
Available online http://arthritis-research.com/content/8/5/R152
Open AccessVol 8 No 5Research article
Identification of a human peripheral blood monocyte subset that 
differentiates into osteoclasts
Yukiko Komano1,2, Toshihiro Nanki1, Kenji Hayashida3, Ken Taniguchi4 and Nobuyuki Miyasaka1,2

1Department of Medicine and Rheumatology, Graduate School, Tokyo Medical and Dental University, Tokyo 113-8519, Japan
2The 21st Century Center of Excellence Program for the Frontier Research on Molecular Destruction and Reconstruction of Tooth and Bone, Tokyo 
Medical and Dental University, Tokyo 113-8519, Japan
3Department of Orthopedic Surgery, Hoshigaoka Koseinenkin Hospital, Osaka 573-8511, Japan
4Division of Rheumatic Diseases, Tokyo Metropolitan Bokutoh Hospital, Tokyo 130-0022, Japan

Corresponding author: Toshihiro Nanki, nanki.rheu@tmd.ac.jp

Received: 19 May 2006 Revisions requested: 13 Jun 2006 Revisions received: 25 Aug 2006 Accepted: 21 Sep 2006 Published: 21 Sep 2006

Arthritis Research & Therapy 2006, 8:R152 (doi:10.1186/ar2046)
This article is online at: http://arthritis-research.com/content/8/5/R152
© 2006 Komano et al.; licensee BioMed Central Ltd. 
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Increased bone resorption mediated by osteoclasts causes
various diseases such as osteoporosis and bone erosion in
rheumatoid arthritis (RA). Osteoclasts are derived from the
monocyte/macrophage lineage, but the precise origin remains
unclear. In the present study, we show that the purified CD16-

human peripheral blood monocyte subset, but not the CD16+

monocyte subset, differentiates into osteoclast by stimulation
with receptor activator of NF-κB ligand (RANKL) in combination
with macrophage colony-stimulating factor (M-CSF). Integrin-β3
mRNA and the integrin-αvβ3 heterodimer were only expressed
on CD16- monocytes, when they were stimulated with RANKL +
M-CSF. Downregulation of β3-subunit expression by small
interfering RNA targeting β3 abrogated osteoclastogenesis

from the CD16- monocyte subset. In contrast, the CD16+

monocyte subset expressed larger amounts of tumor necrosis
factor alpha and IL-6 than the CD16- subset, which was further
enhanced by RANKL stimulation. Examination of RA synovial
tissue showed accumulation of both CD16+ and CD16-

macrophages. Our results suggest that peripheral blood
monocytes consist of two functionally heterogeneous subsets
with distinct responses to RANKL. Osteoclasts seem to
originate from CD16- monocytes, and integrin β3 is necessary
for osteoclastogenesis. Blockade of accumulation and
activation of CD16- monocytes could therefore be a beneficial
approach as an anti-bone resorptive therapy, especially for RA.

Introduction
Rheumatoid arthritis (RA) is an autoimmune disease charac-
terized by chronic inflammation and proliferation of the syn-
ovium in multiple joints. A large number of inflammatory cells,
including T cells, B cells, macrophages and dendritic cells,
accumulate in the affected synovium, and these inflammatory
cells, together with fibroblast-like synoviocytes, express vari-
ous cytokines, such as tumor necrosis factor alpha (TNFα), IL-
6 and receptor activator of NF-κB ligand (RANKL), which are
known to induce differentiation and activation of osteoclasts.
The inflammatory synovial tissue, known as pannus, invades

the articular bone and causes focal bone erosion, which is the
hallmark of RA. Histopathologically, osteoclasts are present at
the interface of the pannus and bone. Interestingly, the dele-
tion of RANKL or c-Fos gene, which is important for osteoclas-
togenesis, results in minimal bone destruction in mouse
models of arthritis [1,2]. Furthermore, other studies indicated
that inhibition of osteoclastogenesis by osteoprotegerin, a
decoy receptor for RANKL, limits bone destruction in experi-
mental models of arthritis. These studies suggest that osteo-
clasts are involved in focal bone erosion in RA [3].
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Osteoclasts are derived from the monocyte/macrophage line-
age. It is reported that osteoclast precursors reside in human
peripheral blood monocytes [4,5]. A marked increase of the
circulating osteoclast precursors was demonstrated in
patients with erosive psoriatic arthritis as well as in arthritic
TNFα transgenic mice [6,7]. It was also shown that peripheral
monocytes differentiate into osteoclasts when seeded on
RANKL/osteoclast differentiation factor-producing RA syno-
vial fibroblasts [8]. In addition, RA synovial macrophages
thought to originate from peripheral blood monocytes were
shown to differentiate into osteoclasts [9,10]. Monocytes are
therefore involved not only in synovial inflammation, but also in
bone remodeling as potential precursors for synovial macro-
phages and osteoclasts.

Human peripheral blood monocytes consist of two major sub-
sets, CD16+ and CD16-, comprising 5–10% and 90–95% of
the monocytes, respectively. These two subsets exhibit differ-
ent chemotaxis activities and potential of cytokine production
[11,12]. Moreover, activation of the Toll-like receptor induces
distinct subsets, CD1b+ dendritic cells and DC-SIGN+ (den-
dritic cell-specific C-type lectin ICAM-3-grabbing nonintegrin)
macrophages from CD16+ and CD16- monocytes, respec-
tively [13]. It has not been revealed, however, which monocyte
subset develops into osteoclasts.

In the present study, we determined the human peripheral
blood monocyte subset that differentiates into osteoclasts,
and revealed that each subset exhibits a different response for
osteoclastogenic stimuli.

Materials and methods
Purification of peripheral blood monocytes
Peripheral blood monocytes from healthy donors were col-
lected using Ficoll-Conray (Imuuno-Biological Laboratories,
Gunma, Japan) gradient centrifugation. Negative selection of
monocytes was performed using MACS microbeads (Miltenyi
Biotec, Auburn, CA, USA) according to the protocol supplied
by the manufacturer.

The purified monocytes were separated into two subsets,
CD16+ and CD16- monocytes, using CD16 MicroBeads
(Miltenyi Biotec). Flow cytometry analysis using FITC-conju-
gated mouse anti-CD14 mAb (MY4; Bechman Coulter, Fuller-
ton, CA, USA) and phycoerythin-conjugated mouse anti-
CD16 mAb (3G8; BD Biosciences, San Jose, CA, USA)
showed that the purities of the CD16+ and CD16- monocytes
were more than 90% and 92%, respectively.

For the other experiment, monocytes were purified using
CD14 MicroBeads (Miltenyi Biotec), and then stained either
with FITC-conjugated mouse anti-CD33 mAb (MY9; Bechman
Coulter) or phycoerythin-conjugated mouse anti-CD16 mAb
(3G8). Cell sorting of the stained cells was performed using a

FACS Vantage cytometer (BD Biosciences) or a MoFlo cell
sorter (Dako, Glostrup, Denmark).

Osteoclast differentiation
Purified CD16+ and CD16- monocytes (5 × 104 cells/well)
were incubated in 96-well plates in αMEM (Sigma, St Louis,
MO, USA) with heat-inactivated 10% fetal bovine serum
(FBS) (Sigma) or with Ultra-Low IgG FBS (IgG < 5 µg/ml; Inv-
itrogen, Carlsbad, CA, USA), and where indicated with M-CSF
+ RANKL (Peprotech, Rocky Hill, NJ, USA).

For the other experiments, varied numbers of CD16+ mono-
cytes (1 × 103, 2.5 × 103, 5 × 103) were mixed with CD16-

monocytes (5 × 104 cells/well), and were cultured in 96-well
plates in αMEM with heat-inactivated 10% FBS. The medium
was replaced with fresh medium 3 days later, and after incu-
bation for 7 days the cells were stained for tartrate-resistant
acid phosphatase (TRAP) expression using a commercial kit
(Hokudo, Sapporo, Japan). The number of TRAP-positive
multinucleated cells (MNC) in three randomly selected fields
examined at 100× magnification or the total number of TRAP-
positive MNC per well was counted under light microscopy.

Resorption assay
Monocytes were seeded onto plates coated with calcium
phosphate thin films (Biocoat Osteologic; BD Biosciences)
and were incubated with RANKL (40 ng/ml) + M-CSF (25 ng/
ml) for 7 days. The cells were then lysed in bleach solution (6%
NaOCl, 5.2% NaCl). The resorption lacunae were examined
under light microscopy.

Enzyme-linked immunosorbent assay
Purified monocytes were cultured in 96-well plates where indi-
cated either with RANKL or M-CSF for 24 hours. Concentra-
tions of TNFα and IL-6 in the culture supernatant were
measured with an ELISA kit (BioSourse International,
Camarillo, CA, USA). For experiments of matrix metalloprotei-
nase (MMP)-9 and TRAP-5b, culture supernatants were col-
lected on day 7 and the concentrations of these enzymes were
measured using an MMP-9 ELISA kit (Amersham Biosciences,
Piscataway, NJ, USA) or a TRAP-5b ELISA kit (Suomen,
Turku, Finland).

Reverse transcriptase-polymerase chain reaction
Monocytes (1 × 106 cells/well) were cultured in six-well plates
with M-CSF alone or with M-CSF + RANKL for 3 days. Total
RNA was extracted using RNeasy Micro (Qiagen, Valencia,
CA, USA). The RNA was then treated with DNase I (Qiagen).
The oligo(dT)-primed cDNA was synthesized using Super-
script II reverse transcriptase (Invitrogen). The amount of
cDNA for amplification was adjusted by the amount of RNA
measured by an optical density meter and also by β-actin or
GAPDH PCR products. One microliter of cDNA was amplified
in a 50 µl final volume containing 25 pmol appropriate primer
pair, 10 pmol each of the four deoxynucleotide triphosphates,
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and 5 units FastStart Taq DNA Polymerase (Roche, Manheim,
Germany) in a thermal cycler (PTC-200; MJ GeneWorks,
Waltham, MA, USA).

The PCR conditions were 25–40 cycles of denaturation
(95°C for 30 s), annealing (60–62°C for 1 min) and extension
(72°C for 1 min). The sequences of the primers are presented
in Table 1. The PCR products were separated by electro-
phoresis through 2% agarose gel.

Western immunoblot analysis
Purified monocytes were cultured for 3 days in the presence
of 40 ng/ml M-CSF with or without 25 ng/ml RANKL. Cells
were lysed in RIPA Lysis buffer (upstate, Lake Placid, NY,
USA) containing protease inhibitors (Roche) for 15 min at
4°C. A total of 20 µg protein was boiled in the presence of 6
× sodium dodecyl sulfate sample buffer, and was separated
on 7.5% or 10% sodium dodecyl sulfate-polyacrylamide gel
(ATTO, Tokyo, Japan). Proteins were then electrotransferred
to a polyvinylidene fluoride microporous membrane (Millipore,
Billerica, MA, USA) in a semidry system. Membranes were
incubated in 10% skim milk prepared in phosphate-buffered
saline (PBS) containing 0.1% Tween 20, and were subjected
to immunoblotting. Antibodies used were goat anti-RANK
antibody (Techne Corporation, Minneapolis, MN, USA), goat
anti-c-fms antibody (R&D systems, Minneapolis, MN, USA),
and mouse anti-β-actin mAb (AC-15; Sigma). Peroxidase-con-
jugated rabbit anti-goat IgG antibody (Dako) or peroxidase-
conjugated rabbit anti-mouse IgG antibody (Dako) was used
as the second antibody. The signals were visualized by chemi-
luminescence reagent (ECL; Amersham Biocsiences, Little
Chalfont, UK).

Cell surface expression of c-fms
The following mAbs were used for analysis of c-fms expres-
sion: Alexa 647-conjugated anti-CD14 mAb (UCHM1; Sero-
tec, Oxford, UK), FITC-conjugated anti-CD16 mAb (3G8;
Bechman Coulter) and phycoerythin-conjugated anti-c-fms
mAb (61708; R&D systems). Alexa 647-conjugated mouse
IgG2a (Serotec), FITC-conjugated mouse IgG1 (BD Bio-
sciences) and phycoerythin-conjugated mouse IgG1 (Bech-
man Coulter) were used as isotype controls. Peripheral blood
monocytes (1 × 105 cells) were incubated with 1 µg human
IgG for 15 minutes, and were then stained with three fluoro-
chrome-labeled mAbs for 45 minutes on ice. The stained cells
were analyzed with a FACS Calibur (BD Biosciences).

Immunofluorescent staining
Monocytes (8 × 104 cells/well) were allowed to adhere on 96-
well plates overnight or were cultured with M-CSF and RANKL
for 2–4 days. The cells were fixed in acetone and then stained
with anti-αvβ3 mAb (LM609; Chemicon, Temecula, CA, USA)
or mouse IgG1 (11711; R&D Systems) as an isotype-matched
control. Alexa fluor546-conjugated goat anti-mouse IgG1 anti-
body (Molecular Probes, Eugene, OR, USA) was used as the

second antibody. TOTO-3 (Molecular Probes) was used for
nuclear staining.

Flow cytometric analysis of p38 MAPK and ERK1/2 
phosphorylation
Purified monocytes were cultured in the presence of 25 ng/ml
M-CSF for 3 days, and were either left unstimulated or were
stimulated with 40 ng/ml RANKL at 37°C. Stimulations were
stopped by adding an equal volume of PhosFlow Fix Buffer I
solution (BD Biosciences) to the cell culture. After incubation
for 10 minutes at 37°C, the cells were permeabilized by wash-
ing twice at room temperature in PhosFlow Perm/Wash Buffer
I (BD Biosciences). A total of 1 × 105 cells was then Fc
blocked with 1 µg human IgG for 15 minutes, and was stained
with Alexa Fluor 647-conjugated mAb either to phospho-p38
MAPK (T180/Y182) or to phospho-ERK1/2 (T202/Y204) (BD
Biosciences) for 30 minutes at room temperature. Alexa Fluor
647-conjugated mouse IgG1 (BD Biosciences) was used as
an isotype control. The cells were washed in PhosFlow Perm/
Wash Buffer I, and were analyzed by flow cytometry, as
already described.

RNA interference
RNA oligonucleotides (iGENE, Tsukuba, Japan) were
designed based on the algorithm that incorporates single
nucleotide polymorphism and homology screening to ensure a
target-specific RNA interference effect. The following sense
and antisense oligonucleotides were used: integrin β3, 5'-
GCU UCA AUG AGG AAG UGA AGA AGC A-AG and 3'-
UA-CGA AGU UAC UCC UUC ACU UCU UCG U; rand-
omized control, 5'-CGA UUC GCU AGA CCG GCU UCA
UUG C-AG and 3'-UA-GCU AAG CGA UCU GGC CGA
AGU AAC G; and lamin, 5'-GAG GAA CUG GAC UUC CAG
AAG AAC A-AG and 3'-UA-CUC CUU GAC CUG AAG GUC
UUC UUG U.

CD16- monocytes (8 × 104 cells/well) were incubated in 96-
well plates in optimem (Invitrogen). After 1 hour, siRNAs were
transfected into the cells using oligofectamine (Qiagen) based
on the method recommended by the manufacturer. After 2
hours, the cells were washed once with PBS, followed by the
addition of αMEM supplemented with 10% FBS, M-CSF and
RANKL. After a 2-day incubation, the β3 mRNA expression
was analyzed by RT-PCR with different PCR cycles, as
described earlier. Immunofluorescent staining for the αvβ3
heterodimer was also performed as described above, and
numbers of αvβ3-positive cells were counted in randomly
selected three fields at 100× magnification. Seven days after
the transfection of siRNAs, the number of TRAP-positive MNC
in five fields examined at 100× magnification was counted
under light microscopy.
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Inhibition of osteoclastogenesis with cyclic RGDfV 
peptide
CD16- monocytes were incubated in 96-well plates with M-
CSF + RANKL for 2 days. A medium containing either cyclic
RGDfV peptide (Arg-Gly-Asp-D-Phe-Val) (Calbiochem, San
Diego, CA, USA) or dimethyl sulfoxide was then added. After
incubation for a further 5 days, the number of TRAP-positive
MNC in five fields examined at 100× magnification was
counted under light microscopy.

Immunohistochemistry
Synovial tissue samples were obtained during total knee joint
replacement surgery from four RA patients. Signed consent
forms were obtained before the operation. The experimental
protocol was approved by the ethics committee of the Tokyo
Medical and Dental University. RA was diagnosed according
to the American College of Rheumatology criteria [14].

Double immunofluorescent staining for CD68 and CD16 anti-
gens was conducted on optimal cutting temperature-embed-
ded sections of frozen synovial samples. Eight-micrometer-
thick cryostat sections of RA synovium were fixed in acetone

Table 1

Primer sequences

Molecule Primer sequence

Receptor activator of NF-κB 5'-TGG CCG CCT AAG TGG AGA TA

3'-TGC GTA GGG ACC ACC TCC TA

c-fms 5'-GAC GTT TGA GCT CAC CCT TCG ATA

3'-CCT GGT ACT TGG GCT TCT GCT TAT

Tumor necrosis factor receptor-associated factor 6 5'-AGA CAA GAC CAT CAA ATC CGG GAG

3'-TCC AGG GCT ATG AAT CAC AAC AGG

c-Fos 5'-CAG GAG ACA GAC CAA CTA GA

3'-TTC ACG GAC AGA TAA GGT CC

DNAX-activation protein 12 5'-ATG GGG GGA CTT GAA CCC

3'-TCA TTT GTA ATA CGG CCT CTG TG

Fc receptor γ chain 5'-TGA TTC CAG CAG TGG TCT TGC TCT

3'-ATG CAG GCA TAT GTG ATG CCA ACC

Signal regulatory protein β1 5'-ACC CAC CTT GGA GGT TAC TCA ACA

3'-TGT AGA TGG CAG AGA CAC CAA CCA

Triggering receptor expressed on myeloid cells 2 5'-ATG GAG CCT CTC CGG GTG CT

3'-CTG CGG AAT CTA CAA CCC CA

Osteoclast-associated receptor 5'-GAG TAG CTG AAA GGA AGA CGC GAT

3'-CAG AGC GCT GAT TGG TCC ATC TTA

Nuclear factor of activated T cells c1 5'-TGT GCC GGA ATC CTG AAA CTC AGA

3'-TCC CGT TGC AGA CGT AGA AAC TGA

Integrin αv 5'-TCC CAT CAG TGG TTT GGA GCA TCT

3'-TCC GAC AGC CAC AGA ATA ACC CAA

Integrin β3 5'-TGC CTC AAC AAT GAG GTC ATC CCT

3'-AGA CAC ATT GAC CAC AGA GGC ACT

β-Actin 5'-GTC CTC TCC CAA GTC CAC ACA

3'-CTG GTC TCA AGT CAG TGT ACA GGT AA

GAPDH 5'-TGA TGA CAT CAA GAA GGT GGT GAA G

3'-TCC TTG GAG GCC ATG TGG GCC AT
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for 3 minutes and were then rehydrated in PBS for 5 minutes.
The samples were incubated in 5 µg/ml proteinase K (Roche),
50 mM ethylenediamine tetraacetic acid, 100 mM Tris–HCl,
pH 8.0, for 15 minutes at room temperature followed by a
wash in PBS. The samples were then blocked with 10% goat
serum in PBS for 60 minutes at room temperature, and were
incubated with anti-CD16 mAb (3G8; Immunotech, Marseille,
France) or mouse IgG1 (11711) as an isotype-matched control
in 1% bovine serum albumin/PBS for 60 minutes at room tem-
perature. The samples were then washed three times in PBS,
for 5 minutes each, and incubated with Alexa fluor546-conju-
gated goat anti-mouse IgG1 antibody (Molecular Probes) in
1% bovine serum albumin/PBS for 60 minutes at room tem-
perature. The samples were then sequentially stained for
CD68 antigen in a manner similar to that used for CD16 stain-
ing. The samples were stained with anti-CD68 mAb (PGM1;
Immunotech) or mouse IgG3 (6A3; MBL, Nagoya, Japan) fol-
lowed by labeling with Alexa fluor488-conjugated goat anti-
mouse IgG3 antibody (Molecular Probes). The samples were
examined by confocal laser scanning microscope (Olympus,
Tokyo, Japan).

Statistical analysis
Data are expressed as the mean ± standard error of the mean.
A nonpaired Student's t test was used for comparison, using
the StatView program (Abacus Concepts, Berkeley, CA,
USA). P < 0.05 was considered statistically significant.

Results
Induction of osteoclasts from CD16- peripheral blood 
monocytes
To identify the monocyte subset that differentiates into osteo-
clasts, we examined osteoclast formation from CD16+ and
CD16- human peripheral blood monocytes. The monocyte
subsets were purified using magnetic beads. Incubation with
M-CSF alone did not induce osteoclast formation from either
subset (Figure 1a). Culture with M-CSF + RANKL induced a
significant number of TRAP-positive MNC from the CD16-

subset, whereas only few CD16+ monocytes differentiated
into TRAP-positive MNC (Figure 1a,b). We then assessed the
bone resorptive ability by culturing cells on calcium phos-
phate-coated plates with M-CSF + RANKL. Resorption lacu-
nae were detected only in the CD16- subset (Figure 1c),
indicating the TRAP-positive CD16--derived MNC possessed
the osteoclast phenotype.

Figure 1

Induction of osteoclasts from human peripheral blood monocytesInduction of osteoclasts from human peripheral blood monocytes. (a) Purified CD16+ and CD16- peripheral blood monocytes were cultured with 
either macrophage colony-stimulating factor (M-CSF) (25 ng/ml) alone or with M-CSF (25 ng/ml) + receptor activator of NF-κB ligand (RANKL) (40 
ng/ml) for 7 days and were stained for tartrate-resistant acid phosphatase (TRAP) activity. Original magnification, ×100. (b) The number of TRAP-
positive multinucleated cells (MNC) (three or more nuclei) that differentiated from each monocyte subset was counted. (c) Resorbtive activity was 
assessed by culturing monocytes on plates coated with calcium phosphate films. The cells were treated with M-CSF (25 ng/ml) and RANKL (40 ng/
ml) for 7 days. Arrows show resorbed lacunae. Original magnification, ×100. (d) Culture supernatants of CD16+ and CD16- were collected on day 
7, and the concentrations of TRAP-5b and MMP-9 were measured with an ELISA. Representative data of more than three independent experiments 
are shown. Data represent the mean ± standard error of the mean values of duplicate or triplicate wells. *P < 0.01. Scale bars = 100 µm.
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Similar results were obtained using purified monocytes by
FACS sorting (purities: CD16+, 96%; CD16-, 97%). The
number of TRAP-positive MNC induced were 36 ± 3 cells/well
and 348 ± 13 cells/well from CD16+ and CD16- monocytes,
respectively. To exclude the possibility that the anti-CD16 anti-
body used for isolation of CD16+ monocytes inhibits osteo-
clast formation, we separated the two subsets, CD33low

monocytes and CD33high monocytes, using anti-CD33 mAb
and a fluorescent cell sorter, since it was reported that
CD33low monocytes correspond to CD16+, and that CD33high

correspond to CD16- monocytes [15]. On average, the
CD33low population contained CD16- (10.2%)/CD16+

(89.8%) monocytes, and the CD33high population contained
CD16- (86.3%)/CD16+ (13.7%) monocytes.

Culture with M-CSF + RANKL induced TRAP-positive MNC
from CD33high monocytes, whereas no or few CD33low mono-
cytes differentiated into TRAP-positive MNC (CD33low vs
CD33high, 2 ± 1 vs 192 ± 71 cells/well; n = 3). TRAP-5b and
MMP-9 in the culture supernatants, both of which are known
to be produced by osteoclasts, were measured by ELISA. The
concentrations of both enzymes were significantly higher in
the culture supernatant of CD16- monocytes than in that of
CD16+ monocytes (Figure 1d). These results suggest that the
CD16- peripheral blood monocyte subset, but not the CD16+

subset, differentiate into osteoclasts by incubation with
RANKL + M-CSF.

CD16+ monocytes do not affect the osteoclastogenesis 
from CD16- monocytes
To examine whether CD16+ monocytes affect osteoclas-
togenesis from CD16- monocytes, varied numbers of CD16+

monocytes were mixed with CD16- monocytes (5 × 104 cells/
well), and were cultured for 7 days in the presence of M-CSF
+ RANKL. The number of TRAP-positive MNC was not altered
by the presence of CD16+ monocytes (Figure 2). The results
indicated that CD16+ monocytes did not hamper or enhance
the osteoclastogenesis from CD16- monocytes.

Differences in cytokine production by RANKL-stimulated 
or M-CSF-stimulated CD16+ and CD16- monocytes
To compare the biological response of CD16+ and CD16-

subsets with either RANKL or M-CSF stimulation, we meas-
ured the amount of TNFα and IL-6 production after exposure
of cells to various concentrations of RANKL or M-CSF with an
ELISA. Without RANKL the CD16+ subset produced a signif-
icant amount of TNFα and IL-6, whereas the CD16- subset
produced undetectable levels (Figure 3a). RANKL stimulation
increased TNFα production from both subsets in a dose-
dependent manner, although the CD16+ subset produced
more TNFα than did the CD16- subset. RANKL stimulation
also enhanced IL-6 production from the CD16+ subset, but
not from the CD16- subset. M-CSF stimulation increased
TNFα and IL-6 production from both subsets, although the
CD16+ subset produced more than the CD16- subset (Figure
3b).

These results suggest that CD16+ monocytes also respond
both to RANKL and M-CSF stimulation, although such stimu-
lation does not result in differentiation into osteoclasts. CD16+

monocytes were also noted to express higher amounts of
inflammatory cytokines compared with CD16- monocytes with
or without RANKL or M-CSF stimulation.

Comparison of expression levels of molecules involved 
in osteoclastogenesis between CD16+ and CD16- 

monocytes
Diverse molecules are involved in RANKL/RANK and its cos-
timulatory signal transduction pathways [16]. The different
response to RANKL + M-CSF stimulation between the CD16+

monocyte subset and the CD16- monocytes subset might be
explained by the expression profiles of these molecules. We
therefore examined the mRNA levels of the following mole-
cules: receptor activator of NF-κB (RANK), the receptor for
RANKL; c-fms, the receptor for M-CSF; tumor necrosis factor
receptor-associated factor 6 (TRAF-6), the adaptor protein for
RANK; c-Fos and nuclear factor of activated T cells c1
(NFATc1), transcription factors that are essential for osteo-
clastogenesis; DNAX-activation protein 12 (DAP12) and Fc
receptor γ chain (FcRγ), adaptor proteins known to deliver
costimulatory signals in RANKL-induced osteoclastogenesis;
signal regulatory protein β1 (SIRP-β1), triggering receptor
expressed on myeloid cells 2 (TREM-2) and osteoclast-asso-

Figure 2

Effect of CD16+ monocytes on the osteoclastogenesis from CD16- monocytesEffect of CD16+ monocytes on the osteoclastogenesis from CD16- 

monocytes. CD16+monocytes (0, 1 × 103, 2.5 × 103, 5 × 103 cells/
well) were mixed with CD16- monocytes (5 × 104 cells/well) in 96-well 
plates, and were cultured for 7 days in the presence of macrophage 
colony-stimulating factor (M-CSF) + receptor activator of NF-κB ligand 
(RANKL). The number of tartrate-resistant acid phosphatase (TRAP)-
positive multinucleated cells (MNC) induced was counted. Representa-
tive data of two independent experiments are shown. Data represent 
the mean ± standard error of the mean values of quadriplicate wells. 
N.S., not significant.
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ciated receptor (OSCAR), transmembrane receptors that
associate with either DAP12 or FcRγ; and αv and β3, integrins
known to be expressed as the αvβ3 heterodimer on
osteoclasts.

The mRNA levels of RANK, c-fms, TRAF-6, DAP12 and SIRP-
β1 under the baseline condition (no stimulation) varied
between the donors; however, we did not find consistent dif-
ferences in the mRNA levels of these molecules between the
CD16+ monocyte subset and the CD16- monocyte subset
among three to six donors (Figure 4a). The mRNA levels of
other molecules, apart from integrin β3, were similar between
the two subsets under the no-stimulation condition. Although
the mRNA levels of RANK, c-fms, DAP12, FcRγ, TREM-2 and
OSCAR increased in response to M-CSF alone or M-CSF +
RANKL in both subsets, the expression levels were not signif-
icantly different between the two subsets. Expressions of
TRAF-6, c-Fos and SIRP-β1 mRNA did not change following
stimulation with M-CSF + RANKL. Of note, the expression of
NFATc1 mRNA was enhanced by M-CSF + RANKL treatment
only in the CD16- subset. Furthermore, expression of integrin
αv in both subsets was enhanced by M-CSF with or without
RANKL; however, the expression level was greater in the
CD16- subset. It was noted that integrin-β3 mRNA was
detected only in the CD16- subset and was increased by M-

CSF + RANKL stimulation, but not by M-CSF alone. The pro-
tein expression of RANK under the baseline condition was
weakly detected in both subsets, and the levels were varied
between donors by western immunoblotting.

The protein expression of c-fms was weakly detected in
unstimulated CD16+ monocytes, but not in CD16- monocytes
(Figure 4b). Flow cytometry analysis of c-fms in fresh mono-
cytes, however, showed that both subsets express the mole-
cule on the cell surface (Figure 4c). Expressions of both RANK
and c-fms were upregulated by M-CSF alone and by M-CSF +
RANKL, and we did not find consistent differences in the pro-
tein levels of these molecules between the two monocyte sub-
sets. The profiles of expression levels of molecules involved in
RANKL/RANK and its costimulatory pathways are similar
between the two subsets, except for NFATc1, integrin αv and
integrin β3. We therefore assumed that the distinct induction
of NFATc1, integrin αv and integrin β3 in response to RANKL
stimulation among the two monocyte subsets might explain
the differences in their abilities to differentiate into osteoclasts.

RANKL stimulation induces αvβ3 expression on CD16- 

monocytes
The integrin-β3 subunit binds to integrin αv only and is
expressed as the heterodimeric protein αvβ3 on monocytes

Figure 3

Tumor necrosis factor α and IL-6 production by monocyte subsets with stimulationTumor necrosis factor α and IL-6 production by monocyte subsets with stimulation. Purified CD16+ and CD16- peripheral blood monocytes were 
incubated either with receptor activator of NF-κB ligand (RANKL) (0, 40, 200, 1000 ng/ml) or macrophage colony-stimulating factor (M-CSF) (0, 25, 
125 ng/ml) for 24 hours. Tumor necrosis factor alpha (TNFα) and IL-6 concentrations in the culture supernatant were measured by ELISA. Results 
are representative of more than three independent experiments. Open squares, CD16+ monocytes; filled squares, CD16+ monocytes. Data are the 
mean ± standard error of the mean values of duplicate wells. *P < 0.03, no stimulation vs either RANKL or M-CSF stimulation; †P < 0.03, CD16+ vs 
the CD16- monocyte subset.
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and osteoclasts [17]. We examined the expression of αvβ3 on
CD16+ and CD16- monocytes by immunofluorescent staining.
Neither unstimulated nor M-CSF-stimulated monocyte sub-
sets expressed αvβ3 (Figure 4d and data not shown). After 48
and 72 hours of treatment with M-CSF + RANKL, αvβ3-posi-
tive mononuclear cells were observed in CD16- monocyte cul-
tures but not in CD16+ monocyte cultures. At 96 hours, both
αvβ3-positive mononuclear cells and multinucleated cells
were present in the CD16- monocyte culture. The results indi-
cated that αvβ3 was selectively expressed on CD16- mono-
cytes in the presence of M-CSF + RANKL, and the expression
was revealed before the cells differentiate into typical multinu-
cleated osteoclasts.

RANKL activates ERK and p38 kinases only in CD16- 

monocytes
Since ERK and p38 MAPK are essential in RANKL-induced
osteoclastogenesis [18-20], we next examined whether these
kinases were activated differently in CD16+ monocytes and in
CD16- monocytes. Purified monocytes were precultured with
25 ng/ml M-CSF for 3 days to enhance RANK expression, and
were then treated with RANKL. The RANKL treatment induced

phosphorylation of both ERK and p38 MAPK in CD16- mono-
cytes at 5 minutes postexposure, although the p38 MAPK
phosphorylation was weak. Both phosphorylations declined to
a basal level within 20 minutes (Figure 5). In contrast, ERK and
p38 MAPK were not detectably phosphorylated in CD16+

monocytes with RANKL.

siRNA targeting integrin β3 inhibits osteoclastogenesis 
from CD16- monocytes
The integrin-β3 cytoplasmic domain is essential for activation
of intracellular signals from αvβ3 heterodimers [17]. We there-
fore examined the involvement of αvβ3 in RANKL + M-CSF-
induced osteoclastogenesis in human CD16- monocytes
using siRNA targeting the integrin-β3 subunit. The integrin-β3
siRNA or control randomized siRNA were transfected into
CD16- monocytes. At 48 hours post-transfection, we deter-
mined the integrin-β3 mRNA level and αvβ3 heterodimer pro-
tein expression. The integrin-β3 mRNA level was reduced in
the integrin-β3 siRNA-transfected monocytes compared with
control siRNA-transfected monocytes (Figure 6a). The αvβ3
heterodimer expression was evaluated by immunofluorescent

Figure 4

Differences in expression pattern of molecules related to osteoclastogenesis between CD16+ and CD16- monocyte subsetsDifferences in expression pattern of molecules related to osteoclastogenesis between CD16+ and CD16- monocyte subsets. (a) Total RNA was 
extracted from freshly isolated CD16+ and CD16- monocytes or from the cells incubated in either macrophage colony-stimulating factor (M-CSF) (25 
ng/ml) alone or M-CSF (25 ng/ml) + receptor activator of NF-κB ligand (RANKL) (40 ng/ml) for 3 days, and semiquantitative RT-PCR analysis was 
performed. Representative results from three independent experiments are shown. (b) The expression of receptor activator of NF-κB (RANK) and c-
fms in unstimulated or stimulated monocytes was analyzed by western blotting. (c) Cell surface expression of c-fms on unstimulated CD16+ and 
CD16- monocytes was examined by three-color flow cytometry. Gates were set either for CD14+ CD16+ (left panel) or CD14+ CD16+ (right panel) 
monocytes. Histograms show the stained cells with anti-c-fms mAb (solid lines) and isotype-matched control (dotted lines). (d) Purified monocytes 
were allowed to adhere on plates overnight (unstimulated) or the cells treated with M-CSF (25 ng/ml) + RANKL (40 ng/ml) were examined for the 
expression of the αvβ3 heterodimer by immunofluorescent staining. Solid arrows indicate mononuclear αvβ3-positive cells. Dotted arrows indicate 
multinucleated αvβ3-positive cells. Original magnification, ×100. Results are representative of two independent experiments.
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staining. The number of αvβ3-positive cells was significantly
decreased in integrin-β3 siRNA-transfected monocytes com-
pared with that in control siRNA (Figure 6b).

After 7 days of incubation, the number of TRAP-positive MNC
was counted. Transfection with integrin-β3 siRNA significantly
reduced the number of TRAP-positive MNC in a dose-depend-

Figure 5

Flow cytometric analysis of ERK1/2 and p38 MAPK phosphorylation on monocyte subsetsFlow cytometric analysis of ERK1/2 and p38 MAPK phosphorylation on monocyte subsets. Purified monocytes were precultured with macrophage 
colony-stimulating factor (M-CSF) for 3 days, and treated with 40 ng/ml receptor activator of NF-κB ligand (RANKL) for 5 min (pink), 10 min (blue) 
or 20 min (orange), or were left untreated (light green). The cells were then stained either with phospho-ERK1/2 (T202/Y204) or phospho-p38 
MAPK (T180/Y182) after fixation and permeabilization. Isotype controls were shown in dotted line. The data shown are representative of three inde-
pendent experiments.

Figure 6

Effect of transfection of integrin-β3 siRNA and cyclic RGDfV peptide on osteoclastogenesis from CD16- monocytesEffect of transfection of integrin-β3 siRNA and cyclic RGDfV peptide on osteoclastogenesis from CD16- monocytes. (a) CD16- monocytes trans-
fected with either 1 nM control or integrin-β3 siRNA were cultured in macrophage colony-stimulating factor (M-CSF) (25 ng/ml) + receptor activator 
of NF-κB ligand (RANKL) (40 ng/ml). Forty-eight hours after the transfection, integrin-β3 mRNA levels were examined by semiquantitative RT-PCR. 
(b) The expression of the αvβ3 heterodimer was examined by immunostaining and the number of αvβ3-positive cells was counted. (c) Seven days 
after the transfection of siRNAs, the cells were stained for tartrate-resistant acid phosphatase (TRAP) activity, and the number of TRAP-positive 
multinucleated cells (MNC) was counted. Results are representative of three to five independent experiments. Data are the mean ± SEM values of 
duplicate wells. *P < 0.01, control-siRNA vs β3-siRNA. (d) CD16- monocytes were incubated with M-CSF (25 ng/ml) + RANKL (40 ng/ml) for 2 
days, followed by the addition of a medium containing either cyclic RGDfV peptide or dimethyl sulfoxide (DMSO). After incubation for a further 5 
days, the number of TRAP-positive multinucleated cells (MNC) was counted. Representative results from three independent experiments are shown. 
Data are the mean ± standard error of the mean values of triplicate wells. Control, without treatment. **P < 0.03, DMSO vs cyclic RGDfV peptide.
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ent manner compared with control siRNA transfection (Figure
6c). In addition, the use of siRNA directed toward a different
site of integrin-β3 mRNA also inhibited osteoclast formation
from CD16- monocytes (data not shown). On the other hand,
siRNA that targeted lamin, which was used as a negative
control, did not inhibit the induction of osteoclasts (data not
shown). These results indicate the importance of integrin β3 in
RANKL-induced osteoclast formation from CD16- peripheral
blood monocytes.

Cyclic RGDfV peptide inhibits the osteoclastogenesis 
from CD16- monocytes
Integrin αvβ3 recognizes a common tripeptide sequence,
RGD (Arg-Gly-Asp), which is present in bone matrix proteins
such as vitronectin and fibronectin [21]. Cyclic RGDfV pep-
tide (Arg-Gly-Asp-D-Phe-Val) inhibits binding of the RGD-con-
taining molecules to αvβ3 [22]. To investigate the role of
ligand binding to the αvβ3 heterodimer in the osteoclastogen-
esis, we examined whether cyclic RGDfV peptide inhibits the
formation of osteoclasts. Cyclic RGDfV peptide significantly
reduced the number of TRAP-positive MNC in a dose-depend-
ent manner (Figure 6d). The results imply possible involvement
of ligand bindings to αvβ3 in the osteoclastogenesis.

Knockdown of integrin β3 did not affect the expression 
of NFATc1 mRNA
In the next step, we determined whether integrin-β3-siRNA-
induced inhibition of the osteoclastogenesis reflects downreg-
ulation of NFATc1, which is a key transcription factor in oste-
oclastogenesis [23]. For this purpose, we compared NFATc1
mRNA levels between integrin β3 and control siRNA-trans-
fected monocytes. Interestingly, integrin-β3 knockdown did
not alter the NFATc1 mRNA level (Figure 7), suggesting that
signal transduction mediated by integrin β3 does not affect the
expression of NFATc1.

Detection of CD16+ and CD16- macrophages in synovium 
of RA patients
RA synovial macrophages are derived from peripheral blood
monocytes, and their recruitment into the synovium is facili-
tated by various adhesion molecules and chemokines [24]. To
analyze CD16 expression on synovial macrophages, RA syno-
vial tissues were double-stained for CD16 and a macrophage
marker, CD68. CD16-/CD68+ macrophages were widespread
in the synovium. Although less frequent, CD16+/CD68+ mac-
rophages were also observed both in the synovial intima and
subintima (Figure 8). The presence of two subsets of macro-
phages, CD16+ and CD16-, in RA synovium indicates that
both CD16+ and CD16- peripheral blood monocytes are
recruited into the synovium.

Discussion
Human peripheral blood monocytes are a heterogeneous pop-
ulation, and they are divided into two subsets based on the
expression of CD16. The CD16+ and CD16- monocyte sub-
sets show functional differences in migration, cytokine produc-
tion and differentiation into macrophages or dendritic cells
[11-13,15]. We focused on the heterogeneity of the mono-
cytes, and the primary question addressed in this study was
which monocyte subset could be the source of osteoclasts.
The results demonstrated that CD16- peripheral blood mono-
cytes, but not CD16+ monocytes, differentiated in vitro into
osteoclasts by treatment with RANKL + M-CSF.

Figure 7

Effect of integrin-β3 knockdown on induction of NFATc1 mRNAEffect of integrin-β3 knockdown on induction of NFATc1 mRNA. 
CD16- monocytes transfected with either control or integrin-β3 siRNA 
were cultured with macrophage colony-stimulating factor (M-CSF) (25 
ng/ml) + receptor activator of NF-κB ligand (RANKL) (40 ng/ml). Total 
RNA was extracted 48 hours post-transfection. Semiquantitative RT-
PCR analysis was performed using NFATc1-specific and GAPDH-spe-
cific primers. Representative results from four independent experiments 
are shown.

Figure 8

Double immunofluorescence showing CD16+ and CD16- macrophages in rheumatoid arthritis synoviumDouble immunofluorescence showing CD16+ and CD16- macrophages 
in rheumatoid arthritis synovium. Synovial tissue samples from patients 
with rheumatoid arthritis (RA) were stained with CD68 and CD16. (a) 
CD68, (b) CD16, and (c) merged (a) with (b). Arrows show CD16+ 

cells. Original magnification, ×400. Representative results from four RA 
patients are shown. Scale bar = 50 µm.
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To investigate the molecular mechanisms of the different
response to RANKL and the differentiation into osteoclasts
between CD16+ and CD16- monocytes, we examined the
expression of molecules known to be involved in
osteoclastogenesis. The expression profiles of integrin αv,
integrin β3 and NFATc1 were different between the two sub-
sets. Integrin αvβ3 heterodimer was expressed only on
RANKL and M-CSF-stimulated CD16- monocytes. It is known
that αvβ3 expressed on osteoclasts is important in bone
resorption as well as in attachment of osteoclasts to the bone
matrix [25].

It was recently reported that bone marrow macrophages of
integrin-β3-deficient mice could not differentiate into mature
osteoclasts in vitro, suggesting that αvβ3 is involved not only
in activation, but also in differentiation, of osteoclasts in mice
[26,27]. The authors also showed that αvβ3 and c-fms share
a common intracellular signaling pathway, including the activa-
tion of ERK and the induction of c-Fos [27], both of which are
essential for osteoclastogenesis [28,29]. In addition, it was
reported that echistatin, an αvβ3 antagonist, inhibited osteo-
clast formation of mouse bone marrow cells [30].

In accordance with these reports, our data showed that knock-
down of integrin-β3 expression resulted in downregulation of
the αvβ3 heterodimer, and abrogated osteoclastogenesis
from human peripheral blood CD16- monocytes. We also
showed that blocking of adhesive ligands to bind to αvβ3 by
RGDfV peptide inhibited osteoclast formation from CD16-

monocytes. Taken together, the process of ligand binding to
αvβ3 may be involved in the osteoclastogenesis. Blockade of
αvβ3 could therefore be a therapeutically beneficial approach
to modulate osteoclastogenesis. Indeed, integrin αvβ3 antag-
onists effectively treated osteoporosis in mice, rats and
humans, and protected bone destruction in rat adjuvant-
induced arthritis in vivo [31-34]. Of note, it is reported that
patients with Iraqi-Jewish-type Glanzmann thrombasthenia
who are deficient in integrin β3 do not develop osteopetrosis
because of the upregulation of α2β1 expression on osteo-
clasts, although the bone-resorptive ability of the osteoclasts
was decreased in vitro [35]. The function of αvβ3 in vivo in
osteoclast formation and resorptive function could therefore
be partially compensated by other integrins.

Although all the multinucleated osteoclasts expressed αvβ3
(Figure 4d) [36], a small number of M-CSF + RANKL-stimu-
lated mononuclear CD16- monocytes expressed αvβ3 (Figure
4d). Multinucleated osteoclasts are formed by fusion of osteo-
clast precursor cells [37]. It was reported that αvβ3 is involved
in the migration of osteoclast precursors [30]. The αvβ3-posi-
tive cells could therefore be forced to migrate by the ligands
and may fuse with closed αvβ3-negative cells. Alternatively,
only αvβ3-positive cells may be fused with each other.

It is possible to consider that signaling from CD16 by anti-
CD16 mAb-coated magnetic beads, which were used for the
cell separation, or by IgG contained in FBS might inhibit oste-
oclastogenesis from CD16+ monocytes. We therefore sepa-
rated the two subsets using anti-CD33 mAb and a fluorescent
cell sorter, and stimulated the cells with M-CSF + RANKL. The
results showed that CD33low monocytes, which correspond to
CD16+ monocytes, still could not differentiate into osteo-
clasts. CD16 is a heterodimer consisting of FcγIIIa and Fcγ,
and has low affinity for the Fc region of IgG. Aggregation of
CD16 by immune complexes leads to transmission of activat-
ing signals via the immunoreceptor tyrosine-based activation
motif in the γ chain [38]. We also assessed
osteoclastogenesis from the two monocyte subsets using
IgG-depleted bovine serum. Even in the IgG-free medium,
CD16- monocytes but not CD16+ monocytes differentiated
into osteoclasts (data not shown). We could therefore exclude
the possibility that signal transduction through CD16 inhibits
osteoclastogenesis from CD16+ monocytes.

NFATc1 is a key transcription factor in osteoclastogenesis
[16]. In the present study, stimulation with M-CSF + RANKL
increased the NFATc1 mRNA expression in the CD16- subset
only, similar to integrin αv and integrin β3. The differences in
NFATc1 induction might therefore also explain the difference
in osteoclastogenesis between the two monocyte subsets. It
is of interest that knockdown of integrin β3 did not lower the
mRNA level of NFATc1. This result supports the notion that
NFATc1 is located upstream of integrin-β3 expression [39]. It
is also possible that parallel activation of two signaling path-
ways mediated by integrin β3 and NFATc1 contributes to
osteoclastogenesis independently or cooperatively. Further
studies are needed to determine the mechanisms of integrin
β3 involvement in RANKL/RANK-mediated osteoclast
differentiation.

It has been demonstrated that MAPK families, ERK and p38
MAPK, were activated by RANKL-induced intracellular signal-
ings in osteoclasts and osteoclast precursors [18,19]. In addi-
tion, these kinases are involved in the differentiation of
osteoclasts [20]. We showed that RANKL stimulation induced
phosphorylation of ERK and p38 MAPK only in CD16- mono-
cytes. It is suggested that differential activation of these
kinases may partially explain the distinct properties of the two
monocyte subsets upon RANKL stimulation.

Our results showed that CD16+ monocytes produce higher
levels of inflammatory cytokines including TNFα and IL-6 com-
pared with CD16- monocytes. These results are consistent
with the previous report showing that CD16+ monocytes
produced larger amounts of TNFα upon lipopolysaccharide or
lipopeptide stimulation than did CD16- monocytes [40]. Inter-
estingly, we showed that stimulation either with RANKL or M-
CSF upregulated the TNFα and IL-6 production by CD16+

monocytes. A marked increase of CD16+ monocytes in
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peripheral blood is reported in inflammatory diseases, such as
infection, malignancy, Kawasaki disease and RA [41-44].
Taken together, CD16+ monocytes may be an important
source of inflammatory cytokines.

In mice, peripheral blood Ly-6Chigh monocytes, which are
thought to correspond to human CD16- monocytes, increase
in inflammatory conditions, and these cells are recruited into
sites of inflammation [45]. In contrast, Ly-6Clow monocytes,
which are thought to correspond to human CD16+, migrate
into noninflamed tissues [12]. These data on mouse
monocytes seem to be in contrast to the data on human mono-
cytes, which show expansion of CD16+ monocytes in inflam-
matory conditions where they produce larger amounts of
inflammatory cytokines. At present, it is not clear whether
mouse monocyte subsets, Ly-6Clow/Ly-6Chigh, represent
human monocyte subsets, CD16+/CD16- monocytes, and
whether the biologic functions of mouse monocytes are anal-
ogous to those of human monocytes.

In mice, blood monocytes newly released from the bone mar-
row are exclusively Ly-6Chigh and the level of Ly-6C is down-
regulated while in circulation [45]. It is thus suggested that in
mice the two monocyte subsets differing in Ly-6C expression
represent different stages in the maturation pathway. In the
human, transition from CD16- monocytes to CD16+ mono-
cytes is observed upon culture with IL-10, M-CSF and trans-
forming growth factor beta in vitro [42,46]. Similar to mouse
monocytes, therefore, human peripheral blood CD16- mono-
cytes may also maturate into CD16+ monocytes.

It is reported that a significant number of RA synovial cells in
the intima express CD16, suggesting that CD16+ cells are
synovial macrophages [47]. We confirmed that both CD16+

and CD16- macrophages accumulate in the RA synovium by
double-color immunohistochemical staining for CD68 and
CD16. A number of chemokines are abundantly expressed in
the RA synovium [24,48]. Among these cytokines, MCP-1,
MIP-1α, SDF-1, RANTES and fractalkine can induce migration
of CD16- monocytes in vitro ([11,12] and unpublished data).
On the other hand, migration of CD16+ monocytes is induced
only by fractalkine. These chemokines therefore seem to play
an important role in recruitment of CD16+ and CD16- mono-
cytes from the circulating pool into the RA synovium.

The osteoclast inducers are also produced in the RA syn-
ovium. RANKL is expressed by synovial fibroblasts and acti-
vated T cells [49-51], while M-CSF is expressed on RA
synovial macrophages and fibroblasts [52,53].

TNFα and IL-6, which are mainly expressed on RA synovial
macrophages and fibroblasts, respectively, could also
enhance osteoclast differentiation [54]. Collectively, it is prob-
able that the recruited CD16- monocytes/macrophages
differentiate into osteoclasts in the RA synovium, and contrib-

ute to bone destruction. On the other hand, CD16+ mono-
cytes/macrophages might also be involved in RA
pathogenesis by producing inflammatory cytokines including
TNFα and IL-6. Since TNFα and IL-6 enhance osteoclast for-
mation [54,55], CD16+ monocytes/macrophages may also
contribute to osteoclastogenesis in RA synovium.

Conclusion
We have shown that human peripheral blood monocytes con-
sist of two functionally heterogeneous subsets with distinct
response to osteoclastogenic stimuli. Osteoclasts seem to
originate from CD16- monocytes, and integrin β3 is necessary
for the osteoclastogenesis. The blockade of accumulation and
activation of CD16- monocytes could therefore be a beneficial
approach as an anti-bone resorptive therapy, especially for RA.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
YK participated in the design of the study, carried out the
experiments and statistical analysis, and drafted the manu-
script. KH and KT participated in the design of the study and
its coordination. TN and NM conceived of the study, partici-
pated in its design and coordination, and helped to draft the
manuscript. All authors read and approved the final
manuscript.

Acknowledgements
The authors are grateful to Dr Hiroshi Takayanagi and Dr Masayuki Yosh-
ida for the valuable advice and participation in discussions, and to 
Fumiko Inoue for the excellent technical support. This study is supported 
by the Nakatomi Foundation, Kanzawa Medical Research Foundation, 
Kanae Foundation, the Ministry of Health, Labor and Welfare, and the 
Ministry of Education, Science, Sports and Culture, Japan.

References
1. Pettit AR, Ji H, von Stechow D, Muller R, Goldring SR, Choi Y,

Benoist C, Gravallese EM: TRANCE/RANKL knockout mice are
protected from bone erosion in a serum transfer model of
arthritis.  Am J Pathol 2001, 159:1689-1699.

2. Redlich K, Hayer S, Ricci R, David JP, Tohidast-Akrad M, Kollias G,
Steiner G, Smolen JS, Wagner EF, Schett G: Osteoclasts are
essential for TNF-α-mediated joint destruction.  J Clin Invest
2002, 110:1419-1427.

3. Walsh NC, Crotti TN, Goldring SR, Gravallese EM: Rheumatic
diseases: the effects of inflammation on bone.  Immunol Rev
2005, 208:228-251.

4. Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, Nishihara
T, Koga T, Martin TJ, Suda T: Origin of osteoclasts: mature
monocytes and macrophages are capable of differentiating
into osteoclasts under a suitable microenvironment prepared
by bone marrow-derived stromal cells.  Proc Natl Acad Sci USA
1990, 87:7260-7264.

5. Shalhoub V, Elliott G, Chiu L, Manoukian R, Kelley M, Hawkins N,
Davy E, Shimamoto G, Beck J, Kaufman SA, et al.: Characteriza-
tion of osteoclast precursors in human blood.  Br J Haematol
2000, 111:501-512.

6. Ritchlin CT, Haas-Smith SA, Li P, Hicks DG, Schwarz EM: Mech-
anisms of TNF-α- and RANKL-mediated osteoclastogenesis
and bone resorption in psoriatic arthritis.  J Clin Invest 2003,
111:821-831.
Page 12 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11696430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11696430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11696430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12438440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16313352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16313352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2169622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2169622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2169622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11122091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11122091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12639988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12639988


Available online http://arthritis-research.com/content/8/5/R152
7. Li P, Schwarz EM, O'Keefe RJ, Ma L, Looney RJ, Ritchlin CT,
Boyce BF, Xing L: Systemic tumor necrosis factor alpha medi-
ates an increase in peripheral CD11bhigh osteoclast precur-
sors in tumor necrosis factor alpha-transgenic mice.  Arthritis
Rheum 2004, 50:265-276.

8. Shigeyama Y, Pap T, Kunzler P, Simmen BR, Gay RE, Gay S:
Expression of osteoclast differentiation factor in rheumatoid
arthritis.  Arthritis Rheum 2000, 43:2523-2530.

9. Fujikawa Y, Quinn JM, Sabokbar A, McGee JO, Athanasou NA:
The human osteoclast precursor circulates in the monocyte
fraction.  Endocrinology 1996, 137:4058-4060.

10. Fujikawa Y, Sabokbar A, Neale S, Athanasou NA: Human osteo-
clast formation and bone resorption by monocytes and syno-
vial macrophages in rheumatoid arthritis.  Ann Rheum Dis
1996, 55:816-822.

11. Ancuta P, Rao R, Moses A, Mehle A, Shaw SK, Luscinskas FW,
Gabuzda D: Fractalkine preferentially mediates arrest and
migration of CD16+ monocytes.  J Exp Med 2003,
197:1701-1707.

12. Geissmann F, Jung S, Littman DR: Blood monocytes consist of
two principal subsets with distinct migratory properties.
Immunity 2003, 19:71-82.

13. Krutzik SR, Tan B, Li H, Ochoa MT, Liu PT, Sharfstein SE, Graeber
TG, Sieling PA, Liu YJ, Rea TH, et al.: TLR activation triggers the
rapid differentiation of monocytes into macrophages and den-
dritic cells.  Nat Med 2005, 11:653-660.

14. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper
NS, Healey LA, Kaplan SR, Liang MH, Luthra HS, et al.: The Amer-
ican Rheumatism Association 1987 revised criteria for the
classification of rheumatoid arthritis.  Arthritis Rheum 1988,
31:315-324.

15. Ziegler-Heitbrock HW: Heterogeneity of human blood mono-
cytes: the CD14+CD16+ subpopulation.  Immunol Today 1996,
17:424-428.

16. Takayanagi H: Mechanistic insight into osteoclast differentia-
tion in osteoimmunology.  J Mol Med 2005, 83:170-179.

17. Hynes RO: Integrins: bidirectional, allosteric signaling
machines.  Cell 2002, 110:673-687.

18. Matsumoto M, Sudo T, Saito T, Osada H, Tsujimoto M: Involve-
ment of p38 mitogen-activated protein kinase signaling path-
way in osteoclastogenesis mediated by receptor activator of
NF-κB ligand (RANKL).  J Biol Chem 2000, 275:31155-31161.

19. Wong BR, Besser D, Kim N, Arron JR, Vologodskaia M, Hanafusa
H, Choi Y: TRANCE, a TNF family member, activates Akt/PKB
through a signaling complex involving TRAF6 and c-Src.  Mol
Cell 1999, 4:1041-1049.

20. Li X, Udagawa N, Itoh K, Suda K, Murase Y, Nishihara T, Suda T,
Takahashi N: p38 MAPK-mediated signals are required for
inducing osteoclast differentiation but not for osteoclast
function.  Endocrinology 2002, 143:3105-3113.

21. Helfrich MH, Nesbitt SA, Dorey EL, Horton MA: Rat osteoclasts
adhere to a wide range of RGD (Arg-Gly-Asp) peptide-contain-
ing proteins, including the bone sialoproteins and fibronectin,
via a β3 integrin.  J Bone Miner Res 1992, 7:335-343.

22. Shono T, Mochizuki Y, Kanetake H, Kanda S: Inhibition of FGF-2-
mediated chemotaxis of murine brain capillary endothelial
cells by cyclic RGDfV peptide through blocking the redistribu-
tion of c-Src into focal adhesions.  Exp Cell Res 2001,
268:169-178.

23. Takayanagi H, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H,
Saiura A, Isobe M, Yokochi T, Inoue J, et al.: Induction and activa-
tion of the transcription factor NFATc1 (NFAT2) integrate
RANKL signaling in terminal differentiation of osteoclasts.  Dev
Cell 2002, 3:889-901.

24. Hayashida K, Nanki T, Girschick H, Yavuz S, Ochi T, Lipsky PE:
Synovial stromal cells from rheumatoid arthritis patients
attract monocytes by producing MCP-1 and IL-8.  Arthritis Res
2001, 3:118-126.

25. Teitelbaum SL: Osteoclasts, integrins, and osteoporosis.  J
Bone Miner Metab 2000, 18:344-349.

26. McHugh KP, Hodivala-Dilke K, Zheng MH, Namba N, Lam J,
Novack D, Feng X, Ross FP, Hynes RO, Teitelbaum SL: Mice lack-
ing β3 integrins are osteosclerotic because of dysfunctional
osteoclasts.  J Clin Invest 2000, 105:433-440.

27. Faccio R, Takeshita S, Zallone A, Ross FP, Teitelbaum SL: c-Fms
and the αvβ3 integrin collaborate during osteoclast
differentiation.  J Clin Invest 2003, 111:749-758.

28. Miyazaki T, Katagiri H, Kanegae Y, Takayanagi H, Sawada Y,
Yamamoto A, Pando MP, Asano T, Verma IM, Oda H, et al.: Recip-
rocal role of ERK and NF-κB pathways in survival and activa-
tion of osteoclasts.  J Cell Biol 2000, 148:333-342.

29. Grigoriadis AE, Wang ZQ, Cecchini MG, Hofstetter W, Felix R,
Fleisch HA, Wagner EF: c-Fos: a key regulator of osteoclast-
macrophage lineage determination and bone remodeling.  Sci-
ence 1994, 266:443-448.

30. Nakamura I, Tanaka H, Rodan GA, Duong LT: Echistatin inhibits
the migration of murine prefusion osteoclasts and the forma-
tion of multinucleated osteoclast-like cells.  Endocrinology
1998, 139:5182-5193.

31. Murphy MG, Cerchio K, Stoch SA, Gottesdiener K, Wu M, Recker
R: Effect of L-000845704 an αvβ3 integrin antagonist, on mark-
ers of bone turnover and bone mineral density in postmeno-
pausal osteoporotic women.  J Clin Endocrinol Metab 2005,
90:2022-2028.

32. Engleman VW, Nickols GA, Ross FP, Horton MA, Griggs DW, Set-
tle SL, Ruminski PG, Teitelbaum SL: A peptidomimetic antago-
nist of the αvβ3 integrin inhibits bone resorption in vitro and
prevents osteoporosis in vivo.  J Clin Invest 1997,
99:2284-2292.

33. Fisher JE, Caulfield MP, Sato M, Quartuccio HA, Gould RJ, Garsky
VM, Rodan GA, Rosenblatt M: Inhibition of osteoclastic bone
resorption in vivo by echistatin, an "arginyl-glycyl-aspartyl"
(RGD)-containing protein.  Endocrinology 1993,
132:1411-1413.

34. Badger AM, Blake S, Kapadia R, Sarkar S, Levin J, Swift BA, Hoff-
man SJ, Stroup GB, Miller WH, Gowen M, Lark MW: Disease-
modifying activity of SB 273005 an orally active, nonpeptide
alphavbeta3 (vitronectin receptor) antagonist, in rat adjuvant-
induced arthritis.  Arthritis Rheum 2001, 44:128-137.

35. Horton MA, Massey HM, Rosenberg N, Nicholls B, Seligsohn U,
Flanagan AM: Upregulation of osteoclast α2β1 integrin com-
pensates for lack of αvβ3 vitronectin receptor in Iraqi-Jewish-
type Glanzmann thrombasthenia.  Br J Haematol 2003,
122:950-957.

36. Nesbitt S, Nesbit A, Helfrich M, Horton M: Biochemical charac-
terization of human osteoclast integrins. Osteoclasts express
αvβ3, α2β1, and αvβ1 integrins.  J Biol Chem 1993,
268:16737-16745.

37. Roodman GD: Advances in bone biology: the osteoclast.
Endocr Rev 1996, 17:308-332.

38. Nimmerjahn F, Ravetch JV: Fcγ receptors: old friends and new
family members.  Immunity 2006, 24:19-28.

39. Crotti TN, Flannery M, Walsh NC, Fleming JD, Goldring SR,
McHugh KP: NFATc1 directly induces the human b3 integrin
gene in osteoclast differentiation.  J Musculoskelet Neuronal
Interact 2005, 5:335-337.

40. Belge KU, Dayyani F, Horelt A, Siedlar M, Frankenberger M, Frank-
enberger B, Espevik T, Ziegler-Heitbrock L: The proinflammatory
CD14+CD16+DR++ monocytes are a major source of TNF.  J
Immunol 2002, 168:3536-3542.

41. Katayama K, Matsubara T, Fujiwara M, Koga M, Furukawa S:
CD14+CD16+ monocyte subpopulation in Kawasaki disease.
Clin Exp Immunol 2000, 121:566-570.

42. Kawanaka N, Yamamura M, Aita T, Morita Y, Okamoto A,
Kawashima M, Iwahashi M, Ueno A, Ohmoto Y, Makino H: CD14+,
CD16+ blood monocytes and joint inflammation in rheumatoid
arthritis.  Arthritis Rheum 2002, 46:2578-2586.

43. Fingerle G, Pforte A, Passlick B, Blumenstein M, Strobel M, Zie-
gler-Heitbrock HW: The novel subset of CD14+/CD16+ blood
monocytes is expanded in sepsis patients.  Blood 1993,
82:3170-3176.

44. Saleh MN, Goldman SJ, LoBuglio AF, Beall AC, Sabio H, McCord
MC, Minasian L, Alpaugh RK, Weiner LM, Munn DH: CD16+

monocytes in patients with cancer: spontaneous elevation and
pharmacologic induction by recombinant human macrophage
colony-stimulating factor.  Blood 1995, 85:2910-2917.

45. Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M,
Drevets DA, Leenen PJ: Subpopulations of mouse blood mono-
cytes differ in maturation stage and inflammatory response.  J
Immunol 2004, 172:4410-4417.

46. Kruger M, Van de Winkel JG, De Wit TP, Coorevits L, Ceuppens
JL: Granulocyte-macrophage colony-stimulating factor down-
regulates CD14 expression on monocytes.  Immunology 1996,
89:89-95.
Page 13 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14730625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14730625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14730625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11083276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11083276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11083276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8756585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8756585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8756585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8976638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8976638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8976638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12810688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15880118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15880118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15880118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3358796
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3358796
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3358796
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8854561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15776286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15776286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12297042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12297042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10859303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10635328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10635328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1585836
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11478843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11478843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11478843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12479813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12479813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12479813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11178119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11178119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11178119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11052468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10683372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10683372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12618529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12618529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10648566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10648566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7939685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7939685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9832459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9832459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9832459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8440195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8440195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11212150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11212150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11212150
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12956766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12956766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8344953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8854048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16413920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16413920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16340127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16340127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11907116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10971526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12384915
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12384915
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7693040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7693040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7742551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7742551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7742551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15034056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15034056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8911145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8911145


Arthritis Research & Therapy    Vol 8 No 5    Komano et al.
47. Blom AB, Radstake TR, Holthuysen AE, Sloetjes AW, Pesman GJ,
Sweep FG, van de Loo FA, Joosten LA, Barrera P, van Lent PL, van
den Berg WB: Increased expression of Fcγ receptors II and III
on macrophages of rheumatoid arthritis patients results in
higher production of tumor necrosis factor a and matrix
metalloproteinase.  Arthritis Rheum 2003, 48:1002-1014.

48. Nanki T, Urasaki Y, Imai T, Nishimura M, Muramoto K, Kubota T,
Miyasaka N: Inhibition of fractalkine ameliorates murine colla-
gen-induced arthritis.  J Immunol 2004, 173:7010-7016.

49. Kotake S, Udagawa N, Hakoda M, Mogi M, Yano K, Tsuda E, Taka-
hashi K, Furuya T, Ishiyama S, Kim KJ, et al.: Activated human T
cells directly induce osteoclastogenesis from human mono-
cytes: possible role of T cells in bone destruction in rheuma-
toid arthritis patients.  Arthritis Rheum 2001, 44:1003-1012.

50. Gravallese EM, Manning C, Tsay A, Naito A, Pan C, Amento E,
Goldring SR: Synovial tissue in rheumatoid arthritis is a source
of osteoclast differentiation factor.  Arthritis Rheum 2000,
43:250-258.

51. Takayanagi H, Iizuka H, Juji T, Nakagawa T, Yamamoto A, Miyazaki
T, Koshihara Y, Oda H, Nakamura K, Tanaka S: Involvement of
receptor activator of nuclear factor κB ligand/osteoclast dif-
ferentiation factor in osteoclastogenesis from synoviocytes in
rheumatoid arthritis.  Arthritis Rheum 2000, 43:259-269.

52. Seitz M, Loetscher P, Fey MF, Tobler A: Constitutive mRNA and
protein production of macrophage colony-stimulating factor
but not of other cytokines by synovial fibroblasts from rheu-
matoid arthritis and osteoarthritis patients.  Br J Rheumatol
1994, 33:613-619.

53. Chu CQ, Field M, Feldmann M, Maini RN: Localization of tumor
necrosis factor a in synovial tissues and at the cartilage-pan-
nus junction in patients with rheumatoid arthritis.  Arthritis
Rheum 1991, 34:1125-1132.

54. Kotake S, Sato K, Kim KJ, Takahashi N, Udagawa N, Nakamura I,
Yamaguchi A, Kishimoto T, Suda T, Kashiwazaki S: Interleukin-6
and soluble interleukin-6 receptors in the synovial fluids from
rheumatoid arthritis patients are responsible for osteoclast-
like cell formation.  J Bone Miner Res 1996, 11:88-95.

55. Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M, Kotake
S, Nakagawa N, Kinosaki M, Yamaguchi K, Shima N, et al.: Tumor
necrosis factor a stimulates osteoclast differentiation by a
mechanism independent of the ODF/RANKL-RANK
interaction.  J Exp Med 2000, 191:275-286.
Page 14 of 14
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12687542
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12687542
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12687542
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15557198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15557198
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11352231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11352231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11352231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10693863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10693863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10693864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10693864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10693864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8019788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8019788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8019788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1930331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1930331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1930331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8770701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8770701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8770701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10637272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10637272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10637272

	Abstract
	Introduction
	Materials and methods
	Purification of peripheral blood monocytes
	Osteoclast differentiation
	Resorption assay
	Enzyme-linked immunosorbent assay
	Reverse transcriptase-polymerase chain reaction
	Western immunoblot analysis
	Cell surface expression of c-fms
	Immunofluorescent staining
	Flow cytometric analysis of p38 MAPK and ERK1/2 phosphorylation
	RNA interference
	Inhibition of osteoclastogenesis with cyclic RGDfV peptide
	Immunohistochemistry
	Statistical analysis

	Results
	Induction of osteoclasts from CD16- peripheral blood monocytes
	CD16+ monocytes do not affect the osteoclastogenesis from CD16- monocytes
	Differences in cytokine production by RANKL-stimulated or M-CSF-stimulated CD16+ and CD16- monocytes
	Comparison of expression levels of molecules involved in osteoclastogenesis between CD16+ and CD16- monocytes
	RANKL stimulation induces avb3 expression on CD16- monocytes
	RANKL activates ERK and p38 kinases only in CD16- monocytes
	siRNA targeting integrin b3 inhibits osteoclastogenesis from CD16- monocytes
	Cyclic RGDfV peptide inhibits the osteoclastogenesis from CD16- monocytes
	Knockdown of integrin b3 did not affect the expression of NFATc1 mRNA
	Detection of CD16+ and CD16- macrophages in synovium of RA patients

	Discussion
	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References

