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Abstract

TLRs have been implicated in promoting osteoclast-mediated bone resorption associated with
inflammatory conditions. TLRs also activate homeostatic mechanisms that suppress
osteoclastogenesis and can limit the extent of pathologic bone erosion associated with infection and
inflammation. We investigated mechanisms by which TLRs suppress osteoclastogenesis. In human
cell culture models, TLR ligands suppressed osteoclastogenesis by inhibiting expression of receptor
activator of NF-xB (RANK), thereby making precursor cells refractory to the effects of RANKL.
Similar but less robust inhibition of RANK expression was observed in murine cells. LPS suppressed
generation of osteoclast precursors in mice in vivo, and adsorption of LPS onto bone surfaces resulted
in diminished bone resorption. Mechanisms that inhibited RANK expression were down-regulation
of RANK transcription, and inhibition of M-CSF signaling that is required for RANK expression.
TLRs inhibited M-CSF signaling by rapidly down-regulating cell surface expression of the M-CSF
receptor c-Fms by a matrix metalloprotease- and MAPK-dependent mechanism. Additionally, TLRs
cooperated with IFN-y to inhibit expression of RANK and of the CSF1R gene that encodes c-Fms,
and to synergistically inhibit osteoclastogenesis. Our findings identify a new mechanism of
homeostatic regulation of osteoclastogenesis that targets RANK expression and limits bone
resorption during infection and inflammation.

Osteoclasts are multinucleated giant cells that differentiate from hematopoietic cells of the
myeloid lineage. Mature osteoclasts effectively resorb bone and thus are directly responsible
for physiological bone resorption and pathological bone destruction (1). Receptor activator of
NF-«B ligand (RANKL)3 and M-CSF (also termed CSF-1) are essential molecules for
differentiation of osteoclasts, and these osteoclastogenic molecules are abundantly expressed
in inflammatory conditions such as rheumatoid arthritis and periodontitis (2,3). M-CSF
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supports survival and proliferation of myeloid progenitors and promotes generation of
osteoclast precursors that express the RANK receptor for RANKL, and thus are competent to
differentiate into osteoclasts in response to RANKL stimulation. M-CSF effects are mediated
by a cell surface receptor with intrinsic tyrosine kinase activity, CSF-1R (also termed c-Fms),
which acts as a potent stimulator of RANK expression (4). Osteoprotegerin is soluble decoy
receptor for RANKL that functions as a potent inhibitor of osteoclastogenesis. Under
physiological conditions of bone homeostasis, the ratio of RANKL to osteoprotegerin is a key
determinant of the rate of osteoclastogenesis and bone resorption.

Under inflammatory conditions, various activators and products of innate and acquired
immunity also positively or negatively regulate osteoclastogenesis and bone resorption.
Several inflammatory molecules, such as TLR ligands, TNF-¢, IL-1f, IL-6, IL-17, and
prostaglandins promote osteoclastogenesis indirectly by increasing expression of RANKL and
M-CSF by stromal cells and T cells, and also by acting directly on osteoclast precursors to
synergize with RANKL in driving osteoclastogenesis (5,6). In contrast to stimulation of
osteoclastogenesis, negative regulation of osteoclastogenesis under inflammatory conditions
is less well investigated. Recently, it has become apparent that various activators or products
of the immune system (TLR ligands, GM-CSF, IFN-a/f, IFN-y, IL-4, and IL-10) can inhibit
osteoclastogenesis by acting directly on osteoclasts or osteoclast precursors (5). IFN-a/, IFN-
y, and IL-4 work by inhibiting RANK signaling, GM-CSF by suppressing differentiation of
osteoclast precursors, and IL-10 by suppressing induction of NFATc1 (7-11). In general, these
inhibitors are most effective at early stages of osteoclastogenesis, such as suppression of the
generation of osteoclast precursors (OCPs), and lose their effectiveness (or even promote
osteoclastogenesis) at later stages, after stimulation with RANKL. The extent of bone
resorption in inflammatory diseases is determined by the balance between osteoclastogenic
factors and the relative potency of these feedback and homeostatic molecules (5). During acute
infection or in chronic inflammatory diseases such as in rheumatoid arthritis, pro-
osteoclastogenic factors often predominate, leading to increased osteoclast formation and
pathologic bone resorption.

TLRs are the best characterized “pattern recognition receptors” that recognize conserved
microbial molecules and mediate immune and inflammatory cellular responses to infection
and microbial products (12). TLRs are also activated by endogenous factors generated during
cell death, inflammation, and tissue damage, such as fragments of the extracellular matrix.
TLRs are potent inducers of inflammation and thus can promote bone resorption. TLR ligands
can activate osteoblasts and stromal cells directly to express RANKL (1). Additionally, TLRs
are the most potent inducers of inflammatory cytokines such as TNF-« and IL-1 that then act
to increase RANKL expression on stromal cells, and synergize with RANK signals to drive
osteoclastogenesis. Furthermore, TLR activation of committed or mature osteoclasts promotes
their survival and possibly enhances their function (13-16). Consistent with these proresorptive
functions, TLRs have been implicated in osteolysis associated with acute and chronic exposure
to microbial products, such as acute infection, periodontitis, and in models where TLR ligands
are injected over bone, such as the calvarial resorption model (5,6,17-19). The overall
paradigm in the field currently is that on balance TLRs drive bone resorption and contribute
to pathologic osteolysis.

In the immune system, TLRs engage potent feedback inhibitory and homeostatic mechanisms
to limit the extent of inflammation and thus avoid the toxicity and tissue damage associated
with excessive inflammation (20,21). Similarly, it is becoming increasingly appreciated that

3Abbreviations used in this paper: RANK, receptor activator of NF-xB; OCP, osteoclast precursor; ChlP, chromatin immunoprecipitation;
MMP, metalloproteinase; TRAF6, TNFR-associated factor 6; TRAP, tartrate-resistant acid phosphatase; TREM-2, triggering receptor
expressed on myeloid cells 2.
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TLRs also induce homeostatic mechanisms to limit osteoclastogenesis and thus limit the
amount of bone resorption that is associated with infection and inflammation. Direct
stimulation of various TLRs on osteoclast precursors inhibits RANKL-mediated
osteoclastogenesis (22—-24), but little is known about underlying mechanisms. The major
currently appreciated inhibitory mechanism, which has been described in murine systems, is
TLR-mediated induction of IFN-# (1,25) that inhibits osteoclastogenesis by inhibiting
RANKL-induced expression of Fos protein (9). We investigated mechanisms by which TLR
ligands suppress osteoclastogenesis in primary human cells, because of previously described
differences between the regulation of osteoclastogenesis and bone resorption in humans and
mice (26), and because we wished to focus on mechanisms relevant for human inflammatory
diseases. We found that TLR-induced IFN-g played a minimal role in inhibition of human
osteoclastogenesis. Instead, TLR ligands suppressed human osteoclastogenesis by inhibiting
expression of RANK, thereby making precursor cells refractory to the effects of RANKL.
Similar inhibition of RANK expression was observed in murine cells, and TLRs attenuated
osteoclastogenesis in an in vivo murine model of bone resorption. Mechanisms that inhibited
RANK expression were down-regulation of RANK transcription and inhibition of M-CSF
signaling that is required for RANK expression. M-CSF signaling was inhibited secondary to
rapid down-regulation of cell surface c-Fms expression. TLRs cooperated with IFN-y to
suppress CSF1R gene expression with more delayed kinetics, and thus TLRs and IFN-y
synergized to suppress osteoclastogenesis. These findings reveal complex regulation of
RANK expression and yield insights into mechanisms that limit pathologic bone resorption
associated with infection and inflammation.

Materials and Methods

Cell culture

Reagents

PBMCs were obtained from blood leukocyte preparations purchased from the New York Blood
Center by density gradient centrifugation with Ficoll (Invitrogen) using a protocol approved
by the Hospital for Special Surgery Institutional Review Board. Monocytes were obtained from
peripheral blood, using anti-CD14 magnetic beads, as recommended by the manufacturer
(Miltenyi Biotec). Monocytes were cultured for 1-2 days in a-MEM medium (Invitrogen)
supplemented with 10% FBS (HyClone) with M-CSF (20 ng/ml) in the presence or absence
of TLR ligands or IFN-y. Monocyte-derived OCPs obtained after 2 days of culture with M-
CSF were used unless otherwise noted in figure legends, and purity of monocytes was >97%,
as verified by flow cytometric analysis.

Trichostatin A was from Sigma-Aldrich. GF109203X, SB203580, MG-132, and actinomycin
D were purchased from Calbiochem. Pam3CysSer(Lys)4 was purchased from EMC
Microcollections. Ultra-pure LPS (Escherichia coli 11: B4) was purchased from Invivogen.
Recombinant human IFN-y was from R&D Systems, and human M-CSF and soluble RANKL
were from Pepro-Tech. Anti-human IFN-a/f receptor chain 2 Ab was from PBL Biomedical
Laboratories. MTT assays were performed using an MTT assay kit (Roche Diagnostics),
according to the manufacturer's instructions.

Osteoclast differentiation

Human CD14" cells were incubated with 20 ng/ml M-CSF for 2 days to generate osteoclast
precursors. For osteoclastogenesis assays, cells were added to 96-well plates at a seeding
density of 6 x 10% cells per well. Osteoclast precursors were further incubated with 20 ng/ml
M-CSF and 40 ng/ml human soluble RANKL for an additional 6 days in a-MEM supplemented
with 10% FBS. Cytokines were replenished every 3 days. On day 8, cells were fixed and stained
for tartrate-resistant acid phosphatase (TRAP) using an acid phosphatase leukocyte diagnostic
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kit (Sigma-Aldrich) as recommended by the manufacturer. Multinucleated (greater than three
nuclei) TRAP-positive osteoclasts were counted in triplicate wells. Bone marrow cells were
flushed from femurs of mice. For detection of actin ring formation, cells were fixed and
permeabilized with 0.1% Triton X-100 and incubated with FITC-phalloidin in a humidified
chamber for 45 min at 37°C. After rinsing in PBS, cells were imaged using a Zeiss Axioplan
microscope with an attached Leica DC 200 digital camera. Mouse bone marrow cells were
cultured in a-MEM supplemented with 10% FBS with 50 ng/ml soluble RANKL and 50 ng/
ml M-CSF for 4 days.

Murine osteoclastogenesis

Bone marrow cells were cultured on petri dishes (Midwest Scientific) with murine M-CSF (20
ng/ml; PeproTech) after lysis of RBCs using ACK lysis buffer (Cambrex). Then, the
nonadherent cell population was recovered and further cultured with murine M-CSF for an
additional 1 day. We defined this cell population as mouse OCPs. For murine
osteoclastogenesis assays, we plated 2 x 10 OCPs per well in a 96-well plate and added M-
CSF and RANKL for an additional 6 days, with exchange of fresh media every 3 days. To
analyze the in vivo effects of TLR ligands on osteoclastogenesis, LPS (0.5 ug per mouse) was
injected i.v. into C57BL/6 mice, and 2 days later, bone marrow cells were prepared.

In vivo bone resorption

For in vivo bone resorption assays, 4-mm-diameter calvarial discs of bone were excised from
euthanized CBAF-B6 mice. After devitalization by freeze-thawing, discs were left untreated
or treated with LPS (1 mg/ml). Discs were then implanted subcutaneously into the backs of
recipient mice and the calvariae were harvested at 3, 6, and 8 wk and fixed with 4%
paraformaldehyde. Bone disc implants were photomicrographed at a x 12.6 total magnification
(all images included a disc and a standard of known length) followed by demineralization with
14% EDTA in PBS for 2 days. The tissues were processed and embedded in paraffin and 5-
um sections were prepared for histological analyses. These studies were approved by the
Institutional Animal Care and Use Committee at Beth Israel Deaconess Medical Center.

Immunoblotting

Whole cell extracts were prepared by lysis in buffer containing 20 mM HEPES (pH 7.0), 300
mM NaCl, 10 mM KCI, 1 mM MgCl,, 0.1% Triton X-100, 0.5 mM DTT, 20% glycerol, and
1x proteinase inhibitor cocktail (Roche). The cell membrane-permeable protease inhibitor
Pefablock (1 mM) was added immediately before harvesting cells. The protein concentration
of extracts was quantitated using the Bradford assay (Bio-Rad). For immunoblotting, 10 xg of
cell lysates was fractionated on 7.5% polyacrylamide gels using SDS-PAGE, transferred to
polyvinylidene difluoride membranes (Millipore), incubated with specific Abs, and ECL was
used for detection. TNFR-associated factor 6 (TRAF6) and p38 Abs were from Santa Cruz
Biotechnology, and STAT3 Ab was from BD Transduction Laboratories. Triggering receptor
expressed on myeloid cells 2 (TREM-2) and M-CSF receptor Abs were from R&D Systems,
and RANK Ab was from Alexis Biochemicals.

Gene expression analysis

For real-time PCR, DNA-free RNA was obtained using the RNeasy Mini Kit from Qiagen with
DNase treatment, and 1 g of total RNA was reverse transcribed using a First Strand cDNA
Synthesis kit (Fermentas). Real-time PCR was performed in triplicate using the iCycler iQ
thermal cycler and detection system (Bio-Rad Laboratories) following the manufacturer's
protocols. Expression of the tested gene was normalized relative to levels of GAPDH. For
primary transcript analysis, relative amounts of primary transcripts were measured by real-
time PCR using primer pairs that amplify exon-intron junctions or intronic sequences.
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Chromatin immunoprecipitation (ChlP)

ChIP was performed using the ChIP Assay Kit (Upstate Biotechnology) following the
manufacturer's instructions. Briefly, after stimulation, 10" human primary macrophages were
fixed by adding formaldehyde directly to the medium to a final concentration of 1%. Cells
were harvested, washed, and lysed. Chromatin was sheared by sonication (6 x 20 s) to lengths
of ~500 bp. Sheared chromatin was precleared and then immunoprecipitated with specific Ab
or Ig control. Immune complexes were subsequently collected and washed and DNA
crosslinking was reversed by heating at 65°C for 4 h. Following proteinase K digestion, DNA
was recovered by phenol/chloroform extraction and ethanol precipitation. The Abs used for
ChlIP were polyclonal Ab against RNA polymerase Il (Santa Cruz Biotechnology) and control
rabbit 1gG (Santa Cruz Biotechnology). The primers used to amplify the human RANK
promoter are: sense, GCTGGGGGACGCCTCAA, anti-sense,
GCCAGCAGCCACTATCTCTTTTTC.

Flow cytometry

Staining for cell surface expression of c-Fms was performed using monoclonal anti-human c-
Fms (R&D Systems). A FACScan flow cytometer with CellQuest software (BD Biosciences)
were used.

Results

TLR stimulation inhibits human osteoclastogenesis

We tested the effects of the TLR2 agonist Pam3CysSer(Lys)4 (Pam3Cys) and the TLR4 agonist
LPS on human osteoclastogenesis in a standard, validated culture system (27). In this system
primary human monocytes are initially cultured for 1-2 days with M-CSF to induce RANK
expression (thereby generating RANKL-responsive OCPs) and are subsequently treated with
RANKL to induce formation of multinucleated TRAP* osteoclast-like cells that are capable
of resorbing calcified matrix (Osteologic) and dentin, which we confirmed in our system (data
not shown). Control cells cultured with M-CSF and RANKL efficiently differentiated into
multinucleated (more than three nuclei per cell) TRAP* giant cells that formed large actin rings
that represent a marker of the later stages of osteoclast differentiation (Fig. 1, Aand B). Addition
of TLR ligands strongly inhibited RANKL-induced osteoclastogenesis, as evidenced by
diminished formation of TRAP* multinucleated cells (Fig. 1A) and of cells exhibiting actin
rings (Fig. 1B). Osteoclastogenesis was inhibited by TLR ligands in a dose-dependent manner,
and LPS strongly inhibited osteoclast differentiation even at low concentrations (10 pg/ml)
(Fig. 1C). TLR ligands most effectively inhibited osteoclastogenesis when added before or
together with RANKL,; however, in contrast to murine systems, TLR agonists still partially
inhibited human osteoclastogenesis even when added several days after stimulation with
RANKL (supplemental Fig. Sl).4 There is minimal proliferation in this human
osteoclastogenesis system that utilizes monocyte-derived OCPs and a dose-response
experiment showed that even high concentrations of LPS minimally affected OCP viability
(supplemental Fig. S2). This suggests that TLR agonists did not suppress osteoclastogenesis
by inducing apoptosis but may suppress osteoclast differentiation. This notion was supported
by evidence that Pam3Cys inhibited RANKL-induced expression of genes that serve as
markers of osteoclast differentiation, such as cathepsin K and g3 integrin (Fig. 1D). In contrast
to mouse OCPs, TRAP is expressed by human OCPs generated using M-CSF alone and
expression is further increased by RANKL stimulation; TLR ligands suppressed TRAP
expression (Fig. 2D), but mononuclear cells in cultures treated with TLR ligands plus RANKL
still expressed low levels of TRAP positivity (Fig. 1A). These results show that TLR agonists

4The online version of this article contains supplemental material.
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strongly inhibit human RANKL-induced osteoclastogenesis and act directly on monocytes and
myeloid precursor cells.

TLR ligands suppress RANK and TREM-2 expression

Stimulation of TLR2 with Pam3Cys does not induce type | IFN (IFN-a/f) production (28),
which we confirmed in our system; additionally, blockade of the type | IFN receptor IFNAR
did not detectably inhibit the effect of TLRs on osteoclastogenesis in the human system
(supplemental Fig. S3). Thus, we investigated mechanisms by which TLR ligands inhibit
human osteoclastogenesis that are distinct from the induction and autocrine action of IFNs
previously described using murine cells (1,9,25). We examined expression of RANK and also
of the key costimulatory molecule TREM-2 that is important for RANKL-induced human
osteoclastogenesis (29-32). Addition of TLR2 and TLR4 ligands to human OCPs resulted in
a striking decrease in RANK and TREM-2 mRNA (>90% decrease in many donors, n > 10),
whereas control osteoclast-associated receptor (OSCAR) mRNA was not suppressed (Fig.
2A). RANK and TREM-2 protein expression was suppressed in parallel (Fig. 2B). RANK and
TREM-2 mRNA decreased in a time- and dose-dependent manner after TLR stimulation (Fig.
2C and data not shown). Similar inhibitory effects were observed when TLR ligands were
added at early or later time points in culture (data not shown). Additionally, TRAP mRNA that
is expressed in human OCPs decreased in a time-dependent manner after TLR stimulation (Fig.
2D). Thus, TLR ligands potently suppress RANK and TREM-2 expression in human OCPs,
suggesting that TLRs inhibit human osteoclastogenesis in part by making OCPs refractory to
stimulation with RANKL and costimulation via TREM-2.

We wanted to determine whether TLR ligands similarly inhibited RANK and TREM-2
expression in murine cells. In primary mouse bone marrow-derived OCPs, TLR ligands
inhibited RANK and TREM-2 expression (Fig. 3A), but inhibition was less effective than in
human OCPs (Fig. 2C) and appeared to partially reverse with time (Fig. 3A). In RAW 264.7
cells, a murine cell line with osteoclastogenic potential, TLR ligands minimally inhibited
RANK expression and inhibited TREM-2 expression less effectively than in human cells (Fig.
3B). Thus, the mechanism of inhibition of osteoclastogenesis by down-regulation of RANK
expression appears to be operative in murine cells, but is less effective than in human cells;
TREM-2 appears to have a minimal role in mouse osteoclastogenesis (30). Inhibition of
osteoclastogenesis and RANK expression by TLRs was apparent after injection of mice with
LPS followed by ex vivo analysis of RANK expression in parallel with suppression of
formation of osteoclast precursors (Fig. 3, C and D). To further test the inhibitory effects of
LPS on osteoclastogenesis and osteoclast-mediated bone resorbing activity, we utilized a
calvarial disc implantation model that is associated with induction of inflammation and allows
the analysis of the direct effects of LPS that has been adsorbed onto bone surfaces on the
generation of myeloid lineage osteoclasts at the bone-inflammatory cell interface (33). Calvaria
discs induced a mononuclear cell inflammatory reaction, and there was evidence of localized
bone resorption that increased in a time-dependent manner, and multinucleated TRAP* cells
were present on the bone surfaces (Fig. 3, E and F, and data not shown). Calvaria pretreated
with LPS induced a more extensive inflammatory reaction; however, there was minimal
evidence of bone resorption (Fig. 3F) and multinucleated osteoclast-like cells were not detected
(data not shown). These results suggest that homeostatic inhibition of oseoclastogenesis
counterbalances the inflammatory effects of TLRs to attenuate the extent of bone resorption
in an inflammatory setting.

Inhibition of RANK and TREM-2 expression by LPS is not mediated by IFN-B production

Because of the established importance of autocrine IFN-£ in TLR-mediated inhibition of
osteoclastogenesis in murine systems (1,9,25), we experimentally addressed the possibility
that TLR-induced type | IFN expression may be involved in down-regulation of RANK and
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TREM-2 expression in human OCPs. As expected, the TLR2 ligand Pam3Cys did not induce
expression of IFN-inducible genes MX1 and IRF7, a sensitive measure of endogenous type |
IFN production, but strongly suppressed RANK and TREM2 expression in the same experiment
(Fig. 4A). LPS did induce expression of MX1 and IRF7, as expected (Fig. 4), and this induction
was abolished by the addition of a type I IFN receptor blocking Ab (Fig. 4B), demonstrating
the effectiveness of type | IFN blockade. However, LPS-induced inhibition of RANK and
TREM2 expression was not detectably affected by blockade of the type I IFN receptor (Fig.
4B), which correlated with a lack of effect of type I IFN receptor blockade on LPS-induced
suppression of osteoclastogenesis (supplemental Fig. S3). LPS induced relatively low amounts
of IFN in these cultures, and addition of high concentrations of exogenous type | IFN
suppressed human osteoclastogenesis but did not suppress RANK expression (data not shown).
Collectively, these results indicate that TLR2 and TLR4 activation suppresses RANK and
TREMZ2 expression independently of type I IFNs, and suggest that distinct IFN-dependent and
IFN-independent mechanisms mediate TLR-induced inhibition of osteoclastogenesis and can
function in parallel.

TLRs accelerate TREM-2 mRNA decay and inhibit RANK and TREM2 transcription

TLR ligands could inhibit RANK and TREM-2 mRNA expression by inhibiting transcription,
by destabilizing mRNA and accelerating its degradation, or by a combination of these two
mechanisms. The effects of TLR ligands on mRNA stability were assessed. Human monocytes
were cultured with M-CSF to generate RANK*TREM-2* OCPs, actinomycin D was added to
inhibit transcription, and mRNA levels were followed over time. In the absence of de novo
transcription, TREM-2 mRNA was quite stable (Fig. 5A), with a calculated half-life of 11.3 h.
Addition of TLR ligands resulted in markedly accelerated decay of TREM-2 mRNA (Fig.
5A), with a drop in half-life to 4 h. TLR ligands did not accelerate decay of s-actin mRNA,
which served as a negative control (Fig. 5A). These results indicate that TLR ligation generates
a signal that destabilizes TREM-2 mRNA.

We used primary transcript analysis (34) to determine the effects of TLR ligands on
transcription of the RANK and TREM2 genes. Expression of primary transcripts reflects rates
of transcription, rather than the balance between transcription and mRNA decay that
determines levels of steady-state mMRNA, and primary transcript analysis has gained broad
acceptance as a method to measure transcription rates. The addition of Pam3Cys had a striking
inhibitory effect on RANK and TREM2 transcription, with stronger suppression of RANK
transcription (Fig. 5B); similar results were obtained with LPS (data not shown). Consistent
with inhibition of transcription, Pam3Cys resulted in diminished RNA polymerase Il
occupancy at the endogenous RANK promoter, as assessed by ChIP assays (Fig. 5C).
Additionally, the inhibitory effects of Pam3Cys on RANK (but not TREM2) transcription were
partially attenuated by the histone deacetylase inhibitor trichostatin A (Fig. 5D, lanes 3 and
4), further supporting a role for transcriptional mechanisms that modulate histone acetylation
at the RANK locus in the regulation of RANK expression. Collectively, the results establish that
TLRs inhibit RANK transcription.

TLRs target c-Fms and inhibit M-CSF-induced RANK expression

RANK expression is dependent on M-CSF, which binds to and signals via c-Fms/CSF-1R
(4). We considered the possibility that TLRs suppressed RANK expression by interrupting M-
CSF-mediated signaling. To study M-CSF-induced responses, we cultured monocytes
overnight in the absence of M-CSF to maintain low basal RANK expression, and then acutely
stimulated cells with M-CSF. M-CSF stimulation dramatically induced accumulation of
RANK mRNA, and this induction was essentially completely blocked by Pam3Cys (Fig. 6A)
and by LPS (data not shown). Thus, TLRs inhibited M-CSF-mediated induction of RANK
expression. This inhibition occurred at the level of transcription, as M-CSF induction of
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RANK primary transcripts was inhibited by TLRs (Fig. 6B). These results suggest that TLRs
inhibit RANK expression by inhibiting M-CSF responses.

To investigate the basis for TLR-mediated inhibition of M-CSF responses, we examined the
effect of TLR ligands on the expression of c-Fms. Cell surface c-Fms expression in OCPs was
down-regulated within 15 min after Pam3Cys stimulation (data not shown) and was essentially
completely absent by 1 h after Pam3Cys stimulation (Fig. 6C, upper panel). Similar results
were obtained when LPS was used (data not shown). This TLR-mediated inhibition of cell
surface c-Fms expression was sustained, although cells typically recovered up to 10-30% of
baseline c-Fms expression after overnight incubation with Pam3Cys or LPS (Fig. 6C, bottom
panel, and data not shown). Down-regulation of c-Fms protein expression by TLRs was
confirmed using immunoblotting (Fig. 6D). Of note, TLR stimulation rapidly down-regulated
the mature cell surface form of c-Fms (Fig. 6D, upper band), but did not affect expression of
the immature intracellular form (Fig. 6D, lower band). These results suggest that TLR ligands
inhibit human osteoclastogenesis by down-regulating cell surface c-Fms expression on OCPs
and thereby inhibit M-CSF/c-Fms-dependent expression of RANK.

c-Fms cell surface expression can be rapidly down-regulated by proteolytic cleavage and
shedding of the extracellular domain that is mediated by cell surface ADAM metalloproteases
or by endocytosis (35-37). A role for metalloproteinases (MMPS) in c-Fms shedding was tested
using the MMP inhibitor TAPI-1. TAPI-1 partially reversed the nearly complete down-
regulation of c-Fms expression induced by a 1 h treatment with Pam3Cys (Fig. 7A, upper
panel); the reversal of inhibition was in the range of 30-50% in a total of nine experiments.
Inhibition of MMPs with TAPI-1 completely reversed the down-regulation of c-Fms cell
surface expression induced by overnight treatment of Pam3Cys (Fig. 7A, lower panel). Thus,
MMP-mediated proteolysis contributes to the rapid down-regulation of c-Fms observed after
1 h of TLR stimulation and is the major mechanism of down-regulation at later time points.

The major cell surface sheddases in hematopoietic cells are ADAM10 and ADAM17 (also
termed TACE); ADAML17 is activated by TLRs and the ERK MAPKSs (38). Therefore, we
examined the effects of inhibiting ERK activation on TLR-induced down-regulation of c-Fms
expression. The MEK inhibitor U0126 (which blocks activation of downstream ERKS)
partially reversed down-regulation of c-Fms expression when cells were treated with Pam3Cys
for 1 h (Fig. 7B, upper left panel). The p38 inhibitor SB203580 when used alone had minimal
effect on c-Fms expression (Fig. 7B, upper right panel). However, combined inhibition of
ERKSs and p38 essentially completely abrogated TLR2-induced down-regulation of cell surface
c-Fms expression (Fig. 7B, lower left panel). In contrast, inhibitors of INK, PKC, or
proteosomes had no detectable effect on Pam3Cys-induced down-regulation of M-CSF
receptor (Fig. 7 and data not shown). Collectively, the results suggest that TLRs induce
proteolytic cleavage of c-Fms that contributes to receptor down-regulation, and that TLR-
induced down-regulation of c-Fms cell surface expression is dependent on ERK and p38
MAPKS.

IFN-y synergizes with TLRs to inhibit c-Fms and RANK expression and osteoclastogenesis

Pretreatment with IFN-y sensitizes macrophages to exhibit enhanced responses to the activating
effects of TLRs (39). We examined whether IFN-y would similarly augment inhibitory effects
of TLRs, such as suppression of osteoclastogenesis. IFN-y has been previously described to
inhibit osteoclastogenesis via down-regulation of TRAF6 in murine cells (10), and it is possible
that IFN-y and TLRs synergistically inhibit osteoclastogenesis using complementary
mechanisms. As expected, IFN-y inhibited human osteoclastogenesis (Fig. 8A); additionally,
low concentrations of IFN-y synergized with low concentrations of LPS to suppress
osteoclastogenesis (Fig. 8A). However, IFN-y, either when used alone or in combination with
Pam3Cys, did not affect TRAF6 expression in human OCPs (Fig. 8B), and thus we investigated
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alternative mechanisms by which IFN-y suppresses human osteoclastogenesis. Surprisingly,
IFN-y inhibited expression of RANK and TREM2 in human OCPs, with more effective and
near complete inhibition of RANK expression by high concentrations of IFN-y (Fig. 8C). Thus,
both IFN-y and TLRs suppress human osteoclastogenesis by targeting RANK expression for
inhibition.

We then tested whether IFN-y suppressed RANK expression by inhibiting cellular responses
to M-CSF that are required for RANK expression. In contrast to rapid down-regulation of cell
surface c-Fms by TLR ligands (Fig. 6C), a 1-h treatment with IFN-y had minimal effect on cell
surface c-Fms expression (Fig. 8D). However, overnight incubation with IFN-y essentially
completely suppressed cell surface and total cellular c-Fms protein expression (Fig. 8, D and
E). Overnight IFN-y treatment also suppressed c-Fms mRNA levels, and this suppression was
potentiated by LPS (Fig. 8F). Collectively, the results reveal a complex interplay between IFN-
y and TLRs that results in sustained suppression of c-Fms expression over an extended time
frame. The results show that IFN-y and TLRs synergize to inhibit human osteoclastogenesis
by triggering complementary mechanisms that work in tandem to suppress expression of c-
Fms and its downstream target RANK.

Discussion

The differentiation and function of osteoclasts are regulated to maintain bone mass and to limit
the extent of pathological bone resorption in the setting of inflammation or infection.
Mechanisms that limit bone resorption during inflammation and infection are not well
understood. In this study we found that microbial products that activate host defense and
inflammation at the same time divert differentiation away from the osteoclast lineage by
suppressing formation of RANK-responsive precursor cells. The mechanism of inhibition was
down-regulation of RANK transcription mediated in part by interruption of M-CSF-induced
signals required for RANK expression. Our findings identify a new mechanism of homeostatic
regulation of osteoclastogenesis during infection and acute inflammation. In chronic
inflammatory diseases, such as rheumatoid arthritis and periodontitis, the rate of progression
of bone resorption will be determined by the balance between factors that promote
osteoclastogenesis and homeostatic regulation mediated by mechanisms such as those that we
have described.

Mechanisms that promote osteoclastogenesis have been extensively studied but less is known
about negative regulation, especially in the setting of inflammation. Inhibition of
osteoclastogenesis by potent proinflammatory factors such as IFN-y and TLR ligands has been
previously shown to occur by suppression of RANK signaling in mouse OCPs. The molecular
mechanisms of inhibition of RANK signaling are IFN-y-induced degradation of TRAF6 and
TLR-induced production of IFN-£, which suppresses RANK-mediated induction of Fos protein
(1,9,10). Liu et al. recently showed that TLR stimulation inhibited RANKL-induced NFATc1
expression by decreased activation of INK (40). We have shown that TLRs also inhibit a more
proximal step in osteoclastogenesis, the generation of RANK™ osteoclast precursors. This
inhibition is mediated by down-regulation of c-Fms and suppression of RANK transcription
and both of these mechanisms cooperate to effectively suppress osteoclastogenesis.
Additionally, because TLR ligands still partially inhibited osteoclastogenesis when added after
RANKL, more downstream signals are also inhibited by TLRs. It is likely that these distinct
TLR-induced homeostatic mechanisms work in tandem, although our data suggest a more
prominent role for inhibition of RANK expression in human cells relative to murine cells. We
propose that down-regulation of RANK expression is one mechanism by which TLRs regulate
myeloid cell fate decisions and “reroute” precursor cells from becoming osteoclasts toward
becoming inflammatory macrophages.
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RANK expression in OCPs is dependent on M-CSF-induced signals that are transmitted via
its receptor termed CSF-1R or c-Fms (4). TLR stimulation inhibited M-CSF signaling at a
proximal step by very rapidly (within 1 h) down-regulating cell surface c-Fms expression. This
rapidly acting inhibitory mechanism involved, at least in part, proteolytic shedding of cell
surface c-Fms and completely but temporarily abolished cell surface c-Fms expression, thus
making cells unresponsive to M-CSF immediately after encountering microbial products and
engagement of TLR receptors. This inhibitory mechanism is also likely induced by endogenous
TLR2 and TLR4 ligands such as ECM fragments or necrotic cells, and thus can be engaged
under conditions of tissue damage and associated sterile inflammation. Shedding of c-Fms has
been previously described in other systems (35-37), but our findings are the first to provide a
biological function for c-Fms shedding and to link it to regulation of RANK expression and
osteoclastogenesis.

Although rapidly induced down-regulation of cell surface c-Fms by TLRs was very effective,
it was not sustained, as c-Fms expression partially recovered when cells were cultured
overnight after TLR stimulation. The early phase of c-Fms down-regulation was dependent on
ERK and p38 MAPKS, and the partial (~30%) recovery in c-Fms expression over time is likely
secondary to the resolution of acute MAPK signaling and synthesis and maturation of new c-
Fms proteins. The sustained decrease in c-Fms expression that was observed at later time points
after TLR stimulation was mediated by ongoing shedding, as it was reversed by inhibition of
MMPs (Fig. 7A). Additionally, TLRs induced a modest and delayed decrease in c-Fms mRNA
(Fig. 8F) and accordingly decreased de novo synthesis of c-Fms protein (Fig. 8E). Inhibition
of CSF1R mRNA expression was markedly potentiated by IFN-y, which also synergized with
TLR ligands in suppressing osteoclastogenesis. These findings suggest that myeloid precursor
responses to M-CSF are coordinately regulated by inflammatory stimuli, and full inhibition
requires cooperation between microbial products present at the onset of infection (such as TLR
ligands) and products of innate and acquired immunity that would be produced later during the
immune response (such as IFN-y). Thus, a maturing productive immune response can potently
suppress M-CSF responses by several mechanisms, thereby limiting osteoclast differentiation
and promoting host defense by shunting myeloid precursors away from the pathway of
osteoclast differentiation.

In our system TLR-treated myeloid precursors exhibited decreased RANK expression and
remained refractory to RANKL stimulation over prolonged periods of up to 14 days of culture
even in the absence of exogenous or endogenous IFNs. As c-Fms was expressed at ~30% of
control levels beginning 1 day after TLR stimulation, these results suggest that, in addition to
down-regulation of M-CSF responsiveness, TLRs inhibit RANK expression and
osteoclastogenesis via additional mechanisms. One such inhibitory mechanism is inhibition of
transcription at the RANK locus, which can occur by modification of chromatin or induction
of transcriptional repressors. A role for such more direct inhibition of RANK transcription is
suggested by evidence showing strongly diminished RANK transcription and occupancy of the
RANK promoter by RNA polymerase I1, even at later points in culture when c-Fms was partially
expressed (Fig. 5, B and C), and by increased RANK expression after treatment with a histone
deacetylase inhibitor (Fig. 5D). Another inhibitory mechanism is TLR-induced production of
autocrine-acting IFN-g (1), although IFN-4 appeared to play a minimal role in experiments to
date in the human system. Instead, TLR stimulation strongly down-regulated expression of
TREM-2, areceptor that provides a necessary costimulatory signal for RANK in human OCPs.
TREM-2 has been reported to play an important role in human osteoclastogenesis in patients
with TREM-2 loss-of-function mutations that manifest as Nasu-Hakola disease (29, 31, 32),
and we have recently confirmed a role for TREM-2 in human osteoclastogenesis using RNA
interference (41). Thus, coordinate down-regulation of RANK and TREM-2 expression helps
explain the potent down-regulation of human osteoclastogenesis by TLRs.
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FIGURE 1.

TLR stimulation inhibits human osteoclastogenesis. A, Human monocytes were cultured with
M-CSF (20 ng/ml) for 2 days, 6 x 10 cells were plated in each well of 96-well plate, and then
RANKL (40 ng/ml) was added for an additional 6 days. TLR ligands (LPS 100 pg/ml, Pam3Cys
10 ng/ml) were added with RANKL. Cells were stained for TRAP expression. B, Cells were
stained using FITC-phalloidin to detect actin ring formation. C, Cultures were performed in
triplicate and TRAP-positive multinucleated (more than three nuclei per cell) cells were
counted as osteoclasts. D, Human monocytes were cultured with M-CSF (20 ng/ml) for 2 days,
and then RANKL (40 ng/ml) was added with or without Pam3Cys for 3 days. RANKL-
inducible gene expression was analyzed by real-time PCR. mRNA levels were normalized
relative to the expression of GAPDH. Data are shown as means + SD of triplicate determinants
and are representative of more than three experiments.
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FIGURE 2.

TLR ligands suppress RANK and TREM-2 expression in human osteoclast precursors. A,
Human monocytes were cultured with 20 ng/ml M-CSF in the presence or absence of TLR
ligands (LPS 100 ng/ml, Pam3Cys 100 ng/ml, Porphyromonas gingivalis LPS (P-LPS) 100
ng/ml) for 2 days, and mMRNA was isolated and analyzed using real-time PCR. B, Whole cell
lyates from osteoclast precursors were subjected to SDS-PAGE and immunoblotted with
RANK, TREM-2, STAT3, and p38 Abs. C and D, Human monocytes were cultured with 20
ng/ml M-CSF for 2 days, and then Pam3Cys or LPS was added for the indicated times. mMRNA
levels were measured using real-time PCR and were normalized relative to the expression of
GAPDH. Data are shown as means * SD of triplicate determinants and are representative of
more than three experiments.
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FIGURE 3.

TLR ligands down-regulate murine RANK and TREM-2 expression and suppress bone
resorption in vivo. A, BMDMs from C57BL/6 mice and human monocytes were cultured for
2 days in the presence of M-CSF (20 ng/ml) with or without LPS (100 ng/ml) and mRNA was
measured using real-time PCR. B, Human monocytes cultured with M-CSF for 2 days and
RAW 264.7 murine macrophage cell line were treated with or without LPS (100 ng/ml) or
Pam3Cys (100 ng/ml) for 6 h. mMRNA levels were measured using real-time PCR and were
normalized relative to the expression of GAPDH. Data are shown as means + SD of triplicate
determinants and are representative of more than three experiments. C and D, Bone marrow
cells were prepared from C57BL/6 mice 2 days after i.v. injection of LPS (0.5 ug/mice) or
PBS. Harvested cells were cultured with M-CSF (50 ng/ml) and RANKL (50 ng/ml) for 4 days
and stained for TRAP (C) or used to prepare RNA (D). mRNA levels were measured using
real-time PCR and were normalized relative to the expression of GAPDH. Data are
representative of more than three experiments. E and F, Implanted calvarial discs that had been
coated with or without LPS were harvested and analyzed as described in Materials and
Methods. Results are representative of two independent experiments.
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FIGURE 4.

TLR-induced inhibition of RANK and TREM-2 expression is not mediated by IFN-3. A,
Human monocytes were cultured with 20 ng/ml M-CSF for 1 day, treated with Pam3Cys (100
ng/ml) or LPS (100 ng/ml) for indicated times, and mRNA was measured using real-time PCR.
B, Human monocytes were cultured with 20 ng/ml M-CSF for 1 day and then treated with
Pam3Cys (100 ng/ml) in the presence or absence of blocking IFN-a/ receptor Ab for 6 h.
mRNA levels were measured using real-time PCR and were normalized relative to the
expression of GAPDH. Data are shown as means + SD of triplicate determinants and are
representative of more than three experiments.
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FIGURE 5.

TLR stimulation accelerates TREM-2 mRNA decay and inhibits RANK and TREM2
transcription. A, Human monocytes were cultured with M-CSF for 2 days, and then
actinomycin D or Pam3Cys was added and mRNA levels were followed over time using real-
time PCR. Data are representative of more than three experiments. B, Human monocytes were
cultured with 20 ng/ml M-CSF with or without the indicated doses of Pam3Cys for 1 day.
Primary transcript levels of indicated genes were measured using real-time PCR and were
normalized relative to the expression of GAPDH. C, Human monocytes were cultured with 20
ng/ml M-CSF with or without Pam3Cys (100 ng/ml) for 1 day, and RNA polymerase 1l (Pol
I1) occupancy of the RANK promoter was analyzed by ChIP using real-time PCR. Data are
shown as means + SD of triplicate determinants and are representative of more than three
experiments. D, Human monocytes were cultured with 20 ng/ml M-CSF for 2 days and then
treated with trichostatin A (50 nM) 30 min before stimulation with Pam3Cys (100 ng/ml) for
3 h. mRNA levels were measured using real-time PCR and were normalized relative to the
expression of GAPDH. Data are shown as means + SD of triplicate determinants and are
representative of more than three experiments.
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TLRs inhibit M-CSF-induced RANK expression by down-regulating cell surface c-Fms. Aand
B, Human monocytes were cultured overnight in the absence of M-CSF and then were
stimulated with M-CSF with or without Pam3Cys (100 ng/ml) for 6 h. mRNA (A) or primary
transcripts (B) were measured using real-time PCR. Data are representative of more than three
experiments. C, Human monocytes were stimulated with Pam3Cys for 1 h or overnight and
cell surface c-Fms levels were assessed by flow cytometry. D, Human monocytes were
stimulated with Pam3Cys and whole cell lyates were analyzed by immunobloting. Upper arrow
marks mature cell surface c-Fms; lower arrow marks immature intracellular form. Data are

representative of more than three experiments.
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TLR-mediated down-regulation of cell surface c-Fms is dependent on MMPs and ERK and

p38 MAPKSs. A, Human monocytes were cultured overnight in the absence of M-CSF and the

stimulated for the indicated times with Pam3Cys with or without the MMP inhibitor TAPI-1.

B, Cells were cultured as in A and then GF109203X (1 xM), U0126 (40 uM), SB203580 (10

1M), or SP600125 (10 M) were added 1 h before adding Pam3Cys. Cell surface c-Fms levels
were assessed by flow cytometry. Data are representative of more than three experiments.
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FIGURE 8.

IFN-y synergizes with TLR ligands to suppress RANK and c-Fms expression. A, Human
monocytes were cultured with M-CSF (20 ng/ml) for 2 days, and then RANKL (40 ng/ml) was
added for 6 days. LPS and IFN-y were added at the same time as RANKL. Data are shown as
means + SD of triplicate determinants and are representative of more than three experiments.
B, Human monocytes were cultured with or without IFN-y or Pam3Cys overnight. Whole cell
lyates were subjected to SDS-PAGE and immunoblotted with either TRAF6 or p38 Abs. Data
are representative of more than three experiments. C, Human monocytes were cultured with
20 ng/ml M-CSF in the presence or absence of IFN-y (100 U/ml) for 1 day. mRNA was
measured using real-time PCR. D, Human monocytes were cultured overnight with M-CSF.
IFN-y was added either at initiation of cultures (labeled overnight treatment) or for 1 h to cells
that had been cultured overnight with M-CSF (1 h treatment). Cell surface M-CSF receptor
levels were assessed by flow cytometry. Data are representative of more than three
experiments. E, Whole cell lyates from B were analyzed by immunoblotting with c-Fms Abs.
Data are representative of more than three experiments. F, Human monocytes were cultured
with or without IFN-y or Pam3Cys overnight. mRNA levels were measured using real-time
PCR and were normalized relative to the expression of GAPDH. Data are shown as means +
SD of triplicate determinants and are representative of more than three experiments.
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