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Abstract

The glycoprotein milk fat globule-EGF factor 8 (MFG-E8) is expressed in several tissues and

mediates diverse homeostatic functions. However, whether MFG-E8 plays a role in bone

homeostasis has not been established. Here we show for the first time that osteoclasts express and

are regulated by MFG-E8. Bone marrow-derived osteoclast precursors (OCPs) from MFG-E8–

deficient (Mfge8−/−) mice underwent increased RANKL-induced osteoclastogenesis leading to

enhanced resorption pit formation as compared with wild-type controls. Consistently, exogenously

added MFG-E8 inhibited RANKL-induced osteoclastogenesis from mouse or human OCPs. Upon

induction of experimental periodontitis, an oral inflammatory disease characterized by loss of

bone support of the dentition, Mfge8−/− mice exhibited higher numbers of osteoclasts and more

bone loss than wild-type controls. Accordingly, local microinjection of anti-MFG-E8 mAb

exacerbated periodontal bone loss in wild-type mice. Conversely, microinjection of MFG-E8

inhibited bone loss in experimental mouse periodontitis. In comparison to wild-type controls,

Mfge8−/− mice also experienced >60% more naturally occurring chronic periodontal bone loss. In

conclusion, MFG-E8 is a novel homeostatic regulator of osteoclasts and could be exploited

therapeutically to treat periodontitis and perhaps other immunological disorders associated with

inflammatory bone loss.

Introduction

Originally identified as a milk protein, milk fat globule-epidermal growth factor (EGF)-

factor 8 (MFG-E8; also termed lactadherin) is now known to be expressed in a range of

tissues where it performs diverse homeostatic functions (1). The molecule comprises two N-
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terminal EGF-like domains and two C-terminal discoidin-like domains with sequence

similarity to blood coagulation factors V and VIII. A signal peptide at the N-terminus of the

nascent MFG-E8 protein mediates secretion (1).

MFG-E8 is expressed by macrophages, fibroblasts, dendritic and epithelial cells in various

organs and tissues, including the mammary glands, spleen, lungs, liver, kidneys, and

intestine (2). Numerous studies in mouse models of physiology and disease have shown that

MFG-E8 mediates apoptotic cell clearance (3), maintenance and repair of intestinal epithelia

(4), anti-inflammatory action in neutrophils and macrophages (5, 6), and regulation of

physiological (or pathological) angiogenesis (7, 8). In both humans and animal models, the

expression of MFG-E8 declines considerably in inflammatory conditions, including sepsis,

colitis, acute lung injury, ischemia/reperfusion injury, atherosclerosis, and Alzheimer’s

disease (2, 9, 10). Importantly, experimental exogenous administration of MFG-E8 mitigates

inflammation and tissue damage in several disease models (11).

Although MFG-E8 has been investigated extensively, a possible role in bone homeostasis

and disease has not been established for this functionally versatile molecule. Here we show

for the first time that MFG-E8 is expressed by and regulates osteoclasts (OCLs), giant

multinucleated cells (MNCs) that resorb bone during normal bone remodeling and also

under pathologic inflammatory conditions that potentiate their resorptive activity (e.g.,

rheumatoid arthritis and periodontitis) (12, 13). OCLs differentiate from bone marrow (BM)

precursors in the monocyte/macrophage lineage. In this process, macrophage colony-

stimulating factor (M-CSF) promotes the survival and proliferation of osteoclast precursors

which are induced to express receptor activator of NF-κB (RANK), thereby becoming

competent to respond to RANK ligand (RANKL), a key cytokine for OCL differentiation

and activation (12). Our present findings indicate that MFG-E8 is a novel regulator that

restrains RANKL-induced osteoclast differentiation and function and can be used

therapeutically to inhibit inflammatory bone loss.

Materials and Methods

Mice

Mfge8−/− mice were generated as previously described and were speed backcrossed to the

C57BL/6NCr genotype to generate mice that were ≈99% identical to C57BL/6NCr mice

(14). Colonies of Mfge8−/− and C57BL/6NCr WT controls (Charles River Laboratories)

were established at the University of Pennsylvania. Mice were housed in a pathogen-free

environment and used when they were 8–10 wk-old except in experiments of aging lasting

up to the age of 13 mo. All animal procedures were performed according to protocols

approved by the Institutional Animal Care and Use Committee of the University of

Pennsylvania.

Periodontitis models

(a) Ligature-induced periodontitis—The placement of ligatures accelerates bacteria-

mediated inflammation and bone loss (15). To induce bone loss, a 5-0 silk ligature was tied

around the maxillary left second molar, as previously described (16). The contralateral
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molar tooth in each mouse was left unligated to serve as baseline control for bone loss

measurements. The ligatures remained in place in all mice throughout the experimental

period. The mice were euthanized at various timepoints (0 to 10d) after placement of the

ligatures and defleshed maxillae were used to measure bone heights (i.e., the distances from

the cementoenamel junction [CEJ] to the alveolar bone crest [ABC]) under a Nikon

SMZ800 microscope using a 40 × objective. Images of the maxillae were captured using a

Nicon Digital Sight DS-U3 camera controller and CEJ-ABC distances were measured at 6

predetermined points on the ligated molar and adjacent regions using NIS-Elements

software (Nikon Instruments Inc.) (16). To calculate bone loss, the 6-site total CEJ-ABC

distance for the ligated side of each mouse was subtracted from the 6-site total CEJ-ABC

distance of the contralateral unligated side. The results were presented in mm and negative

values indicated bone loss relative to the baseline (unligated control). In intervention

experiments, anti-MFG-E8 mAb (B1F10 (8)) or rMFG-E8 (R&D Systems), or

corresponding controls (IgG2a and BSA, respectively), were microinjected into the palatal

gingiva of the ligated second maxillary molar, as previously described (17, 18).

(b) Naturally-occurring periodontitis—Mfge8−/− mice and WT controls were reared in

parallel from the age of 10 wk until 13 mo. Defleshed maxillae from euthanized mice were

used for bone measurements. CEJ-ABC distances were measured on 14 predetermined

points on maxillary molars (19). To calculate bone loss, the 14-site total CEJ-ABC distance

for each mouse was subtracted from the mean CEJ-ABC distance of sham-infected mice.

Osteoclastogenesis

RANKL-induced osteoclastogenesis was performed according to standard protocols using

mouse BM-derived monocyte/macrophage precursor cells (20), RAW264.7 precursor cells

(21), or human CD14+ monocytes (22).

(a) BM-derived precursors—BM cells were flushed from femurs and tibias of mice.

After lysis of erythrocytes using RBC lysis buffer (eBioscience), BM cells were cultured on

petri dishes with recombinant murine M-CSF (5 ng/ml; R&D Systems) for 16h. The

nonadherent cell population was recovered and further cultured in α-MEM media/10%FBS

with 100 ng/ml M-CSF for 3d. Floating cells were removed and attached cells were used as

BM-derived monocyte/macrophage precursor cells (“osteoclast precursors”; OCPs). OCPs

(1×105 per well in a 96-well plate) were cultured for 3d in the presence of 50 ng/ml soluble

recombinant RANKL (R&D Systems) and 100 ng/ml M-CSF to generate OCLs. The cells

were fixed and stained for TRAP using an acid phosphatase leukocyte diagnostic kit (Sigma-

Aldrich) and TRAP+ multinucleated (≥ 3 nuclei) cells were counted (20).

(b) RAW264.7 cells—To induce osteoclastogenesis from RAW264.7 cells, the cells were

plated at a density of 2×103 cells per well into a 96-well plate and cultured with α-MEM

media/10%FBS in the presence of 20 ng/ml RANKL for 4d (M-CSF was not added as this

cytokine is produced by RAW264.7 cells). Cultures were re-fed and re-treated with RANKL

at d3 and TRAP+ multinucleated cells were counted the following day (21).
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(c) Human monocytes—To generate human OCLs (22), CD14+ monocytes were

isolated from human peripheral blood mononuclear cells (obtained from the University of

Pennsylvania Human Immunology Core) using anti-CD14 magnetic beads as instructed by

the manufacturer (StemCell Technologies). After incubation with M-CSF (20 ng/ml) for

24h, the generated OCPs were added to 96-well plates at a seeding density of 5×104 cells

per well and incubated in α-MEM media/10%FBS supplemented with M-CSF (20 ng/ml)

and RANKL (40 ng/ml) for 5d. Media and cytokines were replenished on d3. TRAP+

multinucleated cells were counted on d5.

In all experiments, TRAP+ MNCs were imaged using a Nikon Eclipse NiE automated

upright fluorescent microscope and met the criteria of authentic OCLs, manifested by

expression of OCL differentiation markers and bone-resorbing activity on Ca3(PO4)2-coated

wells (see Results). In experiments of mouse or human osteoclastogenesis designed to

determine the effects of MFG-E8, mouse or human rMFG-E8 (R&D Systems) was added

together with RANKL.

Resorption pit formation

OCL resorption activity was determined using Osteo Assay Surface plates following the

protocol of the manufacturer (Corning). Briefly, mouse OCPs from BM were plated at a

density of 1×105cells/well in a 96-well plate coated with inorganic bone biomaterial,

crystalline Ca3(PO4)2. The cells were cultured in the presence of M-CSF (100 ng/ml) with

or without RANKL (50 ng/ml) for 4d. Similarly, human OCPs prepared as above (see

Osteoclastogenesis) were plated at a density of 5×104 cells/well in a 96-well plate coated

with Ca3(PO4)2 and cultured with 20 ng/ml M-CSF, with or without 40 ng/ml RANKL, for

5d. At the end of the incubation period, both mouse and human OCLs were removed by 5-

min treatment with 10% bleach and resorptive areas were visualized by light microscopy.

The total resorbed area was measured using Photoshop CS6.

Histological TRAP staining

Maxillae with intact surrounding tissue were fixed in 4% paraformaldehyde, decalcified in

Immunocal solution (Decal Chemical) for 14d, and embedded in OCT compound. TRAP

staining was performed on coronal sections (6-μm thick) using the leukocyte acid

phosphatase kit (Sigma-Aldrich). Slides were viewed using a Nikon Eclipse NiE microscope

and TRAP+ MNCs were considered to be OCLs.

Immunofluorescence histochemistry

Maxillary sections prepared as above were stained with antibodies to MFG-E8 (18A2-G10,

MBL) or cathepsin K (polyclonal; Abcam) followed by secondary reagents

(AlexaFluor594–conjugated goat anti-hamster IgG or AlexaFluor488-conjugated goat anti-

rabbit IgG; Life Technologies). The specificity of staining was confirmed using appropriate

isotype control or non-immune IgG. Images were captured using a Nikon Eclipse NiE

automated fluorescent microscope.
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Quantitative real-time PCR (qPCR)

Total RNA was extracted from excised gingival tissue or cultured cells using TRIzol

(InVitrogen) or RNeasy Mini Kit (Qiagen) and quantified by spectrometry at 260 and 280

nm. The RNA was reverse-transcribed using the High Capacity RNA-to-cDNA Kit (Life

Technologies) and qPCR with cDNA was performed using the Applied Biosystems 7500

Fast Real-Time PCR System according to the manufacturer’s protocol (Life Technologies).

Data were analyzed using the comparative (ΔΔCt) method. TaqMan probes, sense primers,

and antisense primers for detection and quantification of genes investigated in this paper

were purchased from Life Technologies.

Determination of bacterial counts

In ligature-induced periodontitis, the ligatures were recovered from euthanized mice and

gently washed with PBS to remove food residue and other debris. Subsequently, the sutures

were placed in Eppendorf tubes with 1 ml PBS and the bacteria were extracted by vortexing

for 2 min at 3000 rpm. Serial dilutions of the bacterial suspensions were plated onto blood

agar plates and CFU were enumerated following anaerobic growth at 37°C for 7d. Results

were normalized by dividing CFU by the length (mm) of the corresponding suture. To assess

the oral microbial burden in naturally-occurring periodontitis, the murine oral cavity was

sampled for 1 min using sterile polyester tipped applicators (Puritan Medical Products Co.)

held against the gumlines and the extracts were processed as above for CFU enumeration.

Antimicrobial activity

The disk inhibition zone assay was used to determine possible antimicrobial activity of

MFG-E8 using Imipenem and PBS as positive and negative control, respectively. The assay

was performed according to the Performance Standards for Antimicrobial Susceptibility

Testing (Twenty First Informational Supplement, M10S21). A total of 15 anaerobic bacterial

isolates were randomly selected from ligature-induced periodontal lesions of 5 mice (3

isolates per mouse). Sterile filter paper discs (7-mm diameter; 185-μm thickness) were

impregnated with various amounts of the test and control compounds and placed on Gifu

anaerobic medium (GAM)-based blood agar plates (Nissui Pharmaceutical), which had been

previously spread with 100 μl of inocula, each containing bacterial suspension equivalent to

0.5 McFarland standard. The plates were incubated at 37°C for 7d and the diameter of the

growth inhibition zones around the discs was measured using a vernier caliper.

Immunoprecipitation and immunoblotting

Cell lysates were prepared using the RIPA Lysis Buffer System (Santa Cruz Biotechnology)

and protein content concentrations were determined by Nano Drop 2000C spectrophotomer

(Thermo Scientific). Immunoprecipitation was carried out using goat polyclonal anti-MFG-

E8 antibody or non-immune IgG control (R&D Systems) and protein G-coupled magnetic

beads according to the manufacture’s protocol (Life Technologies). Proteins were separated

by standard SDS-PAGE on 10% acrylamide gels (Life Technologies) and transferred to

polyvinylidene difluoride membrane (Bio-Rad) by electroblotting. The membranes were

incubated in blocking buffer (5% nonfat dried milk, 10 mM Tris [pH 7.5], 100 mM NaCl,

and 0.05% Tween 20) followed by probing with goat polyclonal anti-MFG-E8 antibody
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(R&D Systems) or anti-MFG-E8 mAb (18A2-G10; MBL) and visualization with

horseradish peroxidase-conjugated secondary antibody and chemiluminescence using the

Amersham Biosciences ECL system. Images were captured using a FluorChem M imaging

system (ProteinSimple).

Statistical analysis

Data were evaluated by ANOVA and the Dunnett multiple-comparison test using the InStat

program (GraphPad). Where appropriate (comparison of two groups only), two-tailed

unpaired t tests were performed. All experiments were performed two or more times for

verification. A p value <0.05 was taken as the level of significance.

Results

Expression of MFG-E8 in the periodontal tissue and by in vitro generated OCLs

In view of the anti-inflammatory potential of MFG-E8 (1, 2), we investigated its role in

periodontitis, a microbiota-induced inflammatory disease causing loss of bone support of the

dentition (23). Using the ligature-induced periodontitis model in mice (15, 16), we first

monitored the expression of MFG-E8 mRNA in the periodontal tissue. Consistent with

MFG-E8 downregulation in various models of inflammation (2), periodontal MFG-E8

mRNA levels weresignificantly decreased within 24h (from d0 to d1) upon placement of the

ligatures (Fig. 1A). Subsequently, and unexpectedly, MFG-E8 mRNA expression gradually

increased until d8 (Fig. 1A). The resurgence of MFG-E8 expression correlated with the

appearance of OCLs, the numbers of which increased to d8 but dropped on d10 (Fig. 1B and

Supplemental Fig. 1), when MFG-E8 expression also appeared to decline (Fig. 1A). Being a

cumulative process, bone loss continued to rise to d10 (Fig. 1B, right Y axis). The

correlation of MFG-E8 re-expression with osteoclastogenesis suggested that MFG-E8 might

derive from OCLs in the course of periodontitis. Consistent with this notion, MFG-E8 was

detected in regions of cathepsin K expression, at the interface of connective tissue

(periodontal ligament) and bone (Fig. 1C). Moreover, the sites of MFG-E8 and cathepsin K

expression coincided with TRAP+ cells (Fig. 1C; bottom row).

RAW264.7 cells are widely used to model OCL differentiation, as RANKL-induced

RAW264.7 gene expression and developmental and functional characteristics are similar to

those of OCLs in vivo or OCLs generated in vitro from primary precursor cells (21).

Consistent with the concept that OCLs may constitute a source of MFG-E8, we showed that

RANKL-differentiated RAW264.7 OCLs express MFG-E8 mRNA (six-fold upregulation as

compared to undifferentiated RAW264.7 cells), in addition to established activation and

functional markers, such as NFATc1, the heterodimeric αvβ3 integrin (CD51/CD61), and

cathepsin K (Fig. 1D). NFATc1, the master transcription factor for OCL differentiation (12),

was also upregulated at the protein level (Supplemental Fig. 2A). The generated OCLs

(identity further confirmed morphologically after TRAP staining; Fig. 1E) also expressed

MFG-E8 protein, as shown by cell immunofluorescence (Fig. 1F), immunoblotting of cell

lysates (Fig. 1G), and immunoprecipitation from culture supernatants (Fig. 1H). MFG-E8

protein expression, determined by whole-cell lysate immunoblotting, was also shown for

primary OCLs generated from mouse BM-derived precursors or from human CD14+
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monocytes (Supplemental Fig. 2B). These data show for the first time that OCLs express

MFG-E8.

MFG-E8 regulates osteoclast differentiation and function

To characterize the role of MFG-E8 in osteoclastogenesis, we examined the differentiation

of RANKL-stimulated RAW264.7 cells in the absence or presence of exogenously added

rMFG-E8. rMFG-E8 inhibited the expression of OCL differentiation and functional

markers, namely, NFATc1, β3 integrin, and cathepsin K (Fig. 2). To obtain conclusive

evidence that MFG-E8 is involved in homeostatic regulation of OCLs, we generated OCLs

from WT or Mfge8−/− osteoclast precursors (OCP) from BM (20). Mfge8−/− OCPs

underwent more efficient osteoclastogenesis (higher numbers of TRAP+ MNCs) than WT

OCPs (Fig. 3A), consistent with higher expression of OCL markers (cathepsin K, TRAP,

and integrin β3) (Fig. 3B). Moreover, Mfge8−/− OCLs caused enhanced resorption pit

formation compared with their WT counterparts (Fig. 3C). Importantly, addition of rMFG-

E8 dose-dependently inhibited osteoclastogenesis from Mfge8−/− OCPs (Fig. 3D). The

degree of Mfge8−/− osteoclastogenesis in the presence of 1–2 μg/ml rMFG-E8 was

comparable to WT osteoclastogenesis (Fig. 3D). These data implicate MFG-E8 as a novel

negative regulator of osteoclastogenesis, at least in mice. MFG-E8 may have a similar

function in humans. Indeed, in a system of osteoclastogenesis from human CD14+

monocytes, human rMFG-E8 inhibited RANKL-induced expression of OCL differentiation

and functional markers (Fig. 4A), osteoclastogenesis (Fig. 4B), and resorption pit formation

(Fig. 4C).

MFG-E8 deficiency is associated with increased osteoclastogenesis and bone loss in vivo

To test the relevance of MFG-E8 in in vivo osteoclastogenesis, we subjected WT and

Mfge8−/− mice to ligature-induced periodontitis. Mfge8−/− mice exhibited more bone loss

(Fig. 5A) and higher numbers of OCLs in the periodontal tissue (Fig. 5B) than WT controls.

Whereas Mfge8−/− mice displayed higher expression of certain proinflammatory and bone-

resorption-promoting molecules (e.g., IL-17A and osteopontin [Spp1]) compared with WT

mice, the two groups had comparable expression of RANKL (Tnfsf11) and its natural

inhibitor, osteoprotegerin (Tnfrsf11b) (Fig. 5C), suggesting that the anti-osteoclastogenic

effect of endogenous MFG-E8 may not involve alterations in RANKL expression. Local

gingival microinjection of an anti-MFG-E8 mAb (but not isotype control) enhanced ligature-

induced bone loss as compared to control mice (Fig. 5D), further supporting the importance

of endogenous MFG-E8 in bone homeostasis. To determine the role of MFG-E8 in

naturally-occurring chronic periodontitis (17, 24), we raised Mfge8−/− mice in parallel with

WT controls. Although 10-wk-old Mfge8−/− and WT mice had comparable bone heights, by

the age of 13 mo Mfge8−/− mice experienced >60% more bone loss than age-matched WT

mice (Fig. 5E). Taken together, these data conclusively implicate MFG-E8 as a negative

regulator of bone loss in periodontitis.

Intriguingly, MFG-E8 deficiency was associated with increased periodontal bacterial burden

and, accordingly, treatment of WT mice with rMFG-E8 significantly decreased the bacterial

load (Fig. 6A–C). In disk inhibition zone assays with numerous bacterial isolates from

murine periodontal tissue, rMFG-E8 failed to exert direct killing activity, in contrast to the
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antibiotic imipenem (Fig. 6D). Therefore, the suppressive effect of MFG-E8 on the

microbiota is likely mediated by its capacity to inhibit inflammation and thereby to limit

growth of periodontal bacteria that utilize tissue breakdown products (25).

Local administration of MFG-E8 protects against inflammatory bone loss

We next determined whether rMFG-E8 could suppress bone loss upon ligature-induced

periodontitis in WT mice. Local microinjection of rMFG-E8 (but not BSA control) into the

gingiva inhibited bone loss as compared to untreated control mice (Fig. 7A). Mice treated

with rMFG-E8 also exhibited decreased expression of mRNA encoding several pro-

inflammatory mediators (Fig. 7B, top) as well as adhesion molecules and innate immune

receptors (Fig. 7B, bottom) relative to BSA-treated mice. Similar to its effect in WT mice,

rMFG-E8 also protected Mfge8−/− mice against ligature-induced bone loss (Fig. 7C). These

data suggest that MFG-E8 can be exploited therapeutically to inhibit inflammatory bone loss

in periodontitis.

Discussion

Homeostatic mechanisms are of paramount importance to the proper functioning of any

biological system. OCLs rely on several modulators to control their function (26) and our

findings indicate that MFG-E8 is one of them. This novel modulator is upregulated during

osteoclastogenesis, in line with most biological systems where negative regulators are

upregulated to control functional activity and prevent pathological states (27–29). The

importance of MFG-E8 in restraining or fine-tuning osteoclast differentiation and function is

highlighted by the effects of its absence: OCPs from Mfge8−/− mice underwent increased

RANKL-induced osteoclastogenesis leading to enhanced resorption pit formation and,

consistently, Mfge8−/− mice experienced more periodontal bone loss than WT controls. In

both cases, administration of exogenous MFG-E8 reversed the overactive phenotype,

thereby preventing excessive osteoclastic activity in vitro and ligature-induced periodontal

bone loss in vivo.

It is conceivable that OCLs produce MFG-E8 at levels that would control but not abrogate

their differentiation and function, whereas therapeutic doses of MFG-E8 can have stronger

inhibitory effects that could effectively diminish pathologic bone resorption. This notion is

consistent with the dose-dependent inhibitory effects of MFG-E8 in figure 3D: At 1–2

μg/ml, exogenously added MFG-E8 simply restrained osteoclastogenesis from Mfge8−/−

OCPs, rendering it comparable to WT osteoclastogenesis (i.e., in the presence of

endogenously produced MFG-E8). At a higher concentration (5 μg/ml), MFG-E8

diminished osteoclastogenesis (>75% inhibition). It thus appears that endogenously

produced MFG-E8 acts homeostatically to restrain unwarranted osteoclastogenesis, although

from a therapeutic standpoint higher concentrations of exogenously added MFG-E8 can

inhibit further this process.

Not surprisingly, therefore, the differences between WT and Mfge8−/− osteoclastogenesis

and resorption pit formation were relatively modest (Figure 3, A–C) despite being

statistically and biologically significant, especially in an in vivo setting. Indeed, given

adequate time, 13-month-old Mfge8−/− mice experienced >60% more periodontal bone loss
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than age-matched WT controls. In this regard, aging mice, like aging humans, develop

naturally-occurring chronic periodontal bone loss (17, 24), and our results suggest that

endogenously produced MFG-E8 is an important regulator of this process.

Our observations for decreased expression of proinflammatory cytokines and chemokines in

the periodontal tissue of MFG-E8–treated mice undergoing ligature-induced periodontitis

(as compared with BSA-treated controls) are consistent with the reported anti-inflammatory

action of MFG-E8 (1, 5, 6). A possible anti-inflammatory mechanism of MFG-E8 involves

its ability to interfere with osteopontin binding to αvβ3 integrin on macrophages, thereby

preventing downstream activation of NF-κB and hence induction of inflammatory mediators

(5). Another mechanism by which MFG-E8 could attenuate inflammation is through the

promotion of apoptotic cell phagocytosis and thus prevention of secondary necrosis. In this

regard, MFG-E8 acts as an opsonin that forms a molecular bridge between the αvβ3 integrin

on phagocytes (bound by an RGD motif in the N-terminal region of MFG-E8) and

phosphatidylserine on apoptotic cells (bound by the C-terminal discoidin-like domains of

MFG-E8) (11). We and others have shown that inflammatory mediators including IL-1β,

IL-6, and IL-17 play important roles in periodontal inflammation and bone loss (reviewed in

refs. (23, 30)). The ability of MFG-E8 to inhibit the expression of these proinflammatory

molecules in the current study, suggests an indirect way by which MFG-E8 can down-

regulate osteoclastogenesis and bone loss. Whereas the anti-inflammatory and anti-

osteoclastogenic of MFG-E8 can be readily dissociated and investigated separately in vitro,

the strong connection between inflammation and osteoclastogenesis (31) suggests that the

therapeutic application of MFG-E8 is capable of a two-pronged attack on periodontitis and

perhaps other inflammatory bone disorders (e.g., rheumatoid arthritis and ankylosing

spondylitis).

The placement of ligatures induces bacteria-mediated inflammation in the periodontal tissue

(15) and this may explain the observed initial downregulation of MFG-E8 expression (90%

reduction from d0 to d1), in line with similar observations in other models of inflammation

(2). The subsequent resurgence of MFG-E8 expression correlated temporally and spatially

with osteoclastogenesis in the course of ligature-induced periodontitis. Since in vitro formed

OCLs express and are regulated by MFG-E8, it is likely that the reappearance of MFG-E8 in

the course of experimental periodontitis was contributed (at least in part) by the generated

OCLs, ostensibly to regulate their differentiation and function. This notion is consistent with

our findings that Mfge8−/− mice experience increased osteoclastogenesis and periodontal

bone loss as compared to WT controls.

Our findings on the indirect antimicrobial effects of MFG-E8 add to accumulating evidence

that inhibition of periodontal inflammation exerts a negative impact on the periodontal

microbiota. Indeed, local treatments with anti-inflammatory or pro-resolution agents, such as

meloxicam (selective cyclooxygenase-2 inhibitor), anti-IL-17 mAb, or resolvin E1, cause a

significant reduction in the total counts of periodontal bacteria in animal models of

periodontitis (17, 32, 33). Consistent with these findings, a recent metagenomic study

showed that the bacterial biomass of human periodontitis-associated biofilms increases with

increasing periodontal inflammation (34). In this regard, inflammation generates tissue

breakdown products (e.g., peptides and heme-containing compounds) that can serve critical
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nutritional needs of periodontal bacteria (25). Conversely, and consequently, the control of

inflammation would be expected to limit bacterial growth, thereby explaining the inhibitory

effects of MFG-E8 on the periodontal microbiota despite lacking intrinsic antimicrobial

activity.

In summary, autocrine MFG-E8 regulates OCL homeostasis and rMFG-E8 could be a new

therapeutic platform for the treatment of bone loss disorders. The anti-inflammatory action

of MFG-E8 can further contribute to the control of bone loss in inflammatory conditions.

Whereas diminished expression of MFG-E8 is associated with certain inflammatory diseases

(2, 9, 10), MFG-E8 is expressed at high levels and is implicated in the pathogenesis of

certain other pathologic conditions, such as chronic pancreatitis, obesity, and tumorigenesis

(in humans and/or animal models) (8, 35, 36). Therefore, caution is required in future MFG-

E8–based therapeutic strategies, although the local administration of MFG-E8 in conditions

with localized bone loss (e.g., periodontitis and rheumatoid arthritis) should not involve

undue risks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

BM bone marrow

EGF epidermal growth factor

MFG-E8 milk fat globule-EGF factor 8

qPCR quantitative real-time PCR

OCL osteoclast

OCP osteoclast precursor

MNC multinucleated cell

RANK receptor activator of NF-κB

RANKL RANK ligand

TRAP tartrate-resistant acid phosphatase

WT wild-type
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Figure 1. Expression of MFG-E8 in the periodontal tissue and by in vitro generated OCLs
(A) Timecourse of MFG-E8 mRNA expression in the periodontal tissue after ligature-

induced periodontitis. Results (means ± SD; n = 5 mice) were normalized to GAPDH

mRNA and presented relative to those at d0, set as 1. (B) Mice were treated as above and

TRAP+ MNCs were enumerated and averaged (with SD) from 60 random coronal sections

(20 from each of three mice per group) of ligated teeth with surrounding periodontal tissue.

Dashed line with open circles shows timecourse of bone loss in similarly treated mice

(means ± SD; n = 5). (C) Tissue sections from ligature-induced periodontitis at d5 were

stained as indicated. Bottom row images involve the same section processed for

immunofluorescence and TRAP staining. B, bone; D, dentin; DIC, differential interference

contrast; PL, periodontal ligament. Scale bars; 50μm (white), 500μm (black). (D) RANKL-

induced OCLs from progenitor RAW264.7 cells (+RANKL) were assayed for mRNA

expression of indicated molecules. Results (means ± SD; n = 3) were normalized to GAPDH

mRNA and presented relative to those of undifferentiated RAW264.7 cells (−RANKL), set

as 1. (E) Light microscopy of undifferentiated (−RANKL) and RANKL-differentiated

RAW264.7 cells (scale bar, 50μm) and enumeration of TRAP+ MNCs in the cultures

(means ± SD; n = 3). (F) DIC and fluorescent images of RANKL-differentiated OCL

stained for MFG-E8 and nuclei (DAPI) (scale bar, 50μm). (G) Anti-MFG-E8

immunoblotting of cell lysates from undifferentiated RAW264.7 cells (−RANKL) and

differentiated OCLs (+RANKL). (H) Immunoprecipitation of MFG-E8 from culture

supernatants of RANKL-differentiated OCLs using goat anti-MFG-E8 IgG antibody (1,

OCLs differentiated from RAW264.7 cells; 2, OCLs differentiated from mouse BM-derived
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precursors) followed by immunoblotting with the same antibody. *P < 0.01. NS, not

significant.
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Figure 2. MFG-E8 inhibits RANKL-induced differentiation of RAW264.7 OCLs
RANKL-induced osteoclastogenesis from progenitor RAW264.7 cells was performed in the

absence or presence of the indicated concentrations of MFG-E8 and mRNA expression of

the indicated molecules was assayed by qPCR. Results (means ± SD; n = 4) were

normalized to GAPDH mRNA and presented relative to those of undifferentiated

RAW264.7 cells, set as 1. *P < 0.05; **P < 0.01.
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Figure 3. MFG-E8 regulates osteoclast differentiation and function
(A) Enumeration of TRAP+ MNCs in RANKL-stimulated cultures of WT and Mfge8−/−

OCPs and representative photomicrographs (scale bar, 100μm). (B) RANKL-induced OCLs

were generated from WT or Mfge8−/− OCPs and after 3d were assayed for mRNA

expression of the indicated molecules. Results were normalized to those of GAPDH mRNA

and presented relative to those of undifferentiated OCPs, set as 1. (C) WT and Mfge8−/−

OCPs were cultured under osteoclastogenic conditions for 4d on Ca3(PO4)2-coated wells

and the total resorption area (dark spots) in each culture was measured and expressed

relative to the WT group, set as 1. (D) RANKL-induced osteoclastogenesis from Mfge8−/−

OCPs in the presence of increasing MFG-E8 concentrations. TRAP+ MNCs were counted

(left). Dashed line marks the number of OCLs formed from WT OCPs (no exogenous MFG-

E8 added). (D) Data are means ± SD (A, B, and D, n = 3; C, n = 6). *P < 0.05, **P < 0.01

compared to WT or untreated control.
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Figure 4. Regulation of human osteoclastogenesis and resorption pit formation by MFG-E8
Human CD14+ monocytes underwent RANKL-induced osteoclastogenesis, as detailed in

Methods, in the presence of the indicated increasing concentrations of MFG-E8. (A) The

mRNA expression of the indicated molecules was assayed by qPCR. Results were

normalized to GAPDH mRNA and presented relative to those of undifferentiated monocytes

(not treated with RANKL), assigned an average value of 1. (B) Cells were stained for TRAP

expression and TRAP+ MNCs were counted (left). −RANKL indicates control monocytes

not subjected to osteoclastogenesis. (C) CD14+ monocytes on Ca3(PO4)2-coated wells were

cultured under osteoclastogenic conditions for 5d and resorptive areas (dark spots) were

visualized by light microscopy. The total resorbed area in each culture was measured and

expressed relative to the WT group, set as 1 (left). Data are means ± SD (A and B, n = 3; C,

n = 8). *P < 0.05, **P < 0.01 compared to untreated control.
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Figure 5. MFG-E8 regulates osteoclastogenesis and bone loss in vivo
(A) Periodontal bone loss was induced for 5d in WT or Mfge8−/− mice by ligating a

maxillary second molar and leaving the contralateral tooth unligated (baseline control). (B)

WT and Mfge8−/− mice were treated as above and TRAP+ MNCs were enumerated from 20

random coronal sections of the ligated molar from each of three mice (left) and averaged

with SD from the total 60 sections per group (middle). Arrows in sections stained with

TRAP, hematoxylin, orange-G, and aniline blue indicate OCLs adjacent to bone (right).

Scale bars; 100μm (white), 500μm (black). (C) Dissected gingiva from mice used in A were

processed for qPCR to determine mRNA expression of indicated molecules. Results were

normalized to GAPDH mRNA and presented as fold change in the transcript levels in

ligated sites relative to those of unligated sites (assigned an average value of 1). (D)

Periodontal bone loss in mice locally microinjected with 5 μg anti-MFG-E8 mAb or IgG2a

control 1d before placing the ligature and every day thereafter until the day before sacrifice

(d5). (E) Naturally-occurring bone loss in 13-month-old Mfge8−/− mice and age-matched

WT controls relative to bone measurements in 10-wk-old WT mice (0 baseline). Data are

means ± SD (n = 5–8 mice per group, except for B; n = 3). *P < 0.05, **P < 0.01 compared

with control or between indicated groups.
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Figure 6. MFG-E8 reduces the periodontal bacterial burden without exerting direct
antimicrobial activity
Periodontal microbiota counts were determined in WT or Mfge8−/− mice subjected to

ligature-induced periodontitis (A) or to naturally-occurring periodontitis until the age of 13

months (B), as well as in WT mice in which ligature-induced periodontitis was performed

with or without local treatment with 2.5 μg MFG-E8 (C). In A and C, bacteria were

extracted from recovered ligatures and serial dilutions of bacterial suspensions were plated

onto blood agar plates for anaerobic growth and CFU enumeration. In B, oral swabs held

against the gumlines were taken and bacteria were cultured anaerobically for CFU

enumeration as above. Each symbol represents an individual mouse and small horizontal

lines indicate the mean. *P < 0.01. (D) Possible antimicrobial activity of MFG-E8 against

mouse periodontal bacteria was determined by the disk inhibition zone method, using PBS

and imipenem as negative and positive control, respectively. The experiment shown is

representative of a total of 15 bacterial isolates and MFG-E8 consistently failed to inhibit

bacterial growth. Numbers shown refer to μg of compound used.
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Figure 7. rMFG-E8 inhibits ligature-induced periodontal bone loss in vivo
(A) Periodontal bone loss in WT mice locally microinjected with 2.5 μg MFG-E8 or BSA

control 1d before placing the ligature and every day thereafter until the day before sacrifice

(d5). (B) Dissected gingiva from mice used in A were processed to determine mRNA

expression of the indicated molecules using qPCR. Results were normalized to GAPDH

mRNA and presented as fold change in the transcript levels in ligated sites relative to those

of unligated sites, set as 1. (C) Periodontal bone loss in Mfge8−/− mice locally microinjected

with 2.5 μg MFG-E8 or BSA control as outlined in A. Data are means ± SD (n = 5–6 mice

per group). *P < 0.05, **P < 0.01 compared with control or between indicated groups.
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