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Abstract
Objective—IL-27 has stimulatory and regulatory immune functions and is expressed in rheumatoid
arthritis synovium. We investigated the effects of IL-27 on human osteoclastogenesis to determine
whether IL-27 can stimulate or attenuate osteoclast-mediated bone resorption that is a hallmark of
rheumatoid arthritis.

Methods—Osteoclasts were generated from blood-derived human CD14+ cells. The effects of
IL-27 on osteoclast formation were evaluated by counting the number of TRAP+ multinucleated
cells and measuring expression of osteoclast-related genes. The induction of NFATc1 and the
activation of signaling pathways downstream of RANK were measured by immunoblotting. The
expression of key molecules implicated in osteoclastogenesis (NFATc1, RANK, costimulatory
receptors, ITAM-harboring adaptors) was measured by real time RT-PCR. Murine osteoclast
precursors were obtained from bone marrow. Responsiveness to IL-27 of synovial fluid macrophages
derived from RA patients was also tested.

Results—IL-27 inhibited human osteoclastogenesis, suppressed the induction of NFATc1,
downregulated expression of RANK and TREM-2, and inhibited RANKL-mediated activation of
ERK, p38 and NF-κB in osteoclast precursors. Synovial fluid macrophages derived from RA patients
were refractory to the effects of IL-27. In contrast to humans, IL-27 only moderately suppressed
murine osteoclastogenesis, likely due to low expression of the IL-27 receptor subunit WSX-1 on
murine osteoclast precursors.

Conclusion—IL-27 inhibits human osteoclastogenesis by a direct mechanism suppressing
responses of osteoclast precursors to RANKL. Our findings suggest that in addition to its well-known
anti-inflammatory effects, IL-27 plays a homeostatic role in restraining bone erosion. This
homeostatic function is compromised under conditions of chronic inflammation such as RA
synovitis.
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IL-27 is a member of the IL-12 family of the heterodimeric cytokines that also includes IL-12,
IL-23 and IL-35 (1-3). It is comprised of EBI3 (EBV-induced protein 3) and p28 subunits that
share similarity with, respectively, the p40 and p35 subunits of IL-12 (4). The IL-27 receptor
is a heterodimer composed of a WSX-1 subunit (also termed TCCR, T cell cytokine receptor),
which confers ligand specificity, and the gp130 signaling subunit that is also utilized by the
IL-6 family of cytokines (5). IL-27 activates the Jak-STAT signal transduction pathway in a
context dependent manner, depending on cell type and activation state. In resting lymphocytes,
IL-27 activates STAT1, STAT3, STAT5 and low amounts of STAT4 (6), whereas activation
of STAT1 is decreased in fully activated CD4+ T cells relative to resting cells (7). In myeloid
cells IL-27 induces phosphorylation of STAT1 and STAT3 (5,8,9) and we have recently
reported that in human monocytes IL-27 has a STAT1-dominant effect (10). In contrast, we
have found that murine BMDM are minimally responsive to IL-27.

IL-27 plays both activating and regulatory roles in immune responses (2). IL-27 is produced
early during innate responses and augments the induction of Th1 responses (4,6). In contrast,
later in the evolution of an immune response IL-27 suppresses Th1 polarization and inhibits
Th17 and Th2 differentiation (6,11-14), in part by inducing IL-10 production (15-17). The role
of IL-27 in arthritis and other inflammatory or infectious diseases has been explained on the
basis of its effects on T cell differentiation (1-3). IL-27 can play either a pathogenic or a
protective role in murine models of inflammatory arthritis, depending upon the model and
underlying pathogenic mechanisms. In adjuvant-induced arthritis and proteoglycan-induced
arthritis, both considered Th1-mediated diseases, IL-27 is pathogenic, consistent with its
known Th1-inducing effects (18,19). In contrast, in collagen-induced arthritis, which is Th17-
mediated (and where Th1 responses can actually be protective), IL-27 was protective and
proposed as a potential treatment for arthritis (20). IL-27 is expressed in human rheumatoid
arthritis (20), which has been considered a Th1-mediated disease, but recent evidence suggests
a role for Th17 responses in disease pathogenesis (21). Thus, it is important to determine
whether IL-27 plays a pathogenic or protective role in human RA.

Rheumatoid arthritis is characterized by chronic synovial inflammation and bone destruction
and a hallmark of disease is bone erosions mediated by osteoclasts (22). In the last few years,
significant breakthroughs have improved our understanding of mechanisms that control the
activity of osteoclasts under physiologic and pathologic circumstances (23,24). Osteoclasts are
large multinucleated cells created by the differentiation and fusion of myeloid lineage precursor
cells, which include cells in the blood monocyte pool (25). In the microenvironment of bone,
myeloid-derived osteoclast precursors are exposed to stimuli that commit them to the osteoclast
lineage (26). The driving force of this commitment-differentiation process is the interaction of
RANKL (a cytokine member of the TNF super-family) with its receptor RANK that is
expressed on the surface of osteoclast precursors (27,28). Effective osteoclastogenesis requires
co-stimulatory calcium-mediated signals by ITAM-coupled receptors that co-operate with
RANK signaling to induce NFATc1 and the downstream osteoclast differentiation program
(29-32). In humans, TREM-2 is a key costimulatory receptor, as loss of function mutations in
TREM-2 compromise bone remodeling and lead to Nasu Hakola disease (33,34).

The multi-step osteoclast differentiation program is tightly controlled by hormones, cytokines
and other regulatory factors. Cytokines that activate the Jak-STAT signal transduction pathway
have been implicated in the regulation of osteoclastogenesis bridging immune regulation with
bone remodeling. IFNs (35,36), IL-4 (37), IL-6 (38) and IL-10 (39) inhibit osteoclast
differentiation, while IL-23 promotes osteoclast formation by up-regulating RANK expression
in precursor cells (40). IL-27, which belongs to the same cytokine family as IL-23, has been
reported to modestly and indirectly regulate osteoclast differentiation in murine systems (40,
41), but mechanisms by which IL-27 regulates osteoclastogenesis and the role of IL-27 in
human osteoclastogenesis have not been addressed.
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We wished to explore the role of IL-27 in human osteoclastogenesis as this could yield insight
into one facet of the potential pathogenic vs. protective roles of IL-27 in human RA. We found
that IL-27 is a potent inhibitor of human osteoclastogenesis by a direct effect on osteoclast
precursor cells. One mechanism that mediates the anti-osteoclastogenic function of IL-27 is
abrogation of RANKL-induced c-Jun and NFATc1 expression by downregulation of the
expression of RANK and inhibition of MAPK- and NF-κB signaling pathways downstream of
RANK. We also found that in osteoclast precursor cells IL-27 downregulates the expression
of the TREM-2 costimulatory receptor. Surprisingly, we found that synovial fluid derived
macrophages from joint effusions of patients with active RA were refractory to the effects of
IL-27. Our findings, combined with the reported inhibitory effects of IL-27 on Th17-mediated
inflammation, suggest that IL-27 has the capacity to regulate both chronic inflammation and
associated bone erosion, but this regulatory function is attenuated within the inflammatory
microenvironment of the joint.

Materials and Methods
Cell culture

PBMCs from healthy volunteers’ blood leukocytes, purchased from the New York Blood
Center, were obtained by density gradient centrifugation using Ficoll (Invitrogen Life
Technologies). Mononuclear cells were isolated from synovial fluids derived from five patients
with rheumatoid arthritis (diagnosis was based on ACR criteria). CD14+ cells were purified
from fresh PBMCs and from synovial fluid derived mononuclear cells using anti-CD14
magnetic beads (Miltenyi Biotec) as recommended by the manufacturer. Purity of CD14+ cells
was >97% as verified by FACS. Murine monocytes were obtained from C57BL/6J mice (The
Jackson Laboratory) by density gradient centrifugation and positive selection using anti-
CD11b magnetic beads (Miltenyi Biotec) as recommended by the manufacturer. Bone marrow
cells and splenocytes were obtained from C57BL/6J mice and bone marrow-derived osteoclast
precursors were generated by 4 days of culture on Petri dishes (Midwest Scientific, St. Louis,
MO) in DMEM supplemented with 20% FBS (HyClone) and recombinant murine MCSF (20
ng/ml) (Peprotech). To measure cell viability, MTT assays were performed using an MTT
assay kit (Roche Diagnostics, Indianapolis, IN), according to the manufacturer's instructions.
Experiments with human cells were approved by the Hospital for Special Surgery IRB and
with mouse cells by the Institutional Animal Care and Use Committee.

Osteoclast differentiation
Human CD14+ cells were incubated in α-MEM (Invitrogen) supplemented with 10% FBS
(Defined, Hyclone) and 20ng/ml of hM-CSF (PeproTech) for 2 days to generate osteoclast
precursors. Osteoclast precursors were incubated with 20ng/ml of M-CSF and 40ng/ml of
sRANKL (PeproTech) for an additional 5 days. Cytokines were replenished every 3 days. On
culture day 7, cells were fixed and stained for TRAP using the Acid Phosphatase Leukocyte
diagnostic kit (Sigma, San Diego, CA) as recommended by the manufacturer. Multinucleated
(> 3 nuclei) TRAP-positive osteoclasts were counted in triplicate wells of 96 well plates.
Recombinant hIL-27 (3-100ng/ml) (R&D Systems) was added either from the beginning of
the culture and before RANKL (IL-27 pretreatment), simultaneously with RANKL on culture
day 3, or after RANKL (on culture day 5). Murine bone marrow-derived osteoclast precursors
were incubated with mMCSF (20ng/ml) and sRANKL (80ng/ml) for 5 days in α-MEM and
processed as described above.

Pit formation assay
Human CD14+ cells were cultured in the presence of M-CSF (20 ng/ml) without or with IL-27
(100 ng/ml) for two days, and then the cells were re-plated on dentin slices (5 × 104 cells/slice)
in 96-well culture plates and stimulated as indicated. The dentin slices were washed with water,
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cells on dentin were removed, and the dentin slices were immersed in 1% toluidine blue O
(Sigma-Aldrich) to stain resorption pits formed by mature osteoclasts.

Immunoblotting
Whole-cell extracts were prepared by lysis of cells in 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 1 × proteinase inhibitor cocktail (Roche, Basel, Switzerland).

Nuclear extracts were prepared by incubating cells for 15 min (4°C) in buffer containing 10
mM Hepes (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 1 × proteinase inhibitor cocktail and 1mM
DTT. NP-40 was added to a final concentration of 0.2% and the lysate was centrifuged at
10,000g for 30sec. Finally, the nuclear pellet was lysed in SDS-PAGE loading buffer.

Protein levels of whole cell lysates were quantitated using the Bradford assay (Biorad,
Hercules, CA). For immunoblotting 5 or 10μg of whole-cell lysates were fractioned on 7.5%
and 10% polyacrylamide gels using SDS-PAGE, transferred to polyvinylidene fluoride
membranes (Millipore) and incubated with specific Abs. ECL was used for detection. ERK,
p-ERK, p-p38, p-IκBα, IκBα, c-Jun, pY-STAT1 and pY-STAT3 antibodies were from Cell
Signaling Technology. TRAF6, TBP and p38 antibodies were from Santa Cruz Biotechnology
while NFATc1, STAT1 and STAT3 antibodies were purchased from BD Transduction
Laboratories.

RT-PCR and quantitative RT-PCR (qPCR)
For RT-PCR and qPCR total RNA was extracted using an RNeasy mini kit (Qiagen) and 1μg
of total RNA was reverse transcribed using a First Strand cDNA Synthesis kit (Fermentas).
qPCR was performed using iQ SYBR Green Supermix and iCycler iQ thermal cycler (Bio-
Rad). PCR (34 cycles: 95°C 30sec/60°C 30sec/72°C 1 min.) was utilized to quantify the mRNA
levels of WSX-1 in human CD14+ or CD14- cells and murine osteoclast precursors or
splenocytes.

Results
IL-27 inhibits human osteoclastogenesis in a dose- and time-dependent manner

In the presence of M-CSF and RANKL myeloid-lineage precursors differentiate into
osteoclasts (25), but STAT1 activation downstream of IFNs has been shown to inhibit
osteoclastogenesis (42). Recently we reported that IL-27 strongly activates STAT1 in human
monocytes and macrophages (10) and in this study we wished to investigate whether IL-27 has
any regulatory function on human osteoclastogenesis. As expected (43), culture with M-CSF
plus RANKL induced differentiation of large multinucleated TRAP+ cells that were readily
apparent 5 days after RANKL addition (Figure 1A, second panel and Figure 1B). When IL-27
was added at the beginning of culture (Day 1), a dose dependent inhibition of osteoclastogenesis
was observed (Figure 1A and 1B), with nearly complete inhibition of generation of
multinucleated TRAP+ cells observed at doses ≥ 30ng/ml of IL-27 (p < 0.01, Student's t test).
When IL-27 (100ng/ml) was added at later time points during the differentiation process, a
substantial inhibition was observed when IL-27 was added on day 3 (simultaneously with
addition of RANKL), while there was slight inhibition when IL-27 was added on day 5 (Figure
1A and 1B). A similar pattern of dose- and time-dependent inhibition of RANKL-induced
expression of osteoclast-related genes Cathepsin K (Figure 1C) and integrin β3 (data not
shown) by IL-27 was observed. Cathepsin K and integrin β3 were still expressed in the mostly
mononuclear cells observed when 30 ng/ml of IL-27 was used, but were strongly downregulatd
by saturating concentrations of IL-27 that nearly completely suppressed osteoclastogenesis.
The functional consequence of the observed IL-27-mediated inhibition of osteoclastogenesis
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was assessed by resorption pit formation assay using dentin slices. As expected, the observed
inhibition of osteoclastogenesis by IL-27 was reflected also by the absence of resorption pits
(Figure 1D, left). Interestingly, when IL-27 was added late on day 5, the formed osteoclasts
were capable of creating resorption pits (Figure 1D, left, fifth panel). The latter implies that
IL-27 can not inhibit the late stages of osteoclast differentiation and function. Additionally, we
found using the MTT assay that IL-27 mediates antiosteoclastogenic effects without affecting
viability of osteoclast precursors (Figure 1D, right). Taken together, these observations suggest
that IL-27 is a potent inhibitor of the early stages of human osteoclastogenesis by a direct effect
on osteoclast precursors.

IL-27 abrogates RANKL-mediated induction of NFATc1
We wished to investigate mechanisms by which IL-27 inhibits osteoclast differentiation. It is
well established that NFATc1 is a master regulator of osteoclastogenesis, driving the
expression of genes that are crucial for the commitment and differentiation of precursor cells
to osteoclasts (44,45). We tested the effects of IL-27 on NFATc1 expression. As expected,
RANKL (40ng/ml) induced within 24h NFATc1 protein expression (Figure 2A, lane 4) and
the levels of NFATc1 protein remained elevated for at least 72h following RANKL stimulation
(Figure 2A, lanes 4-6). Addition of IL-27 resulted in the abrogation of RANKL-induced
NFATc1 protein expression for the entire 72h period of RANKL stimulation (Figure 2A, lanes
7-9). We next investigated whether IL-27 inhibits NFATc1 gene expression. The levels of
NFATc1 mRNA increased following 24 and 48h stimulation with RANKL (Figure 2B).
Pretreatment with IL-27 resulted in substantial suppression of NFATc1 mRNA levels (Figure
2B). A similar striking abrogation of RANKL-induced NFATc1 protein expression was
observed when IL-27 was added together with RANKL (on culture day 3) (Figure 2C, lanes
4-9). Simultaneous addition of IL-27 had a similar suppressive effect on NFATc1 mRNA
expression (Figure 2D). These results indicate that the abrogation of NFATc1 induction is a
mechanism that mediates the inhibitory effects of IL-27 on human osteoclastogenesis.

IL-27 inhibits RANKL-induced activation of MAPK and NF-κB pathways and suppresses
RANK expression

The induction of NFATc1 expression by RANK is dependent upon RANKL-induced activation
of MAPK and NF-κB pathways (23,24), and thus we investigated whether IL-27 inhibited
RANK signaling. In agreement with the literature, we found that stimulation of osteoclast
precursors with RANKL (40ng/ml) induced rapid phosphorylation of ERK and p38 MAPKs
(Figure 3A, first and third panels, lanes 2-4). We observed strong inhibition of RANKL-
induced ERK and p38 phosphorylation by IL-27 (Figure 3A, first and third panels, lanes 6-8).
In addition, RANKL induced the expected phosphorylation and rapid degradation of IκBα
(Figure 3B, top panels, lanes 2-4) indicating activation of the classical NF-κB pathway, while
IL-27 prevented RANKL-induced IκBα phosphorylation and degradation (Figure 3B, top
panels, lanes 6-8). IFNγ, the prototypic STAT1 activating cytokine, inhibits RANKL signaling
in murine osteoclast precursors by inducing rapid degradation of the adapter TRAF6 that lies
upstream of NF-κB and MAPK activation (35). In our system IL-27 had no effect on the
expression of TRAF6 protein (Figure 3B, bottom panel). RANKL-mediated induction of AP-1
proteins, including Fos and Jun, is important for osteoclastogenesis. Induction of Fos by
RANKL was not consistently observed in our human osteoclastogenesis system (data not
shown). However, RANKL consistently induced c-Jun protein and this induction was
detectable in nuclear extracts for at least 3h following RANKL stimulation (Figure 3C, lanes
2-4). In the presence of IL-27 the RANKL-mediated induction of c-Jun was abrogated (Figure
3C, lanes 6-8). We then investigated whether IL-27 inhibits expression of RANK, which could
explain IL-27-mediated inhibition of several RANK signaling pathways. Culture with MCSF
induced the expected increase in RANK mRNA that peaked at 24h and remained elevated at
48h of culture (Figure 3D, black bars). IL-27 partially suppressed M-CSF-mediated induction
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of RANK mRNA expression in all donors tested (>10) (Figure 3D, grey bars). When we tested
the effects of IL-27 on the expression of the M-CSF receptor c-Fms, there was variability
among donors in the effects of IL-27 on c-Fms mRNA levels and cell surface expression, while
IL-27 strongly inhibited osteoclastogenesis in all donors tested (n >10). Because IL-27
inhibited osteoclastogenesis effectively even in donors where c-Fms expression was not
affected, we conclude that an effect of IL-27 on c-Fms expression is not a major mechanism
to explain the observed inhibition of osteoclastogenesis. In sum, the results demonstrate that
IL-27 inhibits RANK-induced signaling that is required for NFATc1 expression, and suggest
that this inhibition may be mediated in part by downregulation of RANK expression.

IL-27 suppresses TREM-2 mRNA expression
As the strong inhibition of osteoclastogenesis and NFATc1 expression by IL-27 could not be
solely explained by inhibition of RANK expression, we investigated the effects of IL-27 on
other pathways implicated in the induction of NFATc1 expression. The immunonoreceptors
TREM-2, OSCAR, SIRPβ1 and ILT7 (homolog of murine PIR-A) and integrin αVβ3 that
signal via ITAM-containing adaptors DAP12 and FcRγ cooperate with RANK signaling
pathways to induce NFATc1 expression and osteoclastogenesis (29-32). We investigated the
effects of IL-27 on costimulatory receptors and DAP12/FcRγ expression. The expression of
TREM-2 increased during the early differentiation of osteoclast precursors, and this increase
in TREM-2 expression was strongly suppressed by IL-27 (Figure 4A). In contrast, expression
of OSCAR, SIRPβ1, DAP12 and FcRγ, did not substantially change during differentiation of
osteoclast precursors, and was not suppressed by IL-27 (Figure 4B and 4C). ILT7 mRNA
expression was moderately increased by IL-27 (Figure 4B). As costimulatory signaling is
important for NFATc1 expression and TREM-2 plays a key role in costimulation of human
osteoclastogenesis (33,34), these observations suggest down-regulation of TREM-2 as a
mechanism by which IL-27 suppresses NFATc1 induction and inhibits human
osteoclastogenesis.

Synovial fluid macrophages derived from RA patients are refractory to IL-27
Given the above described inhibitory effects of IL-27 in human osteoclastogenesis, we
wondered whether IL-27 exerts these regulatory functions in CD14+ cells derived from
synovial fluid (SF) of patients with active rheumatoid arthritis. SF-derived CD14+ cells from
RA patients responded to IFN-γ stimulation with activation of STAT1 (Figure 5A, first panel,
lane 2) and a robust induction of CXCL10 gene expression (Figure 5B, white bar). Surprisingly,
following stimulation with IL-27 we observed a very faint activation of STAT1 (Figure 5A,
top panel, lane 3) that was inadequate to induce STAT1-target gene expression (including
CXCL10, CXCL9, IRF-1 and STAT1, Figure 5B and data not shown; p < 0.001, Student's t
test). These results were consistently observed in synovial macrophages from all five patients
tested and suggest that cells derived from the joints of many patients with active RA are only
minimally responsive to IL-27. The latter implies that, within the microenvironment of an
inflamed joint, IL-27 may not exert its regulatory functions.

IL-27 moderately inhibits murine osteoclastogenesis due to low expression of WSX-1
We have recently reported that murine macrophages are minimally responsive to IL-27 (10)
and in this study we wished to test whether IL-27 has an effect on murine osteoclast
differentiation. Because we wished to use murine monocytes as osteoclast precursors (to
directly compare to human monocytes), we first tested the responsiveness of murine monocytes
to IL-27. Following stimulation of murine monocytes with IFN-γ (that was used as a positive
control) we observed the expected activation of STAT1 and STAT3 (Figure 6A, first and third
panel, lanes 2-4) and induction of classical STAT1-target genes (including IP-10, MIG, IRF-1,
data not shown). Similarly to murine macrophages (10), in murine monocytes following IL-27
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stimulation there was no detectable activation of STAT1 and STAT3 (Figure 6A, first and third
panel, lanes 5-7) and minimal induction of STAT1-target genes (data not shown). Because
murine monocytes did not differentiate efficiently into osteoclasts in our system, we used bone
marrow-derived osteoclast precursors, a standard approach to study murine osteoclastogenesis,
to test the effects of IL-27. As expected, addition of RANKL to murine bone marrow-derived
osteoclast precursors resulted in the formation of large multinucleated TRAP+ cells within 5
days (Figure 6B, upper panels). When IL-27 was added (prior to or simultaneously with
RANKL) in doses ranging from 1-100ng/ml there was a minimal to moderate inhibition of
osteoclast formation (Figure 6B, panels 3-5). Similarly, the number of TRAP+ multinucleated
cells (Figure 6C) and expression of osteoclast marker genes (data not shown) were only
moderately lower in the presence of IL-27. In stark contrast to the human system, IL-27 had
minimal effect on RANKL-mediated induction of NFATc1 expression in murine osteoclast
precursors (data not shown), further supporting the notion that murine osteoclast precursors
are moderately responsive to IL-27. In our recent report (10), we have shown that IL-6 induces
a substantial activation of STAT-3 in murine myeloid cells, indicating that gp130, the shared
receptor subunit for IL-6 and IL-27 receptors, is expressed on these cells. We next investigated
the expression levels of the WSX-1 subunit of the IL-27 receptor in human and murine cells.
We found that human lymphocytes and osteoclast precursors express WSX-1 mRNA at
comparable levels (Figure 6D, lanes 1-2), while WSX-1 expression is low in murine osteoclast
precursors compared to murine splenocytes (predominantly lymphocytes) (Figure 6D, lanes
3-4). The latter suggests that low expression of WSX-1 in murine osteoclast precursors is a
potential explanation for the modest responsiveness of these cells to the effects of IL-27.

Discussion
In this study we have found that IL-27 is a potent inhibitor of human osteoclastogenesis. This
effect is mediated by directly targeting the early stages of differentiation of precursor cells into
osteoclasts. In the presence of IL-27 we observed down-regulation of RANK and TREM-2
expression, an inhibition of MAPK- and NF-κB- pathways downstream of RANK and most
importantly an abrogation of RANKL-induced c-Jun and NFATc1 expression. In stark contrast
to blood-derived CD14+ cells from healthy donors, SF-derived CD14+ cells from RA patients
were refractory to IL-27. Our observations, combined with the well-characterized anti-
inflammatory functions of IL-27 (3), suggest that IL-27 has the potential to limit the extent of
bone destruction in the setting of infection or inflammation, but that this homeostatic function
of IL-27 can be compromised during chronic inflammation, such as occurs in rheumatoid
arthritis.

NFATc1 is essential for osteoclast differentiation in vitro and in vivo (44,45). We observed a
remarkable suppression of NFATc1 mRNA and protein expression by IL-27 in our system.
Signaling pathways downstream of RANK and immunoreceptors (including TREM-2) co-
operate leading to the activation of calcium signaling, the activation of NFATc1 and finally
strong induction of NFATc1 itself through an auto-amplification loop (24). In our study, the
attenuation of MAPK- and NF-κB-signaling pathways downstream of RANK correspond to a
mechanism that contributes to the suppression of NFATc1 expression by IL-27. IL-27 appears
to regulate the levels of c-Jun protein that is induced downstream of MAPK pathways. c-Jun
is the partner of c-Fos for the formation AP-1, a transcription factor essential for the induction
of NFATc1 (46). A potential explanation for the inhibition of the MAPK and NF-κB signaling
pathways observed in our system is the down-regulation of RANK expression by IL-27 in
human osteoclast progenitors. This downregulation of RANK was partial, suggesting that it
contributes to diminished responses to RANKL only under conditions where osteoclast
precursors are exposed to low concentrations of RANKL (as in the case of the inflamed
synovium in rheumatoid arthritis). In contrast, TREM-2 expression was effectively inhibited
by IL-27, indicating that IL-27 suppresses costimulation of RANK signaling.
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We have previously reported that IL-27 has a STAT1-dominant, IFNγ-like effect on human
monocytes (10). IFNγ is also a powerful suppressor of osteoclast differentiation by a STAT1-
mediated mechanism (42). Similar to our observations with IL-27, IFN-γ inhibits the activation
of MAPK and NF-κB pathways downstream of RANK (35). IFNγ inhibits RANK signaling
in murine osteoclast precursors by inducing rapid degradation of the signaling adapter TRAF6
that functions downstream of RANK (35). In our system the protein levels of TRAF6 were not
reduced in IL-27 treated cells prior to or after RANKL stimulation, indicating that there was
no overt degradation of TRAF6. This observation suggests that IL-27 and IFNγ inhibit
osteoclastogenesis by different mechanisms, although it is possible that differences in TRAF6
protein regulation and stability between murine and human osteoclast precursors contributes
to the observed differences.

In the current study we have found that SF macrophages derived from joint effusions of patients
with active RA retain responsiveness to IFN-γ but are refractory to IL-27. We have recently
reported that resistance to IL-27 can be induced by LPS by a p38-dependent mechanism (10).
These findings suggest that inflammatory factors that activate p38 can induce a state of
refractoriness to IL-27, and in this context we hypothesize that, within the inflammatory
microenvironment of the joint, where p38 is known to be activated, SF macrophages are
exposed to stimuli that render them refractory to the regulatory effects of IL-27. The level of
refractoriness is likely to wax and wane with disease activity, but the data suggest that patients
with active disease would be refractory to IL-27 therapy. However, greater understanding of
mechanisms that render cells refractory to IL-27 could potentially lead to therapeutic
manipulations to restore cell responsiveness to the regulatory functions of IL-27. Under such
conditions, endogenous IL-27 would have a beneficial effect in suppressing bone resorption,
and exogenous IL-27 might represent an effective therapy.

Recently, several differences have become apparent in the regulation of osteoclastogenesis and
bone remodeling between humans and mice (47). For example, TREM-2 deficiency in humans
is associated with impaired osteoclastogenesis, aberrant bone remodeling and Nasu-Hakola
disease (also called polycystic lipomembranous osteodysplasia with sclerosing
leukoengephalopathy) (33,34). In contrast, mice deficient in TREM-2 do not have a clear bone
phenotype in vivo and have increased osteoclastogenesis in vitro (48). Our observations add
to these species differences by showing substantially less effective inhibition of osteoclast
differentiation by IL-27 with mouse relative to human osteoclast precursors. One potential
explanation of this difference is that murine osteoclast precursors are moderately responsive
to IL-27 due to low expression of WSX-1. An additional explanation is likely related to
differences in TREM-2 regulation and function in humans and mice, and the contribution of
TREM-2 downregulation to the suppressive effects of IL-27 in human cells. In addition, we
have shown that in human cells IL-27 is a powerful inhibitor of osteoclastogenesis directly
targeting osteoclast progenitors, while our findings with murine bone marrow-derived
osteoclast progenitors and evidence from other groups suggest that in murine systems IL-27
regulates osteoclast differentiation mainly indirectly by affecting cell populations other than
the osteoclast precursors. It has been reported that IL-27 induces activation of STAT-1 and
STAT-3 in murine osteoblasts, but no profound functional consequences were found (41). In
the same study, IL-27 inhibited osteoclastogenesis indirectly possibly by regulating the
functions of activated CD4+ T-cells. Along the same lines, another study identified murine
Th17 cells as the exclusive osteoclastogenic subset among the known CD4+ T-cell lineages
(49) and several reports suggest that IL-27 suppresses Th17 polarization (12,13,50).

The findings of our current study provide evidence that IL-27 is a powerful inhibitor of human
osteoclastogenesis, but the perspective of using IL-27 as a potential treatment in human
diseases including rheumatoid arthritis needs further investigation and careful evaluation.
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Figure 1. IL-27 inhibits human osteoclastogenesis in a dose- and time-dependent manner
Freshly isolated human CD14+ cells were cultured with MCSF (20ng/ml) for 48h and RANKL
(40ng/ml) was added on Day 3 as described in Materials and Methods. IL-27 (3, 10, 30 and
100ng/ml) was added at the initiation of cultures (Day1) or later (Day 3 or Day 5). (A and B),
TRAP positive multinucleated (> 3 nuclei) cells were counted 5 days after RANKL addition
and representative data of one out of three independent experiments are shown as mean ±SD
from triplicate wells of 96 well plates (* = p>0.05, ** = p<0.05 and *** = p<0.01. p values
were calculated by Student's t test). C, Cathepsin K mRNA was measured by using real-time
PCR and normalized relative to GAPDH expression. The means ±SD of triplicate determinants
in a representative experiment of three independent experiments are shown; small SDs are not
readily apparent because of large inductions. D (left panels), freshly isolated human monocytes
were cultured as in A and osteoclast function was measured by a resorption pit formation assay.
D (right panel), Human CD14+ monocytes were cultured with MCSF (20ng/ml) in the presence
or absence of IL-27 (100ng/ml) for 2days. Cell viability was measured by MTT assay.
Representative results of at least three independent experiments are shown.
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Figure 2. IL-27 abrogates RANKL-mediated induction of NFATc1
A and B, Freshly isolated human CD14+ cells were cultured with MCSF (20ng/ml) in the
presence or absence of IL-27 (100ng/ml) for 48h and then were stimulated with RANKL. C
and D, Freshly isolated human CD14+ cells were cultured with MCSF (20ng/ml) for 48h and
then were stimulated with RANKL (40ng/ml) in the presence or absence of IL-27 (100ng/ml).
NFATc1 protein expression 24, 48 and 72h following RANKL stimulation was measured by
immunoblotting (A and C). NFATc1 mRNA was measured using real-time PCR and
normalized relative to GAPDH expression (B and D). Representative results of at least three
independent experiments are shown.
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Figure 3. IL-27 inhibits RANKL-mediated activation of MAPK and NF-κB pathways and induction
of c-Jun
Freshly isolated human CD14+ cells were cultured with MCSF (20ng/ml) in the presence or
absence of IL-27 (100ng/ml) for 48h. Control and IL27-treated cells were stimulated with
RANKL (40ng/ml) for 5, 10 and 15 minutes (A and B) or for 0.5, 1 and 3h (C). Immunoblotting
was used to measure threonine 202/tyrosine 204 phosphorylation of Erk1/Erk2 and threonine
180/tyrosine 182 phoshorylation of p38 (A), serine 32 phosphorylation of IκBα and total
IκBα (B), total TRAF6 (B), and nuclear c-Jun and TBP proteins (C). Representative results of
at least five independent experiments are shown. D, RANK mRNA was measured in control
and IL-27-treated cells using real-time PCR and normalized relative to GAPDH expression.
The means ±SD of triplicate determinants in a representative experiment of three independent
experiments are shown; small SDs are not readily apparent because of large inductions.
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Figure 4. IL-27 inhibits TREM-2 expression
Freshly isolated human CD14+ cells were cultured with MCSF (20ng/ml) in the presence or
absence of IL-27 (100ng/ml) for 24 and 48h. TREM-2 mRNA (A), OSCAR mRNA, SIRPβ1
mRNA and ILT7 mRNA (B) and DAP12 and FcRγ mRNA (C) was measured using real-time
PCR and normalized relative to GAPDH expression. Representative results of at least four
independent experiments are shown.
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Figure 5. Synovial fluid macrophages derived from Rheumatoid Arthritis patients are refractory
to IL-27
Freshly isolated CD14+ cells derived from synovial fluid of five RA patients were stimulated
for 15min (A) or 3h (B) with hIFN-γ (100U/ml) or hIL-27 (100ng/ml). A, tyrosine 701
phosphorylation of STAT1 was measured by immunoblotting. Representative results of one
out of five independent experiments are shown. B, CXCL10 mRNA expression was measured
using real-time PCR and normalized relative to GAPDH expression (p<0.001 by paired
Student's t test, n=5).
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Figure 6. IL-27 is a moderate inhibitor of in vitro osteoclastogenesis in murine systems
A, Murine monocytes were stimulated for 5, 10 and 20min with mIFN-γ (100U/ml) or mIL-27
(100ng/ml). Immunoblotting was used to measure tyrosine 701 phosphorylation of STAT1 and
tyrosine 705 phosphorylation of STAT3. (B-C) Bone marrow-derived osteoclast precursors
obtained from C57BL/6J mice were cultured in the presence of MCSF (20ng/ml) and RANKL
(80ng/ml) was added as described in Materials and Methods. IL-27 (1, 10 and 100ng/ml) was
added 1 day before RANKL (Pretreatment) or simultaneously with RANKL. (B and C), TRAP
positive multinucleated (> 3 nuclei) cells were counted 5 days after RANKL addition and
representative data of one out of three independent experiments are shown as mean ±SD from
triplicate wells of 96 well plates (* = p>0.05 and ** = p<0.05. p values were calculated by
Student's t test). D, The expression of WSX-1 m-RNA was measured by PCR in freshly isolated
human CD14+ and CD14- cells and in murine BMDM and splenocytes.
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