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The Journal of Immunology

Direct Inhibition of Human RANK+ Osteoclast Precursors
Identifies a Homeostatic Function of IL-1b

Bitnara Lee,*,1 Tae-Hwan Kim,*,1 Jae-Bum Jun,* Dae-Hyun Yoo,* Jin-Hyun Woo,†

Sung Jae Choi,† Young Ho Lee,† Gwan Gyu Song,† Jeongwon Sohn,‡ Kyung-Hyun Park-Min,x

Lionel B. Ivashkiv,x and Jong Dae Ji†

IL-1b is a key mediator of bone resorption in inflammatory settings, such as rheumatoid arthritis (RA). IL-1b promotes

osteoclastogenesis by inducing RANKL expression on stromal cells and synergizing with RANKL to promote later stages of

osteoclast differentiation. Because IL-1Rs share a cytosolic Toll–IL-1R domain and common intracellular signaling molecules with

TLRs that can directly inhibit early steps of human osteoclast differentiation, we tested whether IL-1b also has suppressive

properties on osteoclastogenesis in primary human peripheral blood monocytes and RA synovial macrophages. Early addition of

IL-1b, prior to or together with RANKL, strongly inhibited human osteoclastogenesis as assessed by generation of TRAP+

multinucleated cells. IL-1b acted directly on human osteoclast precursors (OCPs) to strongly suppress expression of RANK, of

the costimulatory triggering receptor expressed on myeloid cells 2 receptor, and of the B cell linker adaptor important for

transmitting RANK-induced signals. Thus, IL-1b rendered early-stage human OCPs refractory to RANK stimulation. Similar

inhibitory effects of IL-1b were observed using RA synovial macrophages. One mechanism of RANK inhibition was IL-1b–

induced proteolytic shedding of the M-CSF receptor c-Fms that is required for RANK expression. These results identify a ho-

meostatic function of IL-1b in suppressing early OCPs that contrasts with its well-established role in promoting later stages of

osteoclast differentiation. Thus, the rate of IL-1–driven bone destruction in inflammatory diseases, such as RA, can be restrained

by its direct inhibitory effects on early OCPs to limit the extent of inflammatory osteolysis. The Journal of Immunology, 2010,

185: 5926–5934.

B
one resorption and osteolysis are a prominent feature and
a cause of substantial morbidity in several inflammatory
diseases, including rheumatoid arthritis (RA), perio-

dontitis, and peri-prosthetic loosening (1–3). Osteoclasts are the
primary bone-resorbing cells and are essential for bone destruction
in these inflammatory diseases. Osteoclasts are multinucleated
giant cells that are differentiated from hematopoietic cells of
myeloid lineage. RANKL and M-CSF are essential molecules for
differentiation of osteoclasts from their precursors, and these
osteoclastogenic molecules are abundantly expressed in inflam-
matory conditions, such as RA and periodontitis (4, 5). M-CSF
binds to the surface receptor c-Fms (also termed colony-stimulating
factor 1 receptor), which is responsible for early differentiation

of osteoclasts and acts as a potent stimulator of RANK expression
(6). RANKL binds to RANK on the cell surface of osteoclast
precursors (OCPs) and induces the full differentiation of osteo-
clasts and their bone resorbing activity. Osteoprotegerin is another
receptor for RANKL and a potent inhibitor of osteoclastogenesis
that acts as a decoy receptor for RANKL. Other inflammatory
molecules also positively or negatively contribute to bone de-
struction by regulating the differentiation of osteoclasts. There-
fore, the extent of bone destruction is determined by the balance
between stimulatory and inhibitory factors of osteoclastogenesis
in inflammatory conditions.
In RA, several inflammatory molecules, such as TNF-a, IL-1b,

IL-6, IL-17, and PGs play a vital role in osteoclastogenesis and
bone resorption. These molecules promote osteoclastogenesis in-
directly by increasing expression of RANKL and M-CSF by stro-
mal cells and T cells, and also by acting directly on OCPs to
synergize with RANKL in driving osteoclastogenesis (1, 2).
Among these molecules, TNF-a is the most important osteoclas-
togenic molecule in pathologic conditions, such as RA. TNF-a
increases osteoclastogenesis through several different mechanisms
(7). TNF-a increases the pool size of marrow OCPs, enhances the
RANKL-induced osteoclastogenic actions, and increases expres-
sion of RANKL in synovial cells, T cells, and osteoblast/stromal
cells.
IL-1 is a multifunctional cytokine that has predominately pro-

inflammatory properties but can also engage feedback inhibitory
mechanisms (e.g., induction of glucocorticoid production) that
restrain and balance its proinflammatory function (8). This cyto-
kine was initially described as an osteoclast-activating factor due
to its potent bone-resorbing activity (9). Like TNF-a, IL-1b also
plays an essential role in the pathogenesis of bone destruction in
RA. Although IL-1 alone does not induce osteoclastogenesis, it
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augments RANKL-induced osteoclast differentiation and pro-
motes osteoclast activation and survival (10). IL-1 also mediates
TNF-induced bone resorption (11). The IL-1 gene family has
several members, such as IL-1a, IL-1b, and the IL-1R antagonist
(IL-1Ra) (8). IL-1a and IL-1b are agonists, and IL-1Ra is a spe-
cific receptor antagonist. There are two members of the IL-1R
gene family. The type I receptor IL-1RI transduces signals,
whereas IL-1RII does not transduce signals and instead works as
a decoy receptor. IL-1 exerts its biological effects by forming a
complex with the IL-1RI and IL-1R accessory protein. IL-1 uses
the adaptor molecule MyD88 to activate signaling pathways
leading to the activation of NF-kB and MAPKs and downstream
transcription factors that drive inflammatory gene expression (12).
While inflammatory molecules, such as TLR ligands, drive bone

destruction, these molecules also engage potent homeostatic mecha-
nisms to limit damage associated with inflammation, and these mech-
anisms may limit the extent of bone resorption. Direct stimulation of
variousTLRsonOCPs inhibitsRANKL-inducedosteoclastogenesis
in mouse cells (13–16), and we also found that TLR ligands inhibit
human osteoclast differentiation by acting directly on OCPs (17).
Generally, TLR ligands and other inflammatory molecules inhibit
osteoclast differentiation at early stages of osteoclastogenesis, such
as generation of OCPs, and lose their inhibitory properties at later
stages, at which point they augment RANKL-induced osteoclast
differentiation. In chronic inflammatory conditions, TLR ligands
and other inflammatory molecules predominately work as pro-
osteoclastogenic molecules, despite their direct inhibitory effect
on the osteoclastogenesis.
TLRs and IL-1R share a cytosolic domain, termedToll–IL-1R, and

common intracellular signaling molecules, such as MyD88, IL-1R–
associated kinase, and TNFR-associated factor 6 (12), and the known
stimulatory effects of IL-1b on the osteoclast differentiation are
similar to the effects of TLR ligands. These findings suggest the

possibility that IL-1b also may regulate osteoclast differentiation by
acting directly on OCPs, similarly to TLR ligands. Because little is
known about the direct effect on human osteoclastogenesis by IL-1b,
we examined the effects of IL-1b on osteoclastogenesis in primary
human peripheral blood monocytes and RA synovial macrophages.
We found that IL-1b induces shedding and thereby inactivation of
c-Fms that drives RANK expression and makes early human OCPs
refractory to RANK stimulation by downregulating expression of
RANK, its costimulatory receptor, triggering receptor expressed on
myeloid cells 2 (TREM-2), and downstream signaling molecules,
such as B cell linker (BLNK). These findings identify a homeostatic
function for a predominately inflammatory cytokine and suggest
a new mechanism that can restrain osteoclastogenesis in inflam-
matory settings.

Materials and Methods
Materials

Recombinant human IL-1b was from R&D Systems (Minneapolis, MN),
and human M-CSF and soluble RANKL were from PeproTech (Rocky
Hill, NJ). SB203580, U0126, PD98059, GF 109203X, and TAPI-1 were
purchased from Calbiochem (San Diego, CA). SB202190 was purchased
from Sigma–Aldrich (St. Louis, MO). p38 Ab (catalog no. sc-535) was
from Santa Cruz Biotechnology (Santa Cruz, CA), and STAT3 Ab (clone
84/Stat3) was from BD Transduction Laboratories (Franklin Lakes, NJ).
M-CSFR Ab (catalog no. 3152) was from Cell Signaling Technology
(Beverly, MA), and RANK Ab (clone 9A725) was from Alexis Bio-
chemicals (San Diego, CA).

Cell isolation and culture

PBMCs were obtained from normal blood donors or blood leukocyte
preparations purchased from the New York Blood Center (New York, NY)
by density gradient centrifugation with Ficoll (Invitrogen, Carlsbad, CA),
using a protocol approved by the Hospital for Rheumatic Disease (Han-
yang University, Seoul, Korea) and by the Hospital for Special Surgery
(New York, NY) institutional review boards. Monocytes were obtained

FIGURE 1. IL-1b inhibits human osteoclastogenesis. Human monocytes were cultured with M-CSF (20 ng/ml) for 2 d, and then RANKL (40 ng/ml) was

added for an additional 6 d. IL-1b (10 ng/ml) was added with RANKL or 3 d after RANKL treatment. Cells were stained for TRAP expression (original

magnification 3100). TRAP-positive multinucleated (more than three nuclei/cell) cells were counted as osteoclasts. Data are shown as means 6 SD of

triplicate determinants and are representative of more than three experiments. pp , 0.05 versus control.
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from PBMCs, using anti-CD14 magnetic beads, as recommended by the
manufacturer (Miltenyi Biotec, Auburn, CA). Monocytes were cultured for
1 d in a-MEM medium (Invitrogen) supplemented with 10% FBS
(Hyclone, Logan, UT) with either M-CSF (20 ng/ml) in the presence or
absence of IL-1b. Monocyte-derived preosteoclasts obtained after 2 d of
culture with M-CSF were used unless otherwise noted in the figure leg-
ends, and the purity of monocytes/macrophages was .95%, as verified by
flow cytometric analysis. RA synovial macrophages were obtained from
RA synovial fluid mononuclear cells using anti-CD14 magnetic beads, as
recommended by the manufacturer (Miltenyi Biotec). Thirteen patients
were included in this study, and all patients fulfilled the revised American
College of Rheumatology classification criteria for the diagnosis of RA.
Except for one patient, the remaining 12 RA patients were treated with
low-dose corticosteroids. Five patients were treated with methotrexate
alone, two patients with methotrexate and sulfasalazine, two patients with
methotrexate and leflunomide, one patient with methotrexate and tacroli-
mus, one patient with sulfasalazine, one patient with hydroxychloroquine,
and one patient without antirheumatic drugs due to pregnancy. Twelve
patients had active disease (erythrocyte sedimentation rate, 46–128 mm/h),
and one patient had inactive disease (erythrocyte sedimentation rate, 9
mm/h). This study protocol was approved by the institutional review board
of the Hospital for Rheumatic Disease, Hanyang University.

Osteoclast differentiation

Human CD14+ cells were incubated with 20 ng/ml M-CSF for 2 d to
generate OCPs. OCPs were further incubated with 20 ng/ml M-CSF and
40 ng/ml human soluble RANKL for an additional 6 d in a-MEM

supplemented with 10% FBS. Cytokines were replenished every 3 d. On
day 8, cells were fixed and stained for tartrate-resistant acid phosphatase
(TRAP) using the Acid Phosphatase Leukocyte diagnostic kit (Sigma, San
Diego, CA) as recommended by the manufacturer. Multinucleated (more
than three nuclei) TRAP-positive osteoclasts were counted in triplicate
wells.

Gene expression analysis

For real-time PCR, DNA-free RNAwas obtained using the RNeasyMini Kit
(Qiagen, Hilden, Germany) or TRIzol reagent (Invitrogen Life Technolo-
gies, Carlsbad, CA) according to the manufacturer’s instructions, and 1 mg
total RNAwas reverse transcribed using a First Strand cDNA Synthesis kit
(Fermentas, Hanover, MD). Real-time PCR was performed in triplicate
using the iCycler iQ thermal cycler and detection system (Bio-Rad Lab-
oratories, Hercules, CA) following the manufacturer’s protocols. Expres-
sion of the tested gene was normalized relative to levels of GAPDH.
Primary transcripts were measured using primers that amplified either
exon–intron junctions or intronic sequences.

Immunoblotting

Whole-cell extracts were prepared by lysis in a buffer containing 20 mM
HEPES (pH 7.0), 300 mM NaCl, 10 mM KCl, 1 mM MgCl2, 0.1% Triton
X-100, 0.5 mM DTT, 20% glycerol, and 13 proteinase inhibitor mixture
(Roche, Basel, Switzerland). The protein concentration of extracts was
quantified using a Bradford assay (Bio-Rad, Hercules, CA). For immu-
noblotting, 10 mg cell lysates was fractionated on 7.5% polyacrylamide

FIGURE 2. IL-1b suppresses RANK and TREM-2 expression in human OCPs. A, Human monocytes were cultured with 20 ng/ml M-CSF in the

presence or absence of IL-1b (10 ng/ml) or Pam3Cys (10 ng/ml) overnight, and mRNA was isolated and analyzed using real-time PCR. B, Human

monocytes were cultured with 20 ng/ml M-CSF for 2 d, and then IL-1b (10 ng/ml) was added overnight with RANKL. RANK and TREM-2 mRNA

expression (n = 5 samples) was measured using real-time PCR, with results normalized to percentage of GAPDH. pp , 0.05 versus control. C, Whole-cell

lysates from OCPs were subjected to SDS-PAGE and immunoblotted with RANK and STAT3 Abs. D, Human monocytes were cultured with 20 ng/ml M-

CSF overnight, and then IL-1b was added for the indicated times. mRNA levels were measured using real-time PCR and were normalized relative to the

expression of GAPDH. E, Primary transcript levels of indicated genes were measured using real-time PCR and were normalized relative to the expression of

GAPDH. Data are shown as means 6 SD of triplicate determinants and are representative of more than three experiments.
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gels using SDS-PAGE, transferred to polyvinylidene fluoride membranes
(Millipore, Billerica, MA), incubated with specific Abs, and ECL was used
for detection.

Flow cytometry

Staining for cell surface expression ofM-CSF receptor was performed using
monoclonal anti-human M-CSF receptor (clone 61708; R&D Systems). A
FACScan flow cytometer with CELLQuest software (Becton Dickinson,
Franklin Lakes, NJ) was used.

Statistical analysis

Results are expressed as means 6 SD. A Student t test was applied to
evaluate group differences; a p value of ,0.05 was considered significant.

Results
IL-1b inhibits RANKL-induced human osteoclastogenesis

We examined the effects of IL-1b on human osteoclastogenesis using
a standard, validated system of human osteoclast differentiation (18).
Treatment with M-CSF for 2 d induces the differentiation of pri-
mary human monocytes into RANKL-responsive OCPs via inducing
RANK expression. OCPs are subsequently differentiated into mature
osteoclasts in the presence of RANKL. Control cells cultured with
M-CSF and RANKL efficiently differentiated into multinucleated
(more than three nuclei/cell) TRAP-positive giant cells (Fig. 1A).

When added together with RANKL, treatment with IL-1b strongly
inhibited RANKL-induced osteoclastogenesis (Fig. 1A). Osteoclas-
togenesis was inhibited by IL-1b in a dose-dependent fashion (Fig.
1B). IL-1b significantly inhibited osteoclastogenesis when added
prior to addition of RANKL, although IL-1b–induced inhibition of
osteoclastogenesis was less effective than when added together with
RANKL (Supplemental Fig. 1). Also, when IL-1b was added several
days after stimulation with RANKL, the IL-1b–induced inhibition
of human osteoclastogenesis was significantly diminished (Fig. 1C).
These results show a direct, but time-dependent, inhibitory effect of
IL-1b on human osteoclast differentiation.

IL-1b suppresses RANK, TREM-2, and BLNK expression in
human OCPs

To begin to investigate mechanisms by which IL-1b inhibits
osteoclastogenesis, we examined the effects of IL-1b on RANK,
TREM-2, and BLNK expression. Previously, we found that TLR
ligands inhibit human osteoclast differentiation by suppressing
RANK and TREM-2 expression (17). We compared the effects of
IL-1b on RANK, TREM-2, and BLNK expression with the ef-
fects of Pam3CysSer(Lys)4 (Pam3Cys; TLR2 ligand). TREM-2 is
a DAP12-associated receptor that provides an essential ITAM-
mediated costimulatory signal for RANKL-induced osteoclasto-

FIGURE 3. IL-1Ra reverses IL-1b–induced inhibition of human osteoclastogenesis and RANK gene expression. A, Human monocytes were cultured

with M-CSF (20 ng/ml) for 2 d, and then RANKL (40 ng/ml) was added for an additional 6 d. IL-1b (10 ng/ml) and/or IL-1Ra (200 ng/ml) were added with

RANKL. Cells were stained for TRAP expression (original magnification 3100). TRAP-positive multinucleated (more than three nuclei/cell) cells were

counted as osteoclasts. Data are shown as means 6 SD of triplicate determinants and are representative of more than three experiments. pp , 0.05 versus

control. B, Human monocytes were cultured with 20 ng/ml M-CSF in the presence or absence of IL-1b (10 ng/ml) and/or IL-1Ra (200 ng/ml) overnight,

and mRNA was isolated and analyzed using real-time PCR and was normalized relative to the expression of GAPDH. Data are shown as means 6 SD of

triplicate determinants and are representative of more than three experiments.
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genesis in human cells (19–21). BLNK is an adaptor important for
transducing RANK signals (22). Treatment of human OCPs with
IL-1b resulted in a significant decrease of RANK, TREM-2, and
BLNK mRNA, similar to treatment with Pam3Cys (Fig. 2A).
Thus, pre-exposure to IL-1b very effectively suppresses expres-
sion of key molecules important for osteoclastogenesis, consistent
with significant suppression of osteoclast differentiation when
precursor cells were preincubated with IL-1b prior to addition
of RANKL (Supplemental Fig. 1). Because IL-1b suppressed
osteoclastogenesis when added together with RANKL (Fig. 1), we
also tested the effects of simultaneous IL-1b and RANKL addi-
tion on RANK and TREM-2 expression. IL-1b significantly
inhibited TREM-2 expression when added together with RANKL
(Fig. 2B); inhibition of RANK was observed (Fig. 2B) but was
less effective than in the absence of RANKL (Fig. 2A). These
results suggest that downregulation of RANK contributes to the
suppression of osteoclastogenesis when IL-1b and RANKL are
added together, but that additional inhibitory mechanisms are
engaged. Parallel to downregulation of RANK mRNA expression,
expression of RANK protein was also suppressed (Fig. 2C). Also,
RANK and TREM-2 mRNA decreased in a time-dependent man-

ner after IL-1b treatment (Fig. 2D). Inhibition of RANK, TREM-2,
and BLNK expression was maintained for at least 2 d of IL-1b
treatment (data not shown). These results suggest that IL-1b
induces the unresponsiveness of OCPs to stimulation by RANKL
via suppression of RANK, TREM-2, and BLNK expression in
human OCPs.
We used primary transcript analysis (23) to determine the effects

of IL-1b on transcription of the RANK and TREM-2 genes. The
addition of IL-1b had a striking inhibitory effect on RANK and
TREM-2 transcription (Fig. 2E).
Take et al. (24) found that PGE2 inhibits osteoclast differ-

entiation in human peripheral blood CD14+ cells. IL-1b in-
creases PGE2 production via the induction and activation of
cyclooxygenase-2 (COX-2). We wished to test whether the in-
hibitory effect of IL-1b on human osteoclastogenesis is mediated
via the production of PGE2 using NS398, a COX-2 inhibitor.
However, addition of NS398 inhibited RANK expression and
human osteoclastogenesis even in the absence of IL-1b (Supple-
mental Fig. 2), and thus the potential reversal of IL-1b–mediated
inhibition of RANK expression and osteoclastogenesis by in-
hibition of PG production could not be addressed.

FIGURE 4. IL-1b inhibits M-CSF–induced RANK expression by downregulating cell surface c-Fms. A, Human monocytes were cultured overnight in

the absence of M-CSF and then were stimulated with M-CSF 6 IL-1b (10 ng/ml) for 3 h. RANK and TREM-2 mRNA expression (n = 4 samples) was

measured using real-time PCR, with results normalized to percentage of GAPDH. pp, 0.05 versus control. B, Human monocytes were stimulated with IL-

1b for 1 h or overnight, and cell surface c-Fms levels were assessed by flow cytometry. C, Human monocytes were stimulated with IL-1b for the indicated

time, and whole-cell lysates were analyzed by immunoblotting. The upper arrow marks mature cell surface c-Fms; the lower arrow marks the immature

intracellular form. Data are representative of more than three experiments. D, Human monocytes were stimulated with IL-1b for the indicated time. mRNA

levels were measured using real-time PCR and were normalized relative to the expression of GAPDH. E, Human monocytes were cultured with or without

IL-1b or IL-1Ra overnight. mRNA levels were measured using real-time PCR and were normalized relative to the expression of GAPDH. Data are shown

as means 6 SD of triplicate determinants and are representative of more than three experiments.

5930 INHIBITION OF HUMAN OSTEOCLASTOGENESIS BY IL-1b

 at H
anyang U

niversity on N
ovem

ber 7, 2022
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


We used IL-1Ra to block specifically IL-1 signaling and to
confirm that the inhibitory effects observed were mediated by IL-
1b. IL-1Ra significantly reversed the inhibition of human osteo-
clastogenesis by IL-1b (Fig. 3A). Also, the inhibition of RANK
gene expression was completely reversed by IL-1Ra (Fig. 3B).
These results demonstrated that human osteoclastogenesis is spe-
cifically suppressed by IL-1b.

IL-1b downregulates c-Fms and inhibits M-CSF–induced
RANK expression

RANK expression is dependent on M-CSF, which binds to and
signals via c-Fms (6). We tested whether IL-1b inhibits RANK
expression by inhibiting the c-Fms–mediated induction. Isolated
monocytes were cultured overnight in the absence of M-CSF to
maintain low basal RANK expression, and then these cells were
treated with M-CSF to induce the expression of RANK mRNA.
M-CSF treatment rapidly induced expression of RANK mRNA,
and this induction was significantly blocked by IL-1b treatment
(Fig. 4A). In contrast with RANK expression, TREM-2 expression
was not dependent on M-CSF (Fig. 4A).
To investigate the mechanism underlying inhibition of M-CSF–

induced RANK expression, we examined the effect of IL-1b on
surface expression of c-Fms. Cell surface expression of c-Fms was
nearly completely downregulated by a 1-h treatment with IL-1b
(Fig. 4B, upper panel) and remained partially suppressed after
overnight incubation with IL-1b (Fig. 4B, lower panel). M-CSF
receptor expression was examined using immunoblotting. Con-
sistent with the results of flow cytometry, the mature form of the
M-CSF receptor that is expressed on the cell surface (Fig. 4C,
upper band) was rapidly downregulated by IL-1b, and this
downregulation was partially maintained after overnight incu-
bation with IL-1b. In contrast, the immature intracellular form of
c-Fms (Fig. 4C, lower band) was minimally affected by IL-1
treatment. We then tested whether rapid downregulation of surface
c-Fms expression is caused by inhibiting expression of c-Fms
mRNA. In contrast with strong and rapid downregulation of pro-
tein expression, expression of c-Fms mRNA was minimally af-
fected after 1-h treatment with IL-1b (Fig. 4D) but evidenced
a slow, time-dependent decrease after addition of IL-1b (Fig. 4D).

These results suggest that inhibition of c-Fms gene expression is
not the major mechanism of the early phase of downregulation of
c-Fms expression observed after 1 h of IL-1b treatment, although
decreased c-Fms mRNA levels could contribute to the decreased
total cellular pool of c-Fms protein observed at the overnight time
point. Similar to the results obtained with RANK mRNA, IL-1Ra
completely reversed the inhibition of c-Fms gene expression
by IL-1b (Fig. 4E).
Ectodomain shedding contributes to rapid downregulation of

cell surface c-Fms expression by cell surface a disintegrin and
metalloproteases (25–27). To examine the involvement of metal-
loproteinases in the downregulation of M-CSF receptor, cells were
pretreated with the metalloproteinase inhibitor TAPI-1 for 1 h
before treatment with IL-1b. TAPI-1 significantly reversed the
nearly complete downregulation of c-Fms expression induced by
a 1-h treatment with IL-1b (Fig. 5A, upper panel). Inhibition of
metalloproteinases with TAPI-1 completely reversed the down-
regulation of c-Fms cell surface expression induced by overnight
treatment of IL-1b (Fig. 5A, lower panel). These results suggest
that metalloproteinase-mediated proteolysis is involved in the
downregulation of c-Fms observed after IL-1b treatment.
Ectodomain shedding can be induced by many inflammatory

stimuli via protein kinase C (PKC) or via ERK or p38 MAPKs, but
pathways that mediate IL-1–induced shedding have not been well
studied (28–30). Previous studies demonstrated that PKC and
ERK are involved in downregulation of M-CSF receptor expres-
sion (25, 31). Therefore, kinase inhibitors were used to examine
the involvement of PKC, p38, and ERK in IL-1b–induced
downregulation of the M-CSF receptor. The p38 inhibitor
SB203580 partially reversed IL-1b–induced inhibition of c-Fms
expression when used alone (Fig. 5B, upper left panel). IL-1b–
induced inhibition of c-Fms expression was also reversed by
SB202190, another selective inhibitor of p38 MAPK (data not
shown). The MEK–ERK inhibitor U0126 also partially reversed
downregulation of c-Fms expression when used alone (Fig. 5B,
upper right panel). Downregulation of c-Fms expression was also
reversed by PD98059, a specific MEK inhibitor that is structur-
ally unrelated to U0126 (data not shown). Combined inhibition
of ERKs and p38 completely abrogated IL-1b–induced down-

FIGURE 5. IL-1b–induced downregulation of cell surface c-Fms is dependent on MMPs and ERK and p38 MAPKs. A, Human monocytes were cultured

overnight in the absence of M-CSF. These cells were stimulated with IL-1b for 1 h or overnight in the presence or absence of the MMP inhibitor TAPI-1. B,

Cells were cultured as in A, these cells were stimulated with IL-1b for 1 h, and GF109203X (1 mM), U0126 (40 mM), SB203580 (10 mM), or SP600125 (10

mM) were added 1 h prior to adding IL-1b. Cell surface c-Fms levels were assessed by flow cytometry. Data are representative of more than three

experiments.
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regulation of cell surface c-Fms expression (Fig. 5B, lower left
panel). In contrast, inhibition of PKC had no detectable effect on
IL-1b–induced downregulation of c-Fms (Fig. 5B, lower right
panel).

IL-1b inhibits osteoclast differentiation from RA synovial fluid
macrophages

To determine whether RA synovial fluid macrophages are capable
of osteoclast differentiation and to compare the efficiency of
osteoclastogenesis between RA synovial fluid macrophages and
normal peripheral blood monocytes, macrophages were isolated
from synovial fluids of RA patients and cultured with M-CSF and
RANKL for 6 d. Compared with normal peripheral blood mono-
cytes, RA synovial fluid macrophages exhibited decreased osteo-
clastogenesis when cultured with M-CSF and RANKL for 6 d (Fig.
6A). However, culture of synovial fluid macrophages for 12 d in
the presence of M-CSF and RANKL resulted in comparable
numbers of osteoclasts as in culture of normal peripheral blood

monocytes for 6 d. These results demonstrate that RA synovial
fluid macrophages are capable of osteoclast differentiation but are
less efficient in osteoclast formation than normal peripheral blood
monocytes. Potential explanations for this result include that sy-
novial monocytes have an intrinsically lower ability to form
osteoclasts than blood monocytes, that the inflammatory synovial
environment contains molecules that suppress monocyte potential
to differentiate subsequently into osteoclasts, and that inflam-
matory synovial monocytes on ex vivo culture produce factors
(such as IL-1b) that act to restrain osteoclast differentiation. The
latter possibility was tested using IL-1Ra to examine the in-
volvement of IL-1b in the delayed osteoclast differentiation of RA
synovial fluid macrophages. IL-1Ra did not affect the osteoclas-
togenesis of RA synovial OCPs in ex vivo cultures (Supplemental
Fig. 3).
To examine the converse possibility, whether IL-1b can inhibit

osteoclastogenesis in RA synovial fluid macrophages, we treated
RA synovial fluid macrophages with IL-1b in the presence of

FIGURE 6. IL-1b inhibits osteoclast differentiation from RA synovial fluid macrophages and suppresses expression of RANK, TREM-2, and BLNK. A,

Human monocytes and RA synovial macrophages were cultured with M-CSF (20 ng/ml) for 2 d, and then RANKL (40 ng/ml) was added for an additional 6

or 12 d. Cells were stained for TRAP expression (original magnification 3100). TRAP-positive multinucleated (more than three nuclei/cell) cells were

counted as osteoclasts. pp, 0.05 versus RA 6 d. B, RA synovial macrophages were cultured with M-CSF (20 ng/ml) and RANKL (40 ng/ml) for 6 d. ΙL-1b
(10 ng/ml) was added with RANKL. Cells were stained for TRAP expression (original magnification 3100). TRAP-positive multinucleated (more than

three nuclei/cell) cells were counted as osteoclasts. pp , 0.05 versus control. C, RA synovial macrophages were cultured in the presence or absence of IL-

1b (10 ng/ml) for 3 h, and mRNA was isolated and analyzed using real-time PCR and were normalized relative to the expression of GAPDH. Data are

shown as means 6 SD of triplicate determinants and are representative of more than three experiments.
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M-CSF and RANKL. Similar to normal peripheral blood mono-
cytes, addition of IL-1b strongly inhibited RANKL-induced
osteoclastogenesis in RA synovial fluid macrophages (Fig. 6B).
To investigate the mechanisms by which IL-1b inhibits osteo-
clastogenesis in RA synovial fluid macrophages, we tested the
effects of IL-1b on RANK, TREM-2, and BLNK expression.
Addition of IL-1b to RA synovial fluid macrophages resulted in
a decrease of RANK, TREM-2, and BLNK mRNA expression
(Fig. 6C). Collectively, these results suggest that inflammatory
molecules, such as IL-1b, can restrain osteoclastogenesis in in-
flammatory diseases, and this inhibition works as a homeostatic
mechanism to prevent excessive bone destruction in inflammatory
diseases, such as RA.

Discussion
In this study, we have shown that IL-1b renders early human OCPs
and RA synovial macrophages resistant to osteoclast differentia-
tion in response to subsequent stimulation with RANKL. The
mechanism of IL-1b–mediated inhibition of osteoclastogenesis
involved coordinate inhibition of key signaling molecules required
for cellular responses to RANKL–RANK, TREM-2, and BLNK.
IL-1 downregulated RANK expression by inducing shedding and
thereby inactivation of cell surface c-Fms, whose signaling is re-
quired to maintain RANK expression. Our findings identify a new
homeostatic function for IL-1b, a cytokine best known for its
inflammatory functions, including promoting bone resorption by
inducing RANKL expression on stromal cells and cooperating
with RANKL at later stages of osteoclast differentiation. A ho-
meostatic role for IL-1 in tempering osteoclastogenesis is con-
sistent with the emerging notions that many if not most in-
flammatory cytokines also activate feedback inhibition loops to
restrain the amount of inflammation and associated toxicity and
tissue damage. The findings also suggest that the extent of bone
destruction in chronic inflammatory disease may be determined by
the balance between inflammatory factors that promote osteo-
clastogenesis and the relative potency of homeostatic mechanisms
described in this study and by us and others in previous stud-
ies (17, 32).

The effects of IL-1b on osteoclastogenesis are strikingly time-
dependent. As demonstrated in this study using human OCPs and
as suggested in previous work with murine cells (33), exposure to
IL-1b prior to, or simultaneously with, RANKL suppresses osteo-
clastogenesis. On the contrary, exposure to IL-1b after RANKL
stimulation has the opposite effect—promotion of osteoclast dif-
ferentiation and resorptive function. In addition, IL-1b potently
induces RANKL expression. Substantial evidence from both
murine models, and from studies of patients treated with IL-1
blockers, such as anakinra (IL-1ra) (34–40), indicates that on
balance IL-1 is a proresorptive cytokine in many disease settings.
Indeed, IL-1 blockade in disease models and in clinical trials with
human patients have shown that IL-1 blockade suppresses
bone resorption, thus indicating that on balance in many settings
in vivo the effects of IL-1 are predominately proresorptive. How-
ever, previous work has also found that IL-1b can suppress bone
resorption in selective in vivo models (41, 42). In this context, our
findings suggest that suppressive functions of IL-1b on osteo-
clastogenesis may become apparent and biologically important in
limiting the extent of bone resorption under conditions where
exposure to IL-1 precedes initial steps of differentiation in re-
sponse to RANKL. Our experiments with RA synovial macro-
phages suggest that such conditions may exist at least in part in
RA synovium. Although our results do not definitively resolve
why RA synovial monocytes differentiate into osteoclasts less
effectively than blood monocytes, the results show that exogenous
IL-1b can suppress osteoclast differentiation of RA synovial
monocytes, similar to suppression of blood monocytes. These
results suggest that IL-1b that is present in the RA synovial en-
vironment may restrain and partially limit osteoclastogenesis, al-
though this homeostatic mechanism is insufficient to fully prevent
bone resorption. Overall, the results support the notion that IL-1b
engages inhibitory feedback mechanisms to limit the extent of
osteoclastogenesis, but that under most conditions the homeostatic
functions of IL-1b are not enough to overcome the stimulatory
effects on bone erosion. Similar dual effects have been reported
for the inflammatory cytokines GM-CSF and IFN-g, although on
balance these cytokines are more protective and IL-1b is more
destructive.
In this study, we show that the expression of RANK in OCPs is

driven by M-CSF, and M-CSF–dependent induction of the RANK
gene was greatly suppressed by IL-1b through induced shedding
of the M-CSF receptor. Activation of Erk1/2 and p38 played
a significant role in IL-1b–induced downregulation of M-CSF
receptor. Previous work has shown that TACE, which can be ac-
tivated by either p38 or ERKs, participates in the cleavage of
M-CSF receptor (27, 31, 43), and our results show that IL-1b–
induced shedding of the M-CSF receptor is at least in part de-
pendent on matrix metalloproteinases (MMPs). Based on these
previous reports and our data, we suggest that MMPs, such as
TACE, are involved in IL-1b–induced downregulation of the
M-CSF receptor. Notably, expression of the MMP sheddases
TACE and a disintegrin and metalloprotease 10 is elevated in RA
synovial macrophages (44, 45), suggesting that increased shed-
ding of macrophage cell surface receptors may contribute to the
delayed kinetics of osteoclast differentiation we observed with
these cells.
In this study, we examined whether PGE2 endogenously pro-

duced by IL-1b is involved in the IL-1b–induced inhibition of
RANK expression and osteoclastogenesis by using COX-2 in-
hibitor. However, we could not address this question due to the
direct inhibitory effect of NS398 on human osteoclastogenesis.
Recently, Kawashima et al. (46) reported that celecoxib and in-
domethacin, other COX inhibitors, directly inhibit human osteo-

FIGURE 7. Model of the effects of inflammatory stimuli on osteoclas-

togenesis during inflammation.
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clast differentiation. Therefore, additional studies are needed to
test whether PGE2 is involved in the IL-1b–induced inhibition of
human osteoclastogenesis.
Our results and previous work on the effects of inflammatory

factors on osteoclastogenesis support a model (depicted sche-
matically in Fig. 7) where during early phases of inflammation or
early after entry of OCPs into inflamed tissues, inflammatory
molecules, such as IL-1b and TLR ligands, downregulate ex-
pression of M-CSF receptors and RANK, TREM-2, and BLNK.
This downregulation counterbalances the augmentation of RANKL
expression in inflammatory conditions by making cells less re-
sponsive to RANKL and thus restrains the extent of osteoclasto-
genesis. However, as inflammation progresses, such inhibition can
be overcome by high RANKL expression, expansion of OCP
pools (47), and changes in inflammatory factor expression such
that the cell microenvironment less effectively suppresses RANK
expression (e.g., decreased expression of TLR ligands as infection
is cleared). Under conditions of high and sustained RANKL ex-
pression, IL-1b will directly promote osteoclast differentiation
and function in cooperation with RANKL, and thus the overall
effect of IL-1b is to promote osteoclast formation and bone
destruction.
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