma which produced MIF-specific mAb (IgG1). The 

specificity of anti-MIF mAb was confirmed in the ELISA; the binding of anti-MIF mAb to 

recombinant MIF protein that was coated on ELISA plate was only inhibited by MIF-

peptide and recombinant MIF, but not by control irrelevant peptide sequences.

Total proteins isolation from murine calvariae, and long bone tissues, and ELISA

Mouse calvariae and femur bones were collected from euthanized WT and MIF-KO animals 

and weighed. Then bones were mechanically homogenized on ice with a mortar and pestle 

in PBS with 0.05% Tween 20 in the presence of 10 μg/ml of ethylenediaminetetraacetic acid 

(EDTA)-free protease inhibitor cocktail (Thermo Scientific™). The suspension was 

centrifuged at 1500 rpm. Concentrations of MIF, SDF-1, and TNF-α proteins were 

measured from the collected supernatant using commercial sandwich ELISA kits from R&D 

(Minneapolis, MN) and Biolegend, respectively, according to the manufacturer’s 

recommendation.

Effects of MIF stimulation on SDF-1 production by murine MC3T3 cells

Mouse MC3T3 cells were (24-well plates; 1×105 cells/well) stimulated in vitro by various 

concentrations of mouse MIF recombinant protein in the presence or absence of anti-MIF 

mAb or IgG control (both 100 μg/ml). In some experiments plerixafor (100 ng/ml) was used 

to block CXCR4 receptor. The concentration of SDF-1 was measured by ELISA as 

described above.

Histological analyses and immunohistochemistry

Tissue decalcification—Calvariae were dissected and fixed in 4% formaldehyde 

overnight and then decalcified in 10% EDTA (Thermo Fisher Scientific) for 2 weeks at 4°C. 

Decalcified samples were dehydrated in graded alcohols and embedded in paraffin. Frontal 

calvarial sections 6-μm in thickness centered on the sagittal suture were obtained for 

histological analysis.

TRAP staining—To stain TRAP+ OCs, sections were first incubated in 0.2M acetate 

buffer containing 50 mM L-(+)-Tartaric acid (Sigma) at room temperature and then in TRAP 

staining solution (0.2 M acetate buffer, 50 mM L-(+)-Tartaric acid, 0.5 mg/ml Naphthol AS-

MX phosphate, 1.1 mg/ml Fast Red ASTR salt; Sigma) at 37°C. Finally, the sections were 

counterstained with hematoxylin solution (Sigma) at room temperature.

MIF immunohistochemistry—Calvarial sections were first incubated in a rabbit anti-

MIF polyclonal Ab (clone N1C3) at 1:500 (GeneTex, Irvine, CA), then in a horseradish-

peroxidase conjugated avidin-biotin complex in Vectastain Elite ABC Kit, and staining was 

resolved with DAB peroxidase substrate kit (Vector Laboratories) according to the to the 

manufacturer’s recommendation. Finally sections were counterstained with 0.1% Fast green 

(Sigma) in PBS. To evaluate the anti-MIF antibody binding specificity, anti-MIF mAb was 

reacted with the section of kidney isolated from WT as well as MIF-KO, based on the report 
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that demonstrated strong positive staining pattern of MIF in the epithelial cells of the kidney 

proximal tubules (30) (Suppl. Fig. 1).

Statistical analysis

Data are displayed as mean ± SEM. Statistical significance was evaluated using a one-way 

ANOVA with post hoc Tukey’s test. A p < 0.05 was considered statistically significant. Data 

were analyzed using PAST 2.1 statistical software.

RESULTS

Immunophenotypic characterization of OCPs isolated from Csf1r-eGFP-KI mice

Using Csf1r-eGFP-KI mice whose monocyte-lineage cells predominantly express eGFP, 

Ishii et al., demonstrated that OCPs migrate in response to S1P (8). As such, this transgenic 

strain could be used as an animal model to elucidate the molecular mechanisms underlying 

the migration of OCPs to peripheral osteolytic lesions. However, since Csf1r (also called 

CD115) is a phenotypic marker for monocyte-lineage cells, eGFP+ cells can either be OCPs 

or non-OCPs. Moreover, no consensus has been reached on immunophenotypic markers 

characteristic of murine OCPs. Therefore, on the basis of these results, as well as other 

published reports (31–33), Csf1r-eGFP, RANK, and CD11b were selected in the present paper 

as potential markers for OCPs in Csf1r-eGFP-KI mice.

First, among Csf1r-eGFP+ mononuclear cells, the expression patterns of RANK and CD11b 

were evaluated using flow cytometry. Four distinct subpopulations were identified by FACS, 

including RANK−/CD11b−, RANK+/CD11b−, RANK−/CD11b+ and RANK+/CD11b+, and 

separated using cell sorting system. Each subset was ex vivo-stimulated with RANKL and 

M-CSF (Fig. 1A). After 5 days of RANKL stimulation, the highest number of TRAP+ 

multinuclear cells was detected in the eGFP+CD11b+RANK− subset, followed by the 

eGFP+CD11b+RANK+ population, while the other two subsets showed few, or no, TRAP+ 

multinuclear cells (Fig. 1B and C). These results indicate that CSF1r-eGFP+CD11b+ cells, 

both RANK− and RANK+, isolated from the spleen of Csf1r-eGFP-KI mice could be 

characterized as OCPs.

According to these data, RANK was not included as a marker for immunophenotyping 

OCPs in Csf1r-eGFP-KI mice, and only eGFP and CD11b were used. Thus, subpopulations 

of eGFP−/CD11b−, eGFP+/CD11b−, eGFP+/CD11b+ and eGFP−/CD11b+ were FACS-sorted 

and then RANKL/M-CSF-stimulated as described above (Fig. 1D). As expected, only 

eGFP+CD11b+ cells became TRAP+ OCs (Fig. 1E & F).

Finally, the expression of MIF receptors, CXCR2 and CXCR4, on the surface of 

eGFP+CD11b+ OCPs, as well as other FACS-sorted subpopulations, was evaluated. Our 

results show that 20.5% and 23.5% of OCPs were positive for CXCR2 and CXCR4, 

respectively (Fig. 1G & H).

Collectively, these data indicate that 1) CSF1r-eGFP+CD11b+ cells can be characterized as 

OCPs in Csf1r-eGFP-KI mice and 2) they express both CXCR2 and CXCR4 receptors on 

their surface in equal amounts.
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Ligation of CXCR4 receptor with MIF promotes chemotaxis of OCPs and subsequent 
osteoclastogenesis in vitro

Since CXCR4 is a receptor for both MIF and SDF-1, we tested the effects of both 

chemokines on freshly FACS-sorted eGFP+CD11b+ OCPs using a transwell migration 

device in vitro. As expected, both chemokines showed a dose-dependent chemotactic effect 

on OCPs (Fig. 2A). However, higher concentrations of MIF significantly enhanced (p = 

0.016) the transmigration activity of OCPs compared to stimulation with SDF-1 (Fig. 2A).

We then compared the ability of transmigrated OCPs to become OCs in response to MIF, as 

well as SDF-1 stimulations, in RANKL-induced osteoclastogenesis. The number of TRAP+ 

osteoclasts formed from the transmigrated OCPs in response to MIF stimulation was 

significantly higher (p = 0.037) when compared to stimulation with SDF-1 (Fig. 2B).

Next, the effects of a newly developed anti-MIF-mAb, as a prospective drug, on MIF- and 

SDF-1-elicited chemotaxis of OCPs were tested in vitro. It is important to note that neither 

anti-MIF-mAb nor control isotype-matched control mAb affected RANKL-induced 

osteoclastogenesis in vitro (Fig. 2C).

The number of transmigrated OCPs in response to MIF was significantly (p = 0.002) 

suppressed by the anti-MIF neutralizing mAb (Fig 2D). Further, the anti-MIF-mAb also 

significantly reduced (p = 0.002) the amount of TRAP+ OCs formed from the transmigrated 

OCPs (Fig. 2E). In contrast, we observed no significant effects on OCP chemotaxis (p = 

0.36) or RANKL-induced osteoclastogenesis (p = 0.37) by the simultaneous presence of 

SDF-1 recombinant protein and anti-MIF-mAb (Fig. 2D & E).

Finally, to evaluate the possible engagements of CXCR2 and CXCR4 receptors in MIF- and 

SDF-1-elicited OCP migration, chemotaxis assays were carried out in the presence or 

absence of SB225002 or plerixafor, chemical antagonist for CXCR2 or CXCR4, 

respectively. Chemotaxis of OCPs in response to MIF and SDF-1 was unaffected by the 

CXCR2 antagonist, SB225002 (Fig. 3A & B). In contrast, plerixafor significantly 

suppressed the transmigration of OCPs in response to MIF (p = 0.0018) and SDF-1 (p < 

0.001) in vitro (Fig. 3A & B). Further, plerixafor also dramatically reduced the number of 

OCs from both MIF- and SDF-1-stimulated cells (Fig. 3C). In addition, SB225002 slightly 

reduced the amount of TRAP+ osteoclasts in the MIF-, but not SDF-1-, stimulated wells 

(Fig. 3C).

These observations indicated that ligation of MIF and SDF-1 with CXCR4 receptor 

promotes transmigration of OCPs, as well as osteoclastogenesis, in vitro. However, 

compared to SDF-1, MIF elicited signals that promoted more active transmigration and 

fusion of OCPs. Further, anti-MIF-mAb effectively neutralized the biological functions of 

MIF only, but not SDF-1 in vitro.

MIF plays a role in the development of peripheral bone lesions in vivo

To address whether MIF plays a role in the development of peripheral bone lesions in vivo, 

we first induced osteolysis lesion in the calvaria of WT and MIF-KO mice via local injection 

of PMMA particles (PBS suspension) or control PBS. The changes of bone surface structure 
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were monitored using μCT. At seven days after the injection of control PBS, no sign of 

osteolysis were detected in WT mice (Suppl. Fig. 2 A). The injection of PMMA induced a 

severe bone resorption in the calvaria of WT mice (Suppl. Fig. 2 B). In contrast, lesser level 

of osteolysis was observed in the MIF-KO mice that received PMMA injection (Suppl. Fig. 

2 C). These results indicated that MIF plays an important role in development of the 

particle-induced osteolysis lesion.

Next, we measured concentrations of MIF and SDF-1 proteins in calvarial tissues of control 

and particle-induced lesions using ELISA. In calvarial tissues of WT mice, the level of MIF 

was significantly elevated in the group that received PMMA injection (p = 0.0013), whereas 

the level of MIF in remote site of femur bone was not affected (p = 0.62) by PMMA 

injection to calvaria (Fig. 4A & B). In contrast, the amount of SDF-1 was significantly 

downregulated (p < 0.001) in PMMA-induced calvaria tissues compared to the control in 

WT animals (Fig. 4C). Further, similar expression patterns of SDF-1 (p=0.62) was observed 

in non-treated femurs of control WT mice as well as those received PMMA injection in the 

calvaria (Fig. 4D). On the other hand, in terms of MIF-KO mice, no significant fluctuations 

of SDF-1 concentrations between osteolytic calvarial lesions and healthy calvariae were 

observed (Fig. 4C). Similarly, comparable amounts of SDF1 were detected between the 

femur of control non-treated and that of mice received calvarial injection with PMMA (Fig. 

4D). Altogether, these results indicated that PMMA injection into calvaria can induce local 

production of MIF while suppressing the expression of SDF1, whereas such a local PMMA 

injection does not affect the MIF and SDF1 productions in the peripheral bones.

Next, effects of systemic administration with anti-MIF-mAb on the development of 

osteolytic lesions were examined. According to the μCT evaluation, no sign of osteolysis 

was detected in control mice that received an injection of PBS (Fig. 5A). In contrast, the size 

of osteolytic lesion in the mouse group that received PMMA particles and control IgG was 

larger than that found in the group of mice received PMMA particles and anti-MIF 

neutralizing mAb (Fig. 5B & C). Furthermore, the number of TRAP+ cells and 

inflammatory infiltrates at the lesion was found elevated in the mice received PMMA 

particle and control IgG (Fig. 5E & G) compared to the groups that received control PBS 

injection alone (Fig. 5D & G) or PMMA particles and anti-MIF-mAb (Fig. 5F & G).

Since anti-MIF-mAb suppressed the development of osteolytic lesion along with increased 

TRAP+ cells and inflammatory infiltrates (Fig. 5), we evaluated effects of anti-MIF-mAb on 

the production of MIF and SDF-1 in the calvaria injection site. As expected, the amount of 

MIF was significantly elevated (p < 0.001), while SDF-1 was reduced in the bone lytic 

lesion that received PMMA and control IgG injection compared to the group that received 

control PBS alone (Fig. 6A & B). Importantly, the administration of anti-MIF-mAb 

significantly reduced the concentration of MIF in the PMMA-induced calvaria lesion (Fig. 

6A). Very interestingly, the amount of SDF-1 in calvarial lesions of anti-MIF-mAb treated 

group was significantly higher than that detected in the group that received PMMA and 

control IgG (Fig. 6B). The concentration of MIF in femur was decreased in the group that 

received anti-MIF-mAb (Fig. 6C), suggesting the effectiveness of anti-MIF-mAb to 

neutralize MIF systemically. Contrast to levels of MIF femur, administration with anti-MIF-
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mAb did not show any significant differences in the concentration of SDF-1 produced in 

femur compared to the other two control treatments (Fig 6D).

It is important to note that the PMMA-injected mice those were treated with anti-MIF-mAb 

showed significantly reduced (p = 0.026) amount of pro-inflammatory cytokine TNF-α in 

osteolytic lesions compared to PMMA-injected mice those received control IgG injection 

(Suppl. Fig. 3 A). No TNF-α was observed in control femur bones (Suppl. Fig. 3 B).

Then, in order to examine whether neutralization of MIF could affect the recruitment of 

CXCR4+ OCPs to the particle-induced osteolytic lesion, calvaria tissues of control and 

PMMA particle-injected mice were systemically treated with control IgG or anti-MIF-mAb 

and cells infiltrating in the osteolytic lesion were analyzed by multicolor flow cytometry. 

The injection of PMMA particle increased the infiltration of eGFP+CD11b+ OCPs (Fig. 7A 

& B). Systemic administration with anti-MIF-mAb significantly suppressed the infiltration 

of eGFP+CD11b+ OCPs in the lesion compared to the group of mice that received control-

IgG injection (Fig 7B & C). Furthermore, the elevated incidence of CXCR4+ OCPs in 

PMMA particle-induced lesions were significantly reduced (p < 0.001) by the administration 

with anti-MIF-mAb treatment (Fig. 7D), suggesting that migration of CXCR4+ OCPs to 

osteolytic lesion is up-regulated by MIF. In support of this evidence, we also identified that 

the incidence of eGFP+CD11b+ OCPs in peripheral calvaria lesions was reduced in response 

to plerixafor treatment than that detected in control animals (Suppl. Fig. 4). It is important to 

note that no effect of plerixafor on MIF production in the PMMA particle-induced lesion 

was detected (Suppl. Fig. 5).

Macrophages of the synovial-like periprosthetic membrane are the main local source of 
MIF in particle-induced lesions

Since a large number of studies show that a periprosthetic membrane plays a crucial role in 

production of inflammatory mediators in the context of particle-induced osteolysis (34, 35), 

we have examined whether MIF is also produced from periprosthetic membrane in response 

to the stimulation with PMMA-particles. As expected, the periprosthetic membrane of 

PMMA particle-induced osteolytic lesion showed strong MIF immunohistochemical signal 

(Fig 8A & B; Suppl. Fig. 1).

Next, we analyzed mononuclear cells isolated from periprosthetic membrane of PMMA-

induced osteolytic lesion by multicolor flow cytometry. Among mononuclear cells in the 

periprosthetic membrane of osteolytic lesion, majority of cells (66.7%) expressed CD45+ 

hematopoietic origin marker in which 57% of the cells were CD11b+F4/80+ macrophages 

(Fig. 8C), suggesting that the majority of cellular infiltrates in the periprosthetic membrane 

are composed of macrophages. It is noteworthy that significantly (p < 0.001) elevated MIF 

secretion was detected from PMMA stimulated bone marrow derived macrophages in vitro 
(Fig. 8D).

These results indicated that the increased amount of MIF in the PMMA-induced osteolysis 

lesions are derived from activated macrophages present in periprosthetic membrane.
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MIF produced by the periprosthetic membrane cells down-modulate SDF-1 production 
from osteoblasts in vitro

Because the concentrations of MIF were inversely proportional to SDF-1 produced in 

osteolytic lesions (Fig 4), we have tested the effects of MIF on the secretion of SDF-1 from 

osteoblasts, which is the major cellular source of SDF-1 in bone tissue (36). As expected, 

addition of the conditioned medium from ex vivo cultured periprosthetic membrane cells 

significantly down-modulated (p < 0.001) the SDF-1 release from murine MC3T3 

osteoblasts-like cells which was partially abrogated by addition of anti-MIF-mAb (p = 

0.008) (Fig. 9A). Incubation of MC3T3 cells with various concentrations of mouse 

recombinant MIF protein significantly (p < 0.001) suppressed the production of SDF-1, 

while such SDF1-suppression effect by MIF was partially restored by the addition of anti-

MIF-mAb (Fig. 9B). Finally, to test whether MIF-mediated suppression of SDF-1 

production from osteoblasts depends on CXCR4, plerixafor was applied to the MIF-

stimulated MC3T3 cells. The results showed that plerixafor can partially inhibit MIF-

mediated suppression of SDF production by MC3T3 cells (p = 0.002), whereas 

constitutively produced SDF-1 from osteoblast-like cells was not affected by the addition of 

plerixafor alone in the absence of MIF (Fig. 9C).

Collectively, these data indicated that MIF can suppress SDF-1 production from osteoblast 

cells via ligation to its cognate receptor CXCR4, supporting our key finding that MIF/

CXCR4 axis plays a major role in the development of particle-induced peripheral osteolytic 

lesions.

DISCUSSION

In the present study, we showed that OCPs isolated from CSF1r-eGFP mice, characterized as 

eGFP+CD11b+ cells, express both MIF’s CXCR2 and CXCR4 chemotactic receptors at 

equivalent levels. Our studies also showed that ligation of both MIF and SDF-1 chemokines 

to CXCR4, but not CXCR2, receptor triggers chemotaxis of OCPs and enhances 

osteoclastogenesis. It was further demonstrated that the MIF/CXCR2 axis supports 

osteoclastogenesis in vitro. Although MIF has been a subject of study for several decades, its 

role in the homing of OCPs to particle-induced bone lesions remains controversial. Thus, it 

was reported that the ligation of MIF with its CD74 receptor promotes 

osteoclastogenesis (20, 21). On the other hand, it was shown that MIF suppresses 

osteoclastogenesis as well as CD74-KO mice have an increased capacity to form osteoclasts 

in vitro as well as in vivo (37, 38). In the current study it was demonstrated that MIF enhances 

RANKL-induced osteoclastogenesis in vitro as well as plays an important role in 

recruitment of OCPs to a particle-induced peripheral bone lesion (Fig. 2–8). It has also been 

clearly demonstrated that MIF binding to its cognate receptors, CXCR2 and CXCR4, 

promotes leukocyte recruitment to the site of inflammation (14, 39–42). The ligation of 

CXCR2 and CXCR4 with IL-8 and SDF-1 ligands, respectively, also promotes leukocyte 

chemotaxis (43). However, in terms of chemotaxis of OCPs, thus far, only SDF-1 was 

reported to plays a chemotactic role for OCPs for their migration to a bone tissue (22, 44–46). 

The engagement of CXCR4 for chemotaxis of OCPs in the development of various 

peripheral osteolytic lesions has only recently been reported (24, 47). Nonetheless, the 
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importance of MIF in the migration of CXCR4+ OCPs was never addressed in those studies. 

Collectively, therefore, our results are supported by lines of evidence showing that CXCR4 

signaling regulates chemotaxis of OCPs.

While an earlier clinical study reported elevated MIF expression in the bone that surrounds 

loosening prosthetic implants (34, 48). Our results also showed that elevated MIF in the 

osteolytic lesion is derived from peri-prosthetic membrane which is predominantly 

infiltrated with activated macrophages (Fig. 8). These results corresponded with earlier 

reports showing that inflammatory stimuli enhances MIF release from macrophages (49, 50). 

In terms of the other ligand for CXCR4, SDF-1, it was reported that expression of SDF-1 is 

reduced in the local arthritic lesion in a mouse model of TNF-induced arthritis (51), 

supporting our finding of diminished SDF-1 in the osteolytic lesion (Fig. 4). Very 

interestingly, inversely proportional relationship between MIF and SDF-1 were detected in a 

mouse model of particle-induced osteolytic calvarial lesion (Fig. 4). MIF-KO mice 

demonstrated a reduced size of osteolysis lesion compared to WT mice (Suppl. Fig. 2), 

while showing the significantly higher level of SDF-1 in PMMA-induced osteolysis lesion 

than that detected in WT mice (Fig. 4C). In sum, these results suggested that elevated 

expression of MIF in response to inflammatory (PMMA) stimuli would suppress the SDF-1 

in the calvaria tissue.

It was demonstrated that elevated MIF can suppress the production of SDF-1 from 

osteoblasts partially in a CXCR4-dependent manner in vitro (Fig. 9). More specifically, the 

application of plerixafor, a CXCR4 antagonist, to MIF-stimulated MC3T3 did not 

sufficiently restore the SDF-1 produced. Such result indicated that other MIF-receptors may 

be involved in the suppression of SDF-1 production from osteoblasts or that other unknown 

factor(s) intervene the SDF-1 suppression induced by MIF. Among a various regulatory 

cytokines, it was reported that transforming growth factor beta (TGF-β) can decrease SDF-1 

production from bone marrow stromal cells as well as MC3T3 cells (36, 52). On the other 

hand, it was demonstrated that MIF induces TGF-β synthesis in several animal 

pathophysiological models (53, 54). In the light of these reports, it is conceivable that TGF-β 
may be engaged in the MIF-mediated suppression of SDF-1 production in a mouse PMMA-

induced osteolysis model. For that reason, additional future investigations are warranted to 

elucidate the molecular mechanism supporting the MIF-mediated SDF-1 suppression in the 

context to PMMA-induced inflammatory osteolysis.

Our results partially supported the previous finding by Wright et al., that SDF-1 is involved 

in the chemoattraction of OCPs to a healthy homeostatic bone remodeling site, but not to 

pathogenic inflammatory bone resorption site (45). However, another study reported that 

SDF-1 is engaged in the recruitment of hematopoietic OCPs to the bone metastasis lesion of 

giant cell tumor (44). The latter finding of SDF-1-mediated recruitment of OCPs to 

inflammatory lesion looks contradictory to the former theory. However, since SDF-1 can 

form a complex with high mobility group box 1 (HMGB1), an alarmin belonging to the 

most robust endogenous damage associated molecular patterns (DAMPs), which is widely 

expressed in tumors and a variety of sterile inflammatory lesions (55–57), it is speculated that 

SDF-1/HMGB1 complex that should functions differently from SDF-1 by itself may 

facilitates recruitment of hematopoietic OCPs to the giant cell tumor lesion. While it is true 
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that the positive effects of HMGB1 on bone resorption are well established (58), the roles 

played by the HMGB1/MIF complex in the migration of OCPs and osteoclastogenesis are 

unknown. Because the property of HMGB1 to from complex with both SDF1 and MIF is 

outside of the scope of the present study, this issue will be addressed in the future studies.

Because our results indicate that MIF plays an important role in the chemotaxis of OCPs and 

subsequent osteoclastogenesis, as well as the development of particle-induced peripheral 

osteolytic lesions, we evaluated the effects of MIF inhibition on OCP chemotaxis and the 

lesion development (Fig. 2–7). Along the line of approach inhibiting MIF’s activity, 

chemical compounds those inhibit the tautomerase activity of MIF were proposed as a 

strategy to abrogate the proinflammatory actions of MIF (59). On the other hand, although 

the genetically engineered knock-in of an allele encoding a tautomerase-deficient MIF did 

not eliminate the growth-promoting action of the protein (60), fully humanized anti-MIF-

mAbs successfully inhibiting the growth of human prostate cancer cells were recently 

generated (60). In addition, therapeutic mAbs have captured almost 50% of the best-selling 

20 drugs in the U.S. (61). Notwithstanding these statistics, no studies have reported the 

effects of anti-MIF-mAb on bone lesions. Therefore, we developed an anti-MIF-mAb and 

tested its effects on the recruitment of OCPs to peripheral osteolytic lesions. We found that 

MIF neutralization as well as inhibition of CXCR4 receptor using anti-MIF-mAb and 

plerixafor, respectively, significantly reduces the number of OCPs at the osteolytic lesion 

(Fig. 7; Suppl. Fig. 4), supporting an evidence that MIF/CXCR4 axis is involved in 

recruitment of OCPs to particle-induced bone osteolysis. Results also showed that the bone 

resorption area of mouse calvariae is reduced in anti-MIF-mAb-treated mice compared to 

untreated mice (Fig. 5). Moreover, in response to anti-MIF-mAb treatment, the 

concentration of SDF-1 was increased at the particle-induced bone inflammation area, 

approaching an amount equal to that found in healthy bones (Fig. 6). SDF-1-elicited 

chemotaxis of OCPs was unaffected by anti-MIF-mAb treatment (Fig. 2). Therefore, these 

results suggest that MIF promotes the homing of CXCR4+ OCPs to the bone lesions area, 

while SDF-1 is engaged in the recruitment of OCPs to healthy bone via ligation with 

CXCR4+ OCPs. Thus, this newly developed anti-MIF-mAb may represent a potential 

therapeutic tool for the prevention of peripheral osteolytic lesions.

In conclusion, the present study detected local production of MIF in response to 

inflammatory stimuli. Results also showed that such chemokine production induces the 

migration of OCPs to the inflamed osteolytic lesion. In contrast, homeostasis in healthy bone 

is sustained by the chemoattraction of OCPs by SDF-1 whose expression is, in fact, reduced 

at the inflamed osteolytic lesion. Taken together, it appears that MIF, but not SDF-1, is 

engaged in the recruitment of CXCR4+ OCPs in the process of pathological bone resorption.
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Figure 1. 
OCPs have eGFP+CD11b+ phenotype in Csf1r-eGFP-KI mice. A) Gated 

eGFP+CD11b−RANK+ (I), eGFP+CD11b+RANK+ (II), eGFP+CD11b−RANK− (III), and 

eGFP+CD11b+RANK− (IV) cell populations selected for FACS sorting. B) Tartrate-resistant 

acid phosphatase (TRAP) staining of RANKL-stimulated, FACS-sorted populations. C) 
Number of TRAP+ osteoclasts per well formed from the FACS-sorted cell populations; D) 
Gated eGFP+CD11b− (I), eGFP+CD11b+ (II), eGFP−CD11b− (III), and eGFP−CD11b+ (IV) 

selected for FACS sorting; E) Tartrate-resistant acid phosphatase (TRAP) staining of 

RANKL-stimulated, FACS-sorted populations; F) Number of TRAP+ osteoclasts per well 

formed from the FACS-sorted cell populations. G) and H) Expression of MIF congenic 

receptors CXCR2 and CXCR4, respectively, on the surface of FACS-sorted cell populations. 

Freshly isolated splenocytes were stained with anti-CD11b and anti-RANK or anti-CD11b-

only Abs, FACS-sorted and then RANKL-stimulated ex vivo. At day 5, the cells were fixed 

and stained with TRAP (Sigma). TRAP+ cells with more than three nuclei were considered 

as osteoclasts. The number of TRAP+ osteoclasts per well are presented as mean±SD. To 

evaluate the expression patterns of CXCR2 and CXCR4 on the surface of eGFP+CD11b+ 

OCPs, splenocytes isolated from Csf1r-eGFP-KI mice were stained with anti-CD11b, -
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CXCR2, and -CXCR4 Abs. Cells were acquired on a BD FACSAria™ II Cell Sorter and 

analyzed by using FlowJo (ver. 10) software.
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Figure 2. 
MIF and SDF-1 trigger chemotactic migration of OCPs and promote osteoclastogenesis via 

ligation to CXCR4 receptor in vitro. A) Transmigration of FACS-sorted 

eGFP+CD11b+OCPs across the Transwell culture insert in response to various 

concentrations of MIF and SDF-1 chemokines. B) Number of differentiated TRAP+ 

osteoclasts differentiated from the transmigrated eGFP+CD11b+ OCPs in response to MIF 

and SDF-1. C) Effects of anti-MIF-mAb and control-mAb on RANKL-induced 

osteoclastogenesis in the absence of MIF or SDF-1 chemokines. D) Inhibitory effects of 

anti-MIF-mAb, but not control-mAb, on chemotactic migration of eGFP+CD11b+ OCPs to 

MIF and SDF-1. E) Number of TRAP+ osteoclasts per well formed from the RANKL-

stimulated, transmigrated eGFP+CD11b+ OCPs in the presence of MIF and SDF-1. Freshly 

FACS-sorted OCPs (5×105) were loaded in the upper chamber of a Transwell culture insert 

and allowed to migrate for 12 h toward the lower chamber of the transwell device that 

contained MIF or SDF-1 (both 100 ng/ml). The number of transmigrated cells in the lower 

chamber was counted microscopically. Data are expressed as chemotactic index (mean±SD) 

and representative of three independent experiments is shown (A). To induce 

osteoclastogenesis from the transmigrated OCPs in response to MIF or SDF-1, the 

transmigrated respective OCPs were incubated in 96 well plate (1×104 cells/well) in the 

presence of RANKL and M-CSF (50 and 30 ng/ml, respectively) with or without MIF or 

SDF-1 (100 ng/ml, respectively) for 5 days. The number of TRAP+ osteoclasts per well is 

presented as mean±SD (B). To evaluate the possible effects of anti-MIF-mAb or control-

mAb on osteoclastogenesis process, FACS-sorted eGFP+CD11b+ OCPs were incubated with 

RANKL and M-CSF (50 and 30 ng/ml, respectively) in the presence or absence of anti-MIF-

mAb or control-mAb (100 μg/ml, respectively) for 4 days (C). Anti-MIF-mAb or control-

mAb (100 μg/ml, respectively) was also applied to the OCPs transmigration toward MIF or 

SDF-1 (D) and RANKL-induced osteoclastogenesis assay from the transmigrated respective 

OCPs in the presence or absence of MIF or SDF-1 (E) following the protocols described for 

(A) & (B). *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. 
MIF triggers chemotaxis of OCPs via ligation to its cognate receptor CXCR4 in vitro. A) 
and B) MIF- and SDF-1-induced chemotaxis of freshly isolated eGFP+CD11b+ OCPs, 

respectively, was significantly suppressed by plerixafor, a CXCR4 antagonist, but not 

SB225002, a CXCR2 antagonist. C) Number of TRAP+ cells per well induced from 

RANKL-stimulated, transmigrated OCPs in response to MIF or SDF-1. A chemotaxis of 

freshly sorted OCPs (5×105 cells/well) toward MIF (A: 100 ng/ml) or SDF-1 (B: 100 ng/ml) 

in the Transwell culture insert were incubated in the presence or absence of plerixafor or 

SB225002 (100 ng/ml, respectively), for 12 hours. The number of cells in the lower chamber 

was counted microscopically. Data are expressed as chemotactic index (mean±SD) and 

representative of three independent experiments is shown. To study the role of CXCR2 and 

CXCR4 receptors in osteoclastogenesis (D), transmigrated OCPs in response to MIF or 

SDF-1 were collected from the lower chamber of Transwell and subjected to 

osteoclastogenesis assay in 96well plate by stimulation with RANKL (50 ng/nl)/M-CSF (30 

ng/ml) in the presence of respective chemoattractant, MIF or SDF-1 (100 ng/ml, 

respectively). To block CXCR2 and CXCR4 receptors, cells were incubated in the presence/

absence of plerixafor or SB225002 (100 ng/ml, respectively) for 5 days. The number of 

TRAP+ osteoclasts per well are presented as mean±SD. *p<0.05, **p<0.01 ***p<0.001.
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Figure 4. 
A PMMA-induced osteolytic lesion has elevated level of MIF and diminished amount of 

SDF-1 chemokines in vivo. A) and B) Concentrations of MIF detected in calvaria and femur 

tissues of control (no particles placed) and PMMA particle-induced osteolytic calvarial 

lesions in WT animals; C) and D) The amounts of SDF-1 in calvaria and femur tissues of 

control (no particles placed) and PMMA particle-induced osteolytic calvarial lesions in WT 

and MIF-KO animals. PMMA particles suspended in PBS or PBS alone were placed over 

calvarial tissues of WT or MIF-KO animals (n=5 animals/group). At day 3, the tissues were 

dissected and homogenized in PBS buffer containing Tween 20. The supernatants were 

subjected to a sandwich ELISA. **p<0.01, ***p<0.001.
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Figure 5. 
Neutralizing MIF by anti-MIF-mAb reduces its negative effects in peripheral osteolytic 

lesions. μCT images of murine osteolytic calvarial lesions in WT animals after injection of 

PBS alone (A) and mice treated with PMMA particles in PBS over the calvarial tissue and 

treated i.p. with control Ab (B) or anti-MIF-mAb (C), respectively, and evaluated 7 days 

post-injection. D), E), and F) Histological evaluation of TRAP+ osteoclasts in calvarial 

sections of control (no particle placement), PMMA particle-placed and treated with control-

mAb, and PMMA particle-placed and treated with anti-MIF-mAb, respectively. G) The 

number of TRAP+ osteoclasts measured in a microscopic field (0.01 mm2) of TRAP-stained 

sections. A suspension of PMMA-particles (10 mg/mouse) in PBS was placed over WT 

murine calvariae, and immediately after particle placement, a group of animals (n=5 

animals/group) were injected i.p. with anti-MIF-mAb or control-mAb diluted in PBS (1 mg/

mouse, respectively). Control animals were injected with PBS alone. The tissues were 

dissected 7 days after particles placement and were prepared for TRAP histochemical 

staining. The total number of TRAP+ osteoclasts per 0.01 mm2 was evaluated by Image J. 

Scale bar indicates 50 μm. *p<0.05, **p<0.01, ***p<0.001.
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Figure 6. 
Anti-MIF-mAb has a positive effect on SDF-1 levels in the PMMA-induced calvaria 

osteolysis lesion in vivo. A) and B) Concentrations of MIF and SDF-1 in dissected calvaria 

tissues of control (no particle placed) and PMMA particle-induced osteolytic lesions of 

control-mAb and anti-MIF-mAb-treated animals, respectively. C) and D) Concentrations of 

MIF and SDF-1 in dissected femur tissues of control (no particle placed) and PMMA 

particle-induced osteolytic calvarial lesions of control-mAb and anti-MIF-mAb-treated 

animals, respectively. A suspension of PMMA-particles (10 mg/mouse) in PBS was placed 

over murine calvariae, and immediately after particle placement, a group of animals (n=5 

animals/group) were injected i.p. with anti-MIF-mAb or control-mAb diluted in PBS (both 1 

mg/mouse). Control animals were injected with PBS alone. At day 3, the tissues were 

dissected and homogenized in PBS buffer containing Tween 20. The supernatants were 

subjected to sandwich ELISA for MIF and SDF-1. *p<0.05, **p<0.01, ***p<0.001.
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Figure 7. 
Anti-MIF neutralizing mAb effectively reduces the incidence of CXCR4+ OCPs in the 

particle-induced osteolytic lesion in vivo. Representative contour plots and percentage of 

eGFP+CD11b+ OCPs identified in peripheral osteolytic lesions induced in CSF1r-eGFP-KI 

mice that received A) control (no particles), B) PMMA particles + control-mAb injection, 

C) PMMA particles + anti-MIF-mAb injection; D) expression of CXCR4+ receptor on the 

surface of OCPs detected in the osteolytic lesions after treatment with IgG control or anti-

MIF neutralizing mAbs, respectively. PMMA particles (10 mg/mouse) suspended in PBS 

were placed over murine calvariae, and immediately after particle placement, the animals 

were injected i.p. with anti-MIF neutralizing or control mAbs diluted in PBS (both 1 mg/

mouse). Control animals were injected with PBS alone. Three days after particle placement, 

calvarial tissues were collected and analyzed by multicolor flow cytometry. MFI: mean 

fluorescence intensity; *p<0.05, **p<0.01, ***p<0.001.
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Figure 8. 
Macrophages of a synovial-like periprosthetic (S-LPP) membrane are the main source of 

MIF in PMMA particle-induced ostelysis lesions. A) and B) Immunohistochemical detection 

of MIF in control (no particle placement) and PMMA-particle induced calvaria tissues, 

respectively. Immuno-histological evaluation of MIF-expression patterns in calvarial tissue 

was carried out in the WT mice that received the injection of control PBS alone or PMMA 

suspension in PBS for 7 days prior to the sacrifice. C) The percentage of macrophages gated 

as CD45+CD11b+F4/80+ cells in dissected peri-prosthetic membranes from the PMMA-

induced osteolysis lesion of WT animals (n=5/group) evaluated by multicolor flow 

cytometry. D) MIF release from bone marrow derived macrophages in response to PMMA 

particles stimulation in vitro. Bone marrow derived macrophages were stimulated in vitro by 

PMMA (2.5 × 10−3 %, w/v) in the presence of M-CSF (30 ng/ml) for 24 h. The supernatant 

was collected and the concentration of MIF was evaluated by ELISA. ***p<0.001.
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Figure 9. 
MIF suppresses SDF-1 release from MC3T3 osteoblast-like cells in vitro in a CXCR4 

dependent manner. A) The effects of culture medium conditioned by synovial-like peri-

prosthetic membrane cells on the production of SDF-1 by MC3T3 cells in the presence or 

absence of anti-MIF-mAb in vitro. B) Dose response effect of mouse recombinant MIF 

protein in the presence or albescence of anti-MIF mAb on the production of SDF-1 by 

MC3T3 cells in vitro; C) Effects of plerixafor, a CXCR4 receptor inhibitor, on SDF-1 

production from MIF-stimulated MC3T3 osteoblst-like cells. CM – conditioned media; S-

LPP – synovial-like periprosthetic membrane. *p<0.05, **p<0.01, ***p<0.001.
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