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In response to a defined panel of stimuli, immature macrophages can be classified into two major phenotypes: proinflammatory
(M1) and anti-inflammatory (M2). Although both phenotypes have been implicated in several chronic inflammatory diseases,
their direct role in bone resorption remains unclear. The present study investigated the possible effects of M1 and M2 macro-
phages on RANKL-induced osteoclastogenesis. In osteoclastogenesis assays using RAW264.7 cells or bone marrow cells as oste-
oclast precursors, addition of M1 macrophages significantly suppressed RANKL-induced osteoclastogenesis compared to non-
stimulated conditions (M0), addition of M2 macrophages, or no macrophage addition (P < 0.05), suggesting that M1
macrophages can downregulate osteoclastogenesis. This effect was maintained when direct contact between M1 and osteoclast
precursors was interrupted by cell culture insertion, indicating engagement of soluble factors released from M1. M1 macro-
phages developed from interferon gamma (IFN-�) knockout (IFN-�–KO) mice lost the ability to downregulate osteoclastogen-
esis. Antibody-based neutralization of interleukin-12 (IL-12), but not IL-10, produced by M1 macrophages also abrogated M1-
mediated downregulation of osteoclastogenesis. Real-time PCR analyses showed that IFN-� suppressed gene expression of
NFATc1, a master regulator of osteoclastogenesis, whereas IL-12 increased the apoptosis of osteoclasts, suggesting molecular
mechanisms underlying the possible roles of IFN-� or IL-12 in M1-mediated inhibition of osteoclastogenesis. These findings
were confirmed in an in vivo ligature-induced mouse periodontitis model in which adoptive transfer of M1 macrophages
showed a significantly lower level of bone loss and less tartrate-resistant acid phosphatase (TRAP)-positive cell induction than
M0 or M2 macrophage transfer. In conclusion, by its secretion of IFN-� and IL-12, M1, but not M0 or M2, was demonstrated to
inhibit osteoclastogenesis.

Macrophages which originate from monocytes not only are
the key effector cells in innate immunity but also play a

pivotal role in the initiation of adaptive immunity (1). It is well
documented that polarized macrophages can be classified mainly
into two different phenotypes: proinflammatory (M1) and anti-
inflammatory (M2). The production of inflammatory cytokines,
such as tumor necrosis factor alpha (TNF-�) and interleukin-6
(IL-6), by M1 macrophages promotes inflammation in the con-
text of innate immune response, whereas the production of anti-
inflammatory cytokines and arginase by M2 macrophages leads to
the resolution of inflammation (2). On the other hand, it is also
true that osteoclasts that are engaged in bone resorption also be-
long to monocyte-lineage cells. Although macrophages and oste-
oclasts share the same precursor, macrophage colony-stimulating
factor (M-CSF)-stimulated monocytes, the possible influence of
macrophages, and especially the difference between M1 and M2,
on osteoclastogenesis is largely unknown.

Bone is a unique mineralized tissue which constantly under-
goes a physiological remodeling process, and its homeostasis is
achieved by the tuned balance between osteoclasts and bone-
forming cells (osteoblasts). As such, aberrantly promoted oste-
oclastogenesis is attributed to the bone destruction found in bone
lytic diseases such as periodontitis and rheumatoid arthritis,
which affects more than 50 million people in the United States
alone (3). Of importance to this study, recent research has re-
vealed that osteoclastogenesis is regulated by the immune system.
For instance, a recent study (4) revealed that ��-T cells inhibit
osteoclastogenesis by their production of interferon gamma (IFN-
�), whereas B and T cells can produce RANKL under inflamma-

tory conditions, thus working toward the promotion of osteoclas-
togenesis (5). However, in the context of bone lytic diseases
involving chronic inflammation, such as periodontitis and rheu-
matoid arthritis, infiltrations of not only B and T cells but also of
macrophages are observed (6, 7). It is true that macrophages are
the most abundant immune cells found in the synovial membrane
in osteoarthritis (8) and in synovial fluid in rheumatoid arthritis
(9), outnumbering T and B cells. Therefore, it is plausible that
osteoclast differentiation is affected by local factors produced by
infiltrating lymphocytes, especially macrophages. However, as
noted above, it has not been established that macrophages have
any regulatory effect on osteoclastogenesis. In this paper, we ana-
lyzed the possible regulatory effects of macrophages on in vitro
RANKL-induced osteoclastogenesis by comparing two major po-
larized macrophages, M1 and M2.
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MATERIALS AND METHODS
Animals. IFN-� knockout (KO) mice (B6: 129S7-Ifngtm1Ts/J; Jackson
Laboratory, Bar Harbor, ME, USA), as well as the wild type (WT),
C57BL/6j mice, were kept in the Forsyth Animal Facility. The experimen-
tal protocols used in this study were approved by the Forsyth IACUC.

Cell culture. All cell types used in this study were cultured with Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 unit/ml penicillin, 100 �g/ml streptomycin, and
0.3 mg/ml glutamine. To induce osteoclastogenesis, mouse bone marrow
(BM) cells were seeded at 105 cells/well in a 96-well plate and preincubated
with M-CSF (BioLegend) (30 ng/ml) alone for 6 days. Subsequently, pre-
incubated BM cells were stimulated with M-CSF (30 ng/ml) and RANKL
(100 ng/ml, BioLegend) for an additional 7 days. In order to generate M1
and M2 macrophages, M-CSF-pretreated BM cells were stimulated with
IFN-� (BioLegend) (10 ng/ml) in the presence of lipopolysaccharide
(LPS) (Sigma-Aldrich) (10 ng/ml LPS from Escherichia coli O26:B6) for
M1 or with IL-4 alone (Biolegend) (20 ng/ml) for M2 for 24 h. Where
stated, Porphyromonas gingivalis LPS (Invitrogen) was also used with
IFN-� (10 ng/ml) to induce M1 macrophages. To evaluate the effect of
macrophages on osteoclastogenesis, M1 or M2 macrophages were har-
vested from the plate, washed and, applied at 6,000 cells/well to the oste-
oclastogenesis assay at various times after stimulation with RANKL and
M-CSF. As a control, nonpolarized (M0) macrophages developed by M-
CSF stimulation alone were used. In some experiments, M0, M1, or M2
macrophages housed in a cell culture insertion (96-well Transwell)
(Corning Costar 96-well cell culture plates; Corning Incorporated Life
Sciences) (pore size, 0.4 �m) were applied on top of the osteoclastogenesis
assay prepared in the wells of a 96-well plate.

Neutralizing antibodies (Ab) for IL-10 (BioLegend) and IL-12 (Ab-
cam) were added at a final concentration of 1 �g/ml.

TRAP staining. After 7 days of culture with RANKL, cells were fixed
by 4% paraformaldehyde, washed with phosphate-buffered saline (PBS),
and stained for tartrate-resistant acid phosphatase (TRAP) using a leuko-
cyte acid phosphatase kit (Sigma-Aldrich) as previously described (10).
TRAP-positive multinucleated (�3 nuclei) cells were counted as oste-
oclasts.

Pit formation assay. BM cells were preincubated with M-CSF (30
ng/ml) alone for 6 days, followed by stimulation with M-CSF (30 ng/ml)
and RANKL (100 ng/ml) in the presence or absence of conditioned media
collected from M0 and M1 macrophages in a 96-well Corning Osteo Assay
surface plate (Corning Inc.). Seven days after RANKL addition, the plates
were washed with sodium hypochlorite and air dried. Wells were imaged
with a 4� objective using an EVOS cell imaging system. Image analysis
was carried out with NIH ImageJ software.

Conditioned media harvested from cultured macrophages. Condi-
tioned media from M0, M1, and M2 macrophages were prepared as fol-
lows. After pretreatment of BM cells with M-CSF (30 ng/ml) for 6 days,
the cells were stimulated with LPS (10 ng/ml), IFN-� (10 ng/ml), or IL-4

(20 ng/ml) for 24 h or left unstimulated. In order to remove LPS, IFN-�,
or IL-4 that had been used for polarization of M0, M1, and M2 macro-
phages, the cultures of macrophages were washed twice with PBS, which
was then replaced with fresh DMEM–10% FBS. The supernatants har-
vested from the subsequent incubation in fresh DMEM–10% FBS for 24 h
were used as the conditioned media.

Real-time PCR. RNA was isolated from cells using E.Z.N.A. Total
RNA kit I (Omega Biotek), following the manufacturer’s instructions, and
was subjected to reverse transcription with a Verso cDNA synthesis kit
(Thermo Scientific) in the presence of random primers and oligo(dT).
Gene expression was quantified using LightCycler 480 SYBR green I Mas-
ter (Roche Diagnostics), and the primer sequences used in this study are
listed in Table 1. Amplification of the beta-actin gene was used as an
internal control.

ELISA. Conditioned media from M0/M1 or M2 macrophages were
subjected to enzyme-linked immunosorbent assay (ELISA) (Duo-set
ELISA kits; R&D Systems) for measurement of IFN-�, IL-12 p70, TNF-�,
IL-10, and TGF-� levels following the instructions of the manufacturer.

Annexin V apoptosis assay. Following 6 days of pretreatment with
M-CSF alone, BM cells were cultured with M-CSF and RANKL (100 ng/
ml) in the presence or absence of conditioned media of M0 or M1 mac-
rophages with or without recombinant IL-12 (50 ng/ml) and/or IL-12
neutralizing antibody (1 �g/ml). At 96 h after the addition of RANKL with
or without the other reagents noted above, apoptotic annexin V-positive
cells were stained using an apoptotic/necrotic cell detection kit (Promo-
kine, Heidelberg, Germany), following the manufacturer’s protocol.

Adoptive transfer of macrophages to a mouse model of ligature-
induced periodontitis. A silk suture (Ethicon; size 5-0) was placed on the
left side maxillary second molar of C57/BL6j mice (8-week-old males).
The corresponding right side molar served as the nonligature control side.
One day after ligature placement, M1, M2, or M0 macrophages were
transferred in PBS via intraperitoneal (i.p.) injection at 107 cells/mouse.
Each subset of the macrophages that were used for transfer was established
ex vivo following the protocol described in the “Cell culture” section
above. Four days after the macrophage transfer, mice were sacrificed. The
jaw bones were defleshed by a method using Dermestid beetles (11). Al-
veolar bone loss was quantified by measuring the distance between the
cementoenamel junction (CEJ) and the alveolar bone crest (AB) as re-
ported previously (12), with some modifications. Briefly, the images of
defleshed jaw bone were captured using a stereomicroscope on a custom-
made stage holder with a reticule eyepiece at a magnification of �25 to
facilitate visualization of the cement-enamel junction and the alveolar
bone ledge. A total of three measurements of the CEJ-AB distance were
made for each hemimaxilla on the palatal side using Image-J (NIH), in-
cluding the long axis of the distal root of the first molar and two cusps of
the second molar (see Fig. 10A). The difference in the measured CEJ-AB
distances between the left ligatured side and the right control side repre-
sented the alveolar bone loss of each mouse.

TABLE 1 Sequences of the primers used in this study

Gene product

Primer sequence

Forward Reverse

Cathepsin K 5=-AATGCTGGACACCCAGTGGGA-3= 5=-GAGGCCTCCAGGTTATGGGC-3=
RANK 5=-GCTTGCATAAAGTCTGTGA-3= 5=-AGTCTGAGTTCCAGTGGTAGCC-3=
iNOS 5=-CACCTCACTGTGGCCGTGGT-3= 5=-GGAAGCCACTGACACTTCGCAC-3=
CD206 5=-ACGTTTCGGTGGACTGTGGA-3= 5=-GGCAACACATCCCGCCTTTC-3=
IFN-� 5=-ACGGCACAGTCATTGAAAGCCTAGA-3= 5=-TGTCACCATCCTTTTGCCAGTTCC-3=
IL-10 5=-AATTCCCTGGGTGAGAAGCTGA-3= 5=-CTCTTCACCTGCTCCACTGCC-3=
IL-12� 5=-TCACACGGGACCAAACCAGC-3= 5=-GCAGGCAGCTCCCTCTTGTT-3=
NFATc1 5=-CCTCGAACCCTATCGAGTGT-3= 5=-GCCAGACAGCACCATCTTC-3=
Caspase-3 5=-ACATGGGAGCAAGTCAGTGGAC-3= 5=-GTCCACATCCGTACCAGAGCG-3=
Beta-actin 5=-TTGTTACCAACTGGGACGAC-3= 5=-GCTGGGGTGTTGAAGGTC-3=
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Histochemical analyses. Maxillary jaws dissected from sacrificed
mice were fixed in 4% paraformaldehyde and decalcified in 10% EDTA
solution. These maxillary jaws were embedded in Tissue-Tek OTC com-
pound (Sakura Finetek) and sectioned (7 �m in thickness) in the buccal-
lingual plane using a cryostat. The resulting sections mounted on the slide
glass were stained for TRAP (Sigma-Aldrich), followed by counterstain-
ing of nuclei with hematoxylin.

Statistical analysis. All quantitative data are shown as means 	 stan-
dard deviations. Differences between the groups were analyzed using one-
way analysis of variance (ANOVA) with Tukey’s post hoc multiple-com-
parison test unless stated otherwise, and P values of 
0.05 were
considered to represent significant differences.

RESULTS
M1 macrophages, but not M0 or M2 macrophages, inhibit
RANKL-induced osteoclastogenesis. When M1 macrophages

derived from RAW 264.7 cells (500 cells/well) were added to RAW
264.7 cells stimulated with RANKL at day 3 or day 6, M1 macro-
phages significantly inhibited osteoclastogenesis compared to the
control group without any cell addition or the groups that re-
ceived addition of M0 or M2 macrophages (Fig. 1). When macro-
phages were added at a lower concentration (100 cells/well), the
inhibitory effect by M1 was abolished, while M0 or M2 still
showed no effect (not shown), suggesting dose-dependent inhib-
itory effects by M1 macrophages. Importantly, inhibition of oste-
oclastogenesis by M1, but not M0 or M2, was also observed when
BM cells were used as osteoclast precursors, as well as when they
were used as a source of macrophages (Fig. 2A and B). When RNA
was collected from the RANKL-stimulated, BM-derived oste-
oclasts 3 days after macrophage addition, the group that received
M1 showed significantly diminished mRNA expression for ca-
thepsin K, a key enzyme required for bone resorption, compared
to the control group with no cell addition or the group that re-
ceived either M0 or M2, indicating that M1 also suppresses the
functional activity of osteoclasts (Fig. 2C).

The soluble factor(s) produced by M1 is responsible for the
inhibition of osteoclastogenesis. In order to elucidate whether
soluble factors, or membrane-bound factors, produced by M1 are
responsible for the inhibition of osteoclastogenesis caused by M1
macrophages, macrophages were separated by culture insertion
(pore size, 0.4 �m) from BM-derived osteoclast precursors in the
coculture system. Even in the absence of cell-cell contact between
macrophages and osteoclast precursors, significant inhibition of
osteoclastogenesis by M1, but not by M0 or M2, was observed,
suggesting that a soluble factor(s) produced by M1 is responsible
for the inhibition of osteoclastogenesis (Fig. 3A). Furthermore,
incubation with conditioned medium containing soluble factors
only and collected from M1 macrophages but not M0 macro-
phages suppressed the pit formation induced by mature oste-
oclasts derived from bone marrow (Fig. 3B and C), suggesting that
M1 can suppress the osteoclast’s function to resorb bone. These
results further suggested that soluble factors produced by M1
macrophages have an inhibitory effect on RANKL-mediated oste-
oclastogenesis.

FIG 1 Inhibition of osteoclastogenesis by M1 macrophages in RAW264.7
cells. RAW264.7 cells were differentiated to osteoclasts by stimulation with
RANKL. On either day 3 or day 6 after RANKL addition, M0, M1, or M2
derived from RAW264.7 cells were added to the well (500 cells/well). On day 7,
TRAP staining was performed and multinuclear (MN) TRAP� cells in each
well were counted as mature osteoclasts. Column and bar data indicate means
and standard deviations (SD), respectively (n � 5/group). *, significantly dif-
ferent by Dunnett’s test versus no-macrophage-addition group (crosshatched
column) (P 
 0.05). (), no addition of macrophages. No osteoclasts were
observed without RANKL addition.

FIG 2 Effects of M1 macrophages on osteoclastogenesis induced in BM macrophages. After BM cells were cultured with M-CSF for 6 days, RANKL was applied
to the BM culture (day 0). M0, M1, or M2 macrophages were generated ex vivo by incubating BM cells with M-CSF for 6 days, which was followed by incubation
using M-CSF with or without LPS, IFN-�, or IL-4 for an additional 24 h. The harvested M1, M2, and M0 macrophages from ex vivo culture were applied to
osteoclasts on day 3 or day 6 (6,000 macrophages/well). On day 7, TRAP staining was performed. (A) Images of TRAP staining for RANKL-stimulated BM cells
cocultured with or without polarized macrophages are shown. Bars indicate 100 �m. (B) The number of TRAP� multinuclear osteoclasts was calculated. Data
are means 	 SD (n � 5). *, significant difference by Tukey’s test (P 
 0.05). (C) BM cells were cultured for 6 days with M-CSF only, and on day 6, media were
changed to M-CSF and RANKL. Three days after RANKL addition, M0, M1, or M2 macrophages were applied to BM culture. After coculture of BM cells and
macrophages for an additional 4 days, RNA was extracted and real-time PCR performed. The readout of each sample was converted to a relative expression level
(REL) value using beta-actin as the internal control. Data in the graph represent means of REL values 	 SD (n � 3). *, significant difference by one-way ANOVA
with post hoc Tukey’s test (P 
 0.05).
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Osteoclastogenesis-regulatory cytokines produced by M1
macrophages were detected. To elucidate the mechanisms un-
derlying the inhibition of osteoclastogenesis caused by M1 mac-
rophages, we analyzed the expression of cytokines reported to
have regulatory effects on osteoclastogenesis (13–16). At 24 h after
M1 or M2 induction performed by addition of LPS, IFN-�, or IL-4
to BM cells pretreated with M-CSF, cells were harvested for RNA
extraction and analyzed by real-time PCR (Fig. 4). Furthermore,
to confirm the cytokine expression at the protein level, after 24 h
of stimulation with LPS, IFN-�, or IL-4, macrophages were re-
moved from the stimulants and recultured in fresh medium. The
culture supernatants harvested from the latter reculture were sub-
jected to cytokine ELISA (Table 2). First, the polarization of M1
and M2 from BM cells was confirmed by the expression of their
signature genes, encoding inducible nitric oxide synthase (iNOS)
and CD206, respectively. In addition to the polarization by E. coli
LPS, M1 polarization by P. gingivalis LPS was also confirmed. M1
macrophages produced significantly higher levels of IFN-�, IL-10,
IL-12, and TNF-� than M0 or M2 macrophages. On the other
hand, M2 macrophages produced significantly higher levels of
TGF-�. These results indicated that at least one of the antioste-
oclastogenesis factors produced by M1, e.g., IFN-�, IL-10, or IL-
12, might be engaged in the suppression of osteoclastogenesis.

Among the cytokines produced by M1 macrophages, IFN-�
and IL-12, but not IL-10, have inhibitory effects on osteoclasto-
genesis. The possible involvement of IL-10 in the inhibition of
osteoclastogenesis by M1 macrophages was first tested using IL-10
neutralizing antibody (Fig. 5). Even with the addition of IL-10
neutralizing antibody, M1 macrophages retained their ability to
inhibit osteoclastogenesis, suggesting that IL-10 was not associ-
ated with the inhibitory effect of M1 macrophages on osteoclasto-
genesis.

Since neutralization of IL-10 present in the culture supernatant
of M1 macrophages did not affect the osteoclastogenesis (Fig. 5),
whether IFN-� produced by M1 is associated with M1-mediated
suppression of osteoclastogenesis was further examined. The ad-
dition of recombinant IFN-� to BM-derived osteoclast precursors
significantly suppressed RANKL-induced osteoclastogenesis, in-
dicating that the osteoclast precursors used in this assay were sus-
ceptible to osteoclastogenesis inhibition by IFN-� (Fig. 6A). In
order to evaluate the possible involvement of IFN-� in M1-medi-
ated suppression of osteoclastogenesis, M1, M2, and M0 macro-
phages established ex vivo from BM cells of IFN-�–KO mice were
compared to those from wild-type mouse BM cells with respect to
their ability to suppress RANKL-induced osteoclastogenesis (Fig.
6B). Very interestingly, M1 macrophages developed from IFN-

FIG 3 Effects of soluble factors produced by macrophages on RANKL-induced osteoclastogenesis. (A) BM cells were differentiated to osteoclasts by stimulation
with RANKL on the bottom well of a culture insertion system. Three days after RANKL addition, M0, M1, or M2 macrophages were added to the upper chamber
of the culture insertion. Seven days after the addition of RANKL, TRAP staining was performed on the bottom well. Data are means and SD (n � 6). The asterisks
indicate significant differences by Tukey’s test (P 
 0.05). (B and C) BM cells stimulated with M-CSF and RANKL were incubated in the presence of conditioned
media collected from M0 and M1 differentiated macrophages in a Corning Osteo Assay Surface plate for 7 days. The control group received no conditioned
media. (B) Representative images of pit formation. (C) Data in the pit area in each well were quantified by the use of ImageJ. Data are means 	 SD (n � 5).
Asterisks show significant differences by Tukey’s test (*, P 
 0.05; **, P 
 0.01).
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�–KO mice still suppressed the osteoclastogenesis compared to
M0 or M2 developed from IFN-�–KO mice (Fig. 6B), while there
was no statistically significant difference in the TRAP-positive
(TRAP�) osteoclast numbers between the groups that received
M1 and M0/M2, unlike the results seen with the M1 macrophages
derived from wild-type (WT) mice, which suppressed osteoclas-
togenesis significantly (Fig. 2B). On the other hand, M0 or M2
macrophages developed from IFN-�–KO mice showed no regula-
tory effects on RANKL-induced osteoclastogenesis, in agreement
with the results noted for wild-type mice.

Finally, the involvement of IL-12 in the osteoclastogenesis-in-
hibitory effect of M1 macrophages was examined. The addition of
recombinant IL-12 significantly suppressed RANKL-induced os-
teoclastogenesis from BM-derived osteoclast precursors (Fig. 7A),
suggesting the susceptibility of osteoclast precursors to IL-12-in-
duced inhibition of osteoclastogenesis. Antibody-mediated neu-
tralization of IL-12 reduced the inhibitory effect on osteoclasto-

genesis of M1 macrophages (Fig. 7B). Very intriguingly, under
IL-12-neutralized conditions, too, the addition of M1 macro-
phages developed from IFN-�–KO mice showed a significantly
higher level of osteoclastogenesis than that seen after the addition

FIG 4 Gene expression levels in M0/M1/M2 macrophages. BM cells were preincubated for 6 days with M-CSF alone. At day 6, culture media were replaced with
fresh medium containing the M1 or M2 differentiation factors, while M-CSF-supplemented fresh medium was applied for M0 induction. Twenty-four hours
after stimulation, RNA was extracted and subject to real-time PCR. The relative expression level (REL) of each mRNA was calculated (see the Fig. 2 legend).
Columns labeled with “M1” indicate results from the group stimulated with E. coli LPS at 10 ng/ml (Ec10); columns labeled with “Pg250,” “Pg50,” and“Pg10”
show results from the groups stimulated with P. gingivalis LPS at concentrations of 250, 50, and 10 ng/ml, respectively. Data are means of REL and SD (n � 3).
*, P 
 0.05.

TABLE 2 Cytokines produced by M0, M1, and M2 macrophagesa

Cytokine

Macrophage level (pg/ml) 	 SD

M0 M1 M2

IFN-� 1.8 	 1.0 45.3 	 10.4* 3.1 	 2.9
IL-12 p70 7.7 	 5.3 29.2 	 3.7* 8.3 	 2.5
TNF-� 6.1 	 4.7 765.4 	 35.8* 13.6 	 5.2
IL-10 30.0 	 30.4 111.3 	 35.9* 27.5 	 15.5
TGF-� 67.1 	 25.1 55.1 	 44.7 227.5 	 14.7*
a After stimulation of BM cells with LPS/IFN-� or IL-4 for 24 h, stimulants were
washed out of the macrophage culture, which then received fresh medium without
stimulants. The supernatants harvested during the additional culture for 24 h were
subjected to cytokine ELISA. *, P 
 0.05.

FIG 5 The effect of IL-10 on osteoclastogenesis. BM cells were differentiated
into osteoclasts by stimulation with RANKL for 3 days. Then, the culture
medium was replaced with fresh medium containing RANKL and M0, M1, or
M2 macrophages derived from bone marrow cells in the presence or absence of
anti-IL-10 neutralizing antibody (xIL10Ab) (1 �g/ml). After a total of 7 days of
stimulation with RANKL, TRAP staining was performed. Data are means and
SD (n � 6). The asterisk indicates significant difference (P 
 0.05) by 2-way
ANOVA post hoc Tukey’s test.
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of M1 macrophages from wild-type mice, suggesting potential
additive effects of IFN-�.

IFN-� inhibits osteoclastogenesis by suppressing NFATc1
expression. To understand the molecular mechanism underlying
the inhibition of osteoclastogenesis mediated through the produc-
tion of IFN-� by M1, we analyzed the effect of IFN-� on NFATc1
expression. NFATc1 is a master transcriptional regulator for oste-
oclastogenesis, and its expression is triggered by RANKL (17, 18).
The induction of functionally pivotal molecules of mature oste-
oclasts, such as TRAP and cathepsin K, is controlled by NFATc1.
Real-time PCR analysis revealed that NFATc1 expression induced
by RANKL in BM-derived osteoclast precursors was remarkably
suppressed by the presence of recombinant IFN-� (Fig. 8). How-

ever, the addition of IL-12 did not show such an inhibitory effect
on NFATc1 expression of RANKL-stimulated osteoclast precur-
sors (data not shown).

IL-12 inhibits osteoclastogenesis by inducing apoptosis in
preosteoclasts. Since IL-12 did not suppress NFATc1 expression
in RANKL-stimulated osteoclast precursors (data not shown), it
was hypothesized that IL-12 might promote the apoptosis of ma-
ture osteoclasts, which, in turn, would result in a diminished
number of mature osteoclasts under the influence of IL-12. As we
expected, using real-time PCR, it was demonstrated that the oste-
oclast precursors treated with both RANKL and IL-12 showed
significantly higher mRNA expression of caspase-3 than was seen
with cells treated with RANKL alone, suggesting that IL-12 in-

FIG 6 The effect of IFN-� on osteoclastogenesis. (A) BM cells were differentiated to osteoclasts with RANKL only or RANKL and IFN-�. (B) BM cells were
differentiated to osteoclasts, and 3 days after RANKL addition, M0/M1/M2 macrophages derived from IFN-� knockout (IFN-�KO) mice were added. Seven days
after RANKL addition, TRAP staining was performed. Data are means and SD (n � 6). ** shows P 
 0.01 by Student’s t test for panel A, and n.s. indicates no
significant difference by Tukey’s test for panel B.

FIG 7 The effect of IL-12 and IFN-� on osteoclastogenesis. (A) BM cells were differentiated to osteoclasts with RANKL (100 ng/ml) in the presence or absence
of IL-12 (50 ng/ml). (B) BM cells were differentiated to osteoclasts, and 3 days after RANKL addition, M1 macrophages derived from WT or IFN-� knockout
(IFNKO) mice were added with or without IL-12 neutralizing antibody (filled columns). As a control, IL-12 neutralization antibody alone was also applied to the
BM cells (3 days after RANKL addition) without addition of macrophage (slashed columns). Seven days after RANKL addition, TRAP staining was performed.
Data are means and SD. No osteoclasts were observed without RANKL addition (data not shown) (n � 6). The asterisks indicate significant differences (*, P 

0.05; **, P 
 0.01) by Student’s t test for panel A and by two-way ANOVA Tukey’s test for panel B.
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duced apoptosis in mature osteoclasts (Fig. 9A). In the cultures of
M-CSF-treated osteoclast precursors, addition of RANKL and
IL-12 increased the number of annexin V-positive cells compared
to the numbers seen other groups that received (i) a control treat-
ment (no RANKL), (ii) RANKL alone, or (iii) a combination of
RANKL, IL-12, and anti-IL-12 neutralizing antibody (Fig. 9B and
C), suggesting that IL-12 can directly act on osteoclasts and induce
their apoptosis.

M1 macrophage inhibits osteoclastogenesis in vivo. In order
to examine whether M1 macrophages can suppress osteoclasto-
genesis in the physiological context, a mouse model of ligature-
induced periodontitis was employed so that the impact of adop-
tively transferred macrophages on the osteoclastogenesis induced
in the periodontitis lesion could be monitored. It was previously
demonstrated that periodontal bone loss is induced in mice by the
ligature attachment in a RANKL-dependent manner (11). In or-
der to confirm the migration of transferred cells into the mouse
gingival tissue, M1, M2, or M0 macrophages expressing enhanced
green fluorescent protein (eGFP) were adoptively transferred to
ligatured mice and their migration pattern in the gingival tissue
was monitored using flow cytometry analysis (see Fig. S1 in the
supplemental material). As shown in Fig. 10A and B, the group of
ligatured mice that received a transfer of M1 macrophage showed
significantly less alveolar bone loss than those that received M0 or
M2 macrophage transfer, indicating that M1 macrophages may be
able to suppress periodontal bone loss. Histological analysis also
demonstrated the presence of fewer TRAP-positive cells on the
alveolar bone surface of the group of mice that received M1 mac-
rophage compared to those that received M0 or M2 transfer (Fig.
10C and D). These results strongly supported the idea that M1
macrophage can inhibit osteoclastogenesis in vivo.

DISCUSSION

Among the three major macrophage subsets, M0, M1, and M2,
inhibitory effects on RANKL-induced osteoclastogenesis were
seen only with M1 macrophages, while M0 and M2 macrophages
showed no regulatory effects on osteoclastogenesis. Further anal-
ysis found that the inhibition of osteoclastogenesis caused by M1
appeared to be mediated by the production of IFN-� and IL-12,

which downregulated the induction of NFATc1 and promoted
apoptosis, respectively, thus explaining the putative mechanisms
underlying the M1-mediated inhibition of osteoclastogenesis. Os-
teoimmunological studies have generally supported the idea of the
effects of immune responses on bone metabolism (19–21). How-
ever, the possible impact of macrophage subsets on RANKL-in-
duced osteoclastogenesis had remained unclear until the present
study, which, for the first time, found that M1 macrophages, but
not M0 or M2 macrophages, can suppress osteoclastogenesis in an
in vitro coculture system.

Macrophages are key innate immune cells that reside in most
organs of the body (22). Upon inflammatory insult, such as infec-
tion, M1 macrophages migrate to the site of infection to produce
proinflammatory cytokines and remove pathogens through
phagocytosis. After pathogen removal, M2 macrophages produce
proresolving cytokines such as IL-4 and TGF-� in the inflamma-
tory lesion (23). Impairment of macrophage phenotype balance is
involved in many inflammatory diseases. For example, M1 mac-
rophages are reported to accumulate in adipose tissue in diabetes
and obesity, causing inflammation in obese adipose tissue and
promoting insulin resistance in diabetes (24). On the other hand,
diseases that involve M2 macrophage accumulation include ath-
erosclerosis and cancer (25, 26). In atherosclerosis, the presence of
M2 macrophages accounts for about 20% of the macrophages in
plaque; in tumors, tumor-associated macrophages (TAM) adopt
an M2-like profile, leading to immunosuppression of tumor cells
(25).

Originally, it was hypothesized that M1 (inflammatory) mac-
rophages promote osteoclastogenesis through their production of
the proinflammatory cytokine TNF-� (Table 2) (27–29). How-
ever, the results from the present study have, in contrast, found
that M1 macrophages have a suppressive effect on osteoclastogen-
esis, even while producing TNF-�. It was confirmed that the in-
hibitory effects mediated by IFN-� and IL-12 appear to override
the effects of TNF-�. Although additional investigation is re-
quired to explain this phenomenon, it is plausible that IFN-�-
derived cell signaling acts upstream of TNF-�’s target, such as at
key signaling molecule TRAF6 (30), thus nullifying its signal.

It was conceivable that IFN-� and IL-12 downregulate the
RANK expression on osteoclast precursors, in turn reducing the
effect of RANKL signaling. However, in the present study, no dif-
ferences in the effects of RANK expression resulting from stimu-
lation with IFN-� or IL-12 on osteoclast precursor cells were
observed (data not shown). Instead, IFN-� stimulation down-
regulated the expression of NFATc1, a master transcription factor
for RANKL-induced osteoclastogenesis (17). Although we saw no
effects of IL-12 on the expression of NFATc1 in RANKL-stimu-
lated osteoclasts, the addition of IL-12 induced upregulation of
mRNA for caspase-3, an important protease that mediates apop-
tosis, and increased the number of apoptotic cells in the RANKL-
stimulated osteoclasts (Fig. 9), suggesting that IL-12 downregu-
lated the generation of mature osteoclasts by promoting apoptosis
in differentiated osteoclasts (31, 32).

To our best knowledge, no published information is available
regarding the effect of human or mouse macrophages on RANKL-
mediated osteoclastogenesis. Our data suggested that IFN-� and
IL-12 are responsible for the osteoclastogenesis suppression
caused by M1 macrophages. More specifically, IFN-� released by
M1 suppressed gene expression of NFATc1, a master regulator of
osteoclastogenesis (Fig. 7 and 8), whereas IL-12 produced from

FIG 8 Downregulation of NFATc1 in RANKL-stimulated BM cells by IFN-�.
Following 6 days of preincubation of BM cells with M-CSF alone, NFATc1
expression was analyzed by real-time PCR in BM cells cultured with RANKL in
the presence or absence of recombinant IFN-� (10 ng/ml) for 48 h. Asterisks
indicate significant differences (P 
 0.05) by t test between 2 groups at the
same time point. Data are means of REL and SD (n � 3).
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FIG 9 Induction of caspase-3 in RANKL-stimulated BM cells by recombinant IL-12. Following 6 days of pretreatment of BM cells with M-CSF alone, the
resulting BM cells were stimulated with RANKL in the presence or absence of recombinant IL-12 (50 ng/ml) for 48, 72, or 96 h and harvested for the following
experiments. (A) Caspase-3 mRNA expression in the harvested cells was analyzed by real-time PCR. Asterisks indicate significant differences (P 
 0.05) by t test
between two groups at the same time point. Data are means of REL and SD (n � 3). (B and C) Representative images of annexin V staining (B) and percentages
of annexin V-positive apoptotic cells (C) at 96 h after the stimulation with RANKL with or without IL-12 in the presence or absence of anti-IL-12 neutralizing
Ab are shown. For determinations of the percentages of apoptotic cells, the number of apoptotic cells among all cells in the microscopic field (area, 100 �m by
100 �m) was counted and converted to a percentage by the following formula: [(number of apoptotic cells)/(number of all the cells) � 100]. The asterisks show
significant differences (P 
 0.05) by Tukey’s test. Data are means of REL and SD (n � 3). The scale bar indicates 10 �m. (D and E) The effects of conditioned
medium isolated from M1 and M2 of IFN-� KO mice on the induction of annexin V expression by RANKL-stimulated BM cells were examined. Annexin V
expression (D) and percentages of annexin V-positive apoptotic cells (E) are shown. After prestimulation with RANKL alone for 3 days, BM-derived macro-
phages were further incubated with the culture supernatant of macrophage (M0 or M1) derived from IFN-� KO mice and RANKL in the presence or absence of
anti-IL-12 neutralizing Ab for 96 h and subjected to annexin V staining. Measurement of percentages of annexin V� apoptotic cells was carried out following the
protocol shown in panel C. The asterisks indicate significant differences (P 
 0.05) by Tukey’s test. Data are means of REL and SD (n � 3). Scale bar, 10 �m.
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M1 increased the apoptosis of osteoclasts (Fig. 9). It is conceivable
that the expression patterns of cytokines in human M1 macro-
phages are different from those in mouse M1 macrophages. In-
deed, human M1 macrophages are reported to secrete IL-12 (33),
whereas their propensity to produce IFN-� is unknown. For these
reasons, we believe that our finding, i.e., that of osteoclastogenesis
inhibition by M1 macrophages, applies to humans as well based
on their production of IL-12.

Although the regulation of osteoclastogenesis by macrophages
has not previously been reported, macrophages and (pre)oste-
oclasts can colocalize in the context of inflammatory bone lesion,
such as that seen in periodontal disease and arthritis (6, 7). While
identification of the major macrophage phenotype in human peri-
odontal disease remains elusive (34), we showed that LPS from P.
gingivalis, a keystone pathogen in periodontal tissue, can induce
M1 macrophages, which suggested that polarization toward the
M1 phenotype may occur in periodontal tissue. Furthermore, it
was reported that infiltration of both M1 and M2 macrophages
increased in the P. gingivalis-induced mouse periodontitis lesion
and that depletion of macrophages using clodronate liposomes
prevented the bone resorption induced in the P. gingivalis-in-
fected mice (7). However, since it must be noted that clodronate
liposomes can also suppress osteoclastogenesis (35), further in-
vestigation may be required to establish the direct impact of either
M1 or M2 macrophages on in vivo osteoclastogenesis induced in
mice by P. gingivalis infection. In arthritis, it is also reported that
the inflamed synovium shows a mixed phenotype of M1 and M2
accompanied by the locally produced proinflammatory cytokines
TNF-�, IL-1, and IL-23, as well as by the anti-inflammatory cyto-
kines IL-10 and TGF-� (36, 37).

Bone resorption occurring in inflammatory bone lytic diseases
is irreversible. Therefore, prevention of bone resorption depends
on elucidating the molecular and cellular mechanisms underlying
inflammatory bone lytic diseases such as periodontitis and rheu-
matoid arthritis. Interestingly, our data suggest that M1 is the
major phenotype among infiltrating macrophages in the peri-
odontally diseased gingival tissue of experiment mice and that
they suppress bone resorption by inhibiting osteoclastogenesis
through their production of IL-12 and IFN-�. Gonzalez et al.
showed that mixed populations of M1 and M2 are present in the
periodontally diseased gingival tissue of nonhuman primates and
also that the proportions of polarized macrophages change with
aging (38). It was also found that gene expression patterns for M1
macrophages were significantly elevated in periodontally healthy
primates compared to those seen with primates with periodontitis
(38). However, at this time, determination of the macrophage
phenotype in periodontitis and rheumatoid arthritis in human
and mouse model remains elusive. In this study, we showed, for
the first time, that M1 macrophages but not M0 or M2 macro-
phages can suppress osteoclastogenesis in an in vitro coculture
system and that adaptive transfer of M1 macrophages appeared to
inhibit bone resorption in vivo. Therefore, we believe that this
finding tends to shed light on bone lytic diseases. In particular,
macrophages are reported to be the major cell population in the
arthritis synovium, which is characterized by the presence of both
osteoclast precursors and mature osteoclasts. Accordingly, M1
macrophages may also downmodulate the differentiation of oste-
oclast precursors, which leads to bone resorption not only in peri-
odontitis but also in arthritis.

Since macrophage immunophenotypes are interchangeable

FIG 10 Suppressive effects of M1 macrophage on in vivo bone resorption induced in a mouse model of periodontitis. Alveolar bone loss was induced by the
placement of a silk ligature around the left maxillary second molar, while the right maxillary second molar, which did not receive the ligature, served as a control.
One day after the ligature attachment, M1, M2, or M0 macrophages were adoptively transferred via systemic intraperitoneal (i.p.) injection. Four days after
macrophage transfer, all groups of mice were sacrificed and alveolar bone loss (A and B) and emergence of TRAP� osteoclasts in the periodontal tissue section
(C and D) were monitored. (A) Representative photographic images of alveolar bone. The measurement line (yellow) and CEJ line (black) are shown. The bars
at the top right corner indicate 1 mm. (B) The quantitative data of bone loss are shown in the histogram. Column and bar data indicate means 	 SD (n �
7/group). The asterisks indicate significant differences (*, P 
 0.05; **, P 
 0.01) by Tukey’s test. (C) Representative histological images of TRAP� osteoclasts that
emerged in the alveolar bone of mice that received ligature and macrophage (M1, M2, or M0) transfer are shown. TRAP-positive cells in palatal alveolar bone are
indicated by the arrows. Scale bars, 100 �m. (D) Numbers of osteoclasts per area (200 �m by 200 �m) on the palatal alveolar bone surface were quantified.
Column and bar data indicate means 	 SD (n � 7). The asterisks indicate significant differences (P 
 0.05) by Tukey’s test.
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(39), the results of this study also suggest the possibility that mac-
rophage phenotype regulation, as a therapeutic target, may lead to
the treatment of both soft tissue inflammation and associated
bone resorption. A recent study demonstrated that phenotypes of
macrophages and osteoclasts are also interchangeable and that (at
least) osteoclast precursors can be converted to macrophage-like
cells that can phagocytize and kill bacteria (40). According to the
study by Jeganathan et al., differentiation of multinucleated giant
cells (MGC) was induced by the incubation of RANKL-primed
bone marrow-derived cells with IFN-� plus LPS for 72 to 96 h,
suggesting that preosteoclasts may differentiate into Langhans-
type giant cells (41). It would intriguing to determine whether M1
cells that migrate into the inflamed gingival tissue with bone re-
sorption lesion can act on osteoclast precursors and redirect their
differentiation toward Langhans-type giant cells. To fully deter-
mine the pathophysiological role of macrophages in osteoclasto-
genesis and bone resorption, further experimental steps are nec-
essary, but these steps should bring us closer to the identification
and validation of therapeutic targets and new therapeutic regi-
mens. Most certainly, we will have gained a deeper insight into the
relationships among osteoclastogenesis, macrophages, and mac-
rophage phenotype in the context of chronic inflammation as seen
in periodontitis and arthritis.
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