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Receptor activator of NF-&B ligand (RANKL) is a transmem-
brane glycoprotein that has an essential role in the development
of osteoclasts. The extracellular portion of RANKL is cleaved
proteolytically to produce soluble RANKL, but definite RANKL
sheddase(s) and the physiologic function of RANKL shedding
have not yet been determined. In the present study, we found
that matrix metalloproteinase (MMP) 14 and a disintegrin and
metalloproteinase (ADAM) 10 have strong RANKL shedding
activity. In Western blot analysis, soluble RANKL was detected
as two different molecular weight products, and RNA interfer-
ence of MMP14 and ADAMI0 resulted in a reduction of both
the lower and higher molecular weight products. Suppression of
MMP14 in primary osteoblasts increased membrane-bound
RANKL and promoted osteoclastogenesis in cocultures with
macrophages. Soluble RANKL produced by osteoblasts from
MMP14-deficient mice was markedly reduced, and their osteo-
clastogenic activity was promoted, consistent with the findings
of increased osteoclastogenesis in vivo. RANKL shedding is an
important process that down-regulates local osteoclastogenesis.

Receptor activator of NF-«B ligand (RANKL),? also known as
TNF-related activation-induced cytokine, osteoprotegerin
ligand, and osteoclast differentiation factor, is a type II trans-
membrane glycoprotein of the TNF ligand family. RANKL is
expressed on the plasma membrane of osteoblasts, bone mar-
row stromal cells, and T-lymphocytes (1-5) and exerts its activ-
ity through binding to its TNF family receptor RANIK, which is
expressed on monocyte-macrophage lineage osteoclast precur-
sors (3, 4, 6). Consequently, RANK activates downstream sig-
naling pathways such as NF-«B, p38 mitogen-activated protein
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kinase, c-Jun N-terminal kinase, and nuclear factor of activated
T cells c1 and leads to the differentiation, activation, and sur-
vival of osteoclasts {6 -9). Both RANKL- and RANK-deficient
mice develop severe osteopetrosis due to a lack of osteoclasts
(10, 11). Conversely, a deficiency of osteoprotegerin (OPG), a
natural inhibitor of RANKL, causes severe osteoporosis due to
enhanced osteoclastogenesis (12). These findings suggest a cru-
cial role for the RANKL/RANK/OPG axis in osteoclast
development.

A number of transmembrane proteins undergo proteolysis
and are released from the plasma membrane, a process called
ectodomain shedding. The biologic and pathologic significance
of ectodomain shedding varies between substrate proteins. For
example, cytokines such as TNF-a and epidermal growth factor
are released from local environments and exert their activity in
paracrine and endocrine signaling by ectodomain shedding
(13-15). In some cases, ectodomain shedding is necessary even
for the local effects of growth factors such as epidermal growth
factor (16). Although membrane-bound RANKL is converted
to a soluble form through ectodomain shedding (17, 18) similar
to other TNF family members, such as TNF-« (13, 14) and Fas
ligand (19), the RANKL sheddases involved in physiologic and
pathologic bone resorption, and the role of RANKL shedding is
unknown. We report that RANKL shedding is regulated by
matrix metalloproteinase (MMP) 14 and a disintegrin and met-
alloproteinase (ADAM) 10 in bone marrow stromal cells and
osteoblasts. MMP14 is mainly involved in RANKL shedding in
osteoblasts, and its deficiency up-regulates osteoclastogenesis
by reducing RANKL shedding in the local bone milieu.

EXPERIMENTAL PROCEDURES

Reagents— DNA polymerase, KOD plus, was purchased from
TOYOBO (Osaka, Japan). Antibodies for the His-tag were from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), antibodies for
the V5 tag were from Invitrogen, antibodies for actin were from
Sigma-Aldrich, and the antibody for RANKL was from Active
Motif (Carlsbad, CA). MMP inhibitors, FR255031 and
FR217840, were generous gifts from Astellas Pharma Inc.
(Tokyo, Japan).

Constructs—The procedures for the construction of the
tRANKL-SEAP expression vector, pcDNA3.1-RANKL-V5HisB,
pcDNA3.1-mMMP14-V5HisA, pcDNA3.1-mMMP13-V5HisA,
and expression vectors for human MT1, MT2, MT3, MT4,
MTS5, and MT6-MMP were described previously (20-26). An
expression vector for mouse RANKL, pSG5-RANKL, was con-
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structed by inserting mouse RANKL ¢DNA into pSG5 (Strat-
agene, La Jolla, CA). Expression vectors for mouse MMP1,
MMP2, MMP3, MMP7, MMP9, MMP11, MMP19, MMP23,
MMP28, ADAMS, ADAMI10, ADAM17, and ADAMI9
were constructed by inserting the cDNA generated by reverse
transcription-PCR of mRNA of mouse osteoblasts into
pcDNA3.1-V5HisA (Invitrogen). The ¢DNA for ADAMI0-
V5His was further subcloned from pcDNA3.1- or ADAM10-
V5HisA and inserted into the pSG5 vector. Small interference
RNA (siRNA) plasmids for GFP, mouse ADAM10 and MMP14
were constructed using piGENE mU6 vector (iGENE Thera-
peutics Inc., Ibaraki, Japan) according to the manufacturer’s
protocol. Target sites were, for GFP, 5'-GCTACGTCCAGGA-
GCGCACCA-3'; for ADAMI0, 5'-GGGTCTGTCATTGAT-
GGAAGA-3" and 5'-GCTGTGATTGCTCAGATATCC-3';
and for MMP14, 5'-GGACTGAGATCAAGGCCAATG-3’
and 5'- GGATGGACACAGAGAACTTCG-3'. The retrovirus
vector for mouse MMP14 was constructed by inserting the
c¢DNA fragment for mouse MMP14 into the BamHI and EcoRI
restriction sites of pMX-puro (kindly provided by Toshio Kita-
mura, Institute of Medical Science, The University of Tokyo).
Retrovirus vectors for siGFP, siMMP14, and siADAMI10 were
constructed as follows; cDNA fragments for siRNA, including
the mouse U6 promoter were subcloned from piGENE con-
structs by PCR using M13F/R primers and ligated into pCR-
blunt II TOPO (Invitrogen), digested by EcoRl, and inserted to
the EcoRI restriction site of pMX-puro.

Cell Culture—The human kidney cell line 293T were cul-
tured in Dulbecco’s modified eagle medium (Sigma-Aldrich)
and the mouse bone marrow stromal cell line TM8B2 (gener-
ous gift from Prof. Noda, Medical Research Institute, Tokyo
Medical and Dental University) were cultured with a-MEM,
and both of them were supplemented with 10% FBS and 1%
penicillin-streptomycin solution (Sigma-Aldrich Co.). Cells
were incubated at 37 °C in a humidified atmosphere containing
5% CQO,. Primary osteoblasts were harvested from the calvaria
of newborn ddy (purchased from Sankyo Labo Service Co.,
Tokyo Japan) and C57/BL6 (MMP14-deficient mice and wild-
type littermates) mice as previously described (27).

Screening of RANKL Sheddases—The alkaline phosphatase
assay of the culture media and the Western blot analysis were
described previously (20, 28). To detect soluble RANKL
released into the culture media of TM8B2 cells, 3 ml of the
culture media was incubated with 4 ul of recombinant pro-
tein G-agarose (Invitrogen) and 1 ug of recombinant
OPG-Fc chimeric protein (R&D Biosystems, Minneapolis,
MN) for 16 h at 4 °C, then recovered by brief centrifugation.
The pellets were suspended in TNE buffer (10 mm Tris-HCl
(pH 7.5), 150 mM NaCl, 1 mm EDTA, 1% Nonidet P-40), and
subjected to SDS-PAGE.

Retrovirus Infection—The procedure for preparation of the
retrovirus was described previously (29). Primary osteoblasts
were incubated with the culture media containing retrovirus
supplemented with 5 pg/ml polybrane (Sigma-Aldrich) for
16 h.

Real-time PCR—The reaction mixture for the real-time PCR
was prepared using qPCR QuickGoldStar Mastermix Plus for
SYBR® Green I (Nippon Gene, Tokyo, Japan), and analyzed
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using the ABI PRISM® 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA) according to the manu-
facturer’s protocol. The set of primers used were 5'-CCCAAG-
GCAGCAACTTCA-3" and 5'-CAATGGCAGCTGAGAGT-
GAC-3’ for mouse MMP14, 5'-TGGTGCTTCTGGACTGT-
CTG-3"and 5’ -TACCAGCCCAGCTTCTCAGT-3’ for mouse
MT2-MMP, 5-ATCATGGCCCCATTTTATCA-3" and 5'-
GCATTGGGTATCCATCCATC-3’ for mouse MT3-MMP,
5-TTGAGCAGGAGGAGGAGAAA-3" and 5'-GAGTCAC-
CTTCTGCCACACA-3’ for mouse MT5-MMP, and 5'-AGA-
TGTGGATCAGCAAGCAG-3' and 5'-GCGCAAGTTAGG-
TTTTGTCA-3' for mouse actin.

Western Blot of Primary Osteoblasts—Cells were treated
with or without 107® M 1a,25-dihydroxyvitamin D,
(1,25(0H),D,), 10™¢ M prostaglandin E, (PGE,), and 10 ng/ml
interleukin-1 (IL-1) for 72 h, and 10 ml of culture media were
collected. Cell lysates were collected using M-PER® Mamma-
lian Protein Extraction Reagent (Pierce) according to the man-
ufacturer’s protocol. Culture media and cell lysates were
treated using the same procedure as for culture media of
TM8B2.

Determination of Cleavage Sites of RANKL—pSG5-RANKL
were transfected to TM8B2 cells. Seventy hours after transfec-
tion, 200 ml of the culture medium was collected, and soluble
RANKL was recovered using an OPG-Fc column. Samples were
subjected to SDS-PAGE, transferred to polyvinylidene mem-
brane, and stained with Coomassie Brilliant Blue. The band was
excised, and the N-terminal amino acid sequence was deter-
mined by Hokkaido System Science Co., Ltd. (Hokkaido,
Japan).

ELISA—Primary osteoblasts were seeded in 48-well plates at
a concentration of 1 X 10° cells/ml. If needed, cells were
infected with retrovirus vectors as mentioned above. After 24 h
of incubation, some cultures were treated with 10728 M
1¢,25(0H),D, and 10~° M PGE, for 72 h. The concentration of
RANKL in the culture media and cell lysates (homogenized in
200 pl of TNE buffer per well) was determined by ELISA system
developed using a TRANCE DuoSet ELISA development kit
(R&D Biosystems).

Coculture of Primary Osteoblasts and Bone Marrow
Macrophages—Bone marrow macrophages were obtained
from tibias of 5-8 weeks-old C57/BL6 mice by flushing the
bone marrow with a-MEM, and cultured in o-MEM supple-
mented with 10% FBS, 1% penicillin-streptomycin solution, and
10 ng/ml M-CSF (Wako Pure Chemicals, Osaka, Japan) for
16 h, and non-adherent cells were collected. For the coculture,
primary osteoblasts were seeded in 48-well plates at a concen-
tration of 1 X 10° cells/ml. If needed, cells were infected by a
retrovirus, as described above. After 24-h incubation, macro-
phages were seeded on the primary osteoblasts at a concentra-
tion of 1 X 10° cells/ml and treated with 107® M 1,25(0H),D,
and 107 m PGE, for 5 days. Osteoclasts were stained with
tartrate-resistant acid phosphatase (3), and the cell number was
counted. For separate culture, primary osteoblasts were cul-
tured on the cell culture insert (BD Biosciences, San Jose, CA),
and bone marrow macrophages were seeded on the bottom of
24-well plates.
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Osteoclast Formation Assay by Soluble RANKL Generated by
MMP14—293T cells were transfected with several combina-
tions of pcDNA3.1-V5HisA, pcDNA3.1-RANKL-V5HisB, and
pcDNA-mMMP14-V5HisA using FuGENE 6 (Roche Diagnos-
tics, Indianapolis, IN), and 48 h after transfection, culture
media were collected. Bone marrow macrophages were incu-
bated with a 1:1 mixture of the culture media and a-MEM con-
taining 10% FBS, supplemented with M-CSF at 10 ng/ml for 4
days.

Osteoclast Formation Assay, Survival Assay, and Pit Forma-
tion Assay of Macrophages of MMPI4-deficient Mice—The
MMP14-deficient mice were generated and backcrossed to the
C57/BL6 strain as previously described (30). Livers and spleens
were harvested from newborn MMPI14-deficient mice and
wild-type littermates, and cells were strained using a cell
strainer. The obtained cells were incubated in a-MEM supple-
mented with 10% FBS, 1% penicillin-streptomycin solution, and
200 ng/ml M-CSF (Wako) for 4 days in 10-cm Petri dishes, and
then M-CSF-dependent macrophages were recovered by
trypsinization. For the osteoclast formation assay, macro-
phages were seeded in 48-well plates at a concentration of 2 X
10° cells/ml and treated with 10 ng/ml M-CSF and 100 ng/ml
RANKL (Wako) for 6 days. For the survival assay and the pit
formation assay, macrophages (2 X 10° cells/ml) were cocul-
tured with primary osteoblasts (1 X 10° cells/ml) in a-MEM
containing 10% FBS, 10™% m 1e,25(0OH),D,, and 107° M PGE,
on culture dishes precoated with 0.2% collagen gel matrix (Nitta
Gelatin, Osaka, Japan). When osteoclasts were formed after
7-day culture, they were released from the dishes by treatment
with 0.2% collagenase in phosphate-buffered saline, and col-
lected by centrifugation. For the survival assay, cells were cul-
tured on 48-well plates for 4 h, and osteoclasts were isolated by
removing the osteoblasts by 0.1% collagenase and 0.2% dispase
in phosphate-buffered saline. Purified osteoclasts were further
incubated in a-MEM containing 10% FBS for 20 h. For the pit
formation assay, cells were seeded on the dentin slices (Wako)
precoated with FBS, and incubated in «-MEM containing 10%
FBS, 1078 M 1,25(0OH),D,, and 10™° M PGE, for 24 h. Then the
cells were removed by ultrasonication after adding 1 M NH,OH.
Resorption pits were visualized by staining with 0.5% toluidine
blue and analyzed using Adobe Photoshop (Adobe, San Jose,
CA).

Histology—Tibias of 2- to 3-week-old male MMP14-deficient
mice, and wild-type littermates were fixed in 4% paraformalde-
hyde and decalcified in 10% EDTA. Paraffin-embedded samples
were sectioned at 5 um and stained with hematoxylin and eosin
or tartrate-resistant acid phosphatase. Observers who were
blinded to the origin of the images counted the number of oste-
oclasts on the trabecular bone surface and measured total
length of the trabecular bone using Image ] software (National
Institutes of Health, Bethesda, MD).

Statistical Analysis—Statistical analyses were performed
using Student’s ¢ test for the alkaline phosphatase assay and a
two-tailed unpaired Student’s ¢ test for the real-time PCR and
ELISA. A p value of <0.05 was considered to be statistically
significant.
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FIGURE 1. RANKL shedding activity of MMPs and ADAMs. A, schematic
representation of RANKL and tRANKL-SEAP fusion protein. tRANKL-SEAP is a
fusion protein of SEAP with C-terminally truncated RANKL, which contains the
stalk region but lacks the TNF-like domain of RANKL, and with V5 and HisX 6
tags at the C terminus. Cleavage of tRANKL-SEAP can be detected as positive
alkaline phosphatase activity in the supernatants. 8, alkaline phosphatase
activity of the culture media of 293T cells transfected with
pcDNA3.1-tRANKL-SEAP -V5HisA and expression vectors for ADAMs or MMPs
(n = 6). %, significantly different, p < 0.01; n. 5., not significant.

RESULTS

Screening of MMPs and ADAMs as RANKL Sheddases—\We
previously developed a RANKL shedding activity screening sys-
tem using an expression vector encoding a fusion protein of
secreted placental alkaline phosphatase (SEAP) with the C-ter-
minally truncated form of RANKL, which contains the stalk
region, transmembrane domain, and intracellular domain of
RANKL (tRANKL-SEAP) (20). Expression vectors of various
MMPs or ADAMSs were transfected to 293 T cells together with
tRANKL-SEAP plasmids, and the alkaline phosphatase activity
of the culture media was measured. In this assay system,
increased alkaline phosphatase activity in the medium indicates
an increase in RANKL shedding (Fig. 1A). Several MMPs and
ADAMSs exhibited tRANKL-SEAP shedding activity, and
ADAMI10, MMP14 (membrane-type 1 matrix metalloprotein-
ase, MT1-MMP), MT2, MT3, and MT5-MMP had relatively
stronger activity (Fig. 1B). In contrast, MMP13 (Fig. 1B),
MMP1, MMP2, MMP3, MMP9, MMP11l, MMP23, and
MMP28 (data not shown) had no tRANKL-SEAP shedding
activity.

MMPI14 and ADAMIO Are Major RANKL Sheddases in
TMS8B2 Cells—To confirm the ability of these proteinases to
cleave full-length RANKL, they were overexpressed in the
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FIGURE 2. ADAM10 and MMP14 are major RANKL sheddases in THi8B2 cells. A, cleavage of full-length RANKL in TM8B2 cells transfected with
pcDNA3.1-V5HisB or -RANKL. Twenty-four hours after transfection, culture media were changed to «-MEM containing either Me,SO (DMSO), FR255031, or
FR217840 together with 10% FBS. Culture media and cell lysates were subjected to Western blot analysis for RANKL after 72 h of incubation. Immunobilotting
by anti-His shows the OPG-Fc recombinant protein used to collect soluble RANKL. B, schematic representation of the cleavage sites of RANKL. Cleavage sites
were indicated by arrows. C, effect of ADAMs and MMPs on RANKL shedding in TM8B2 cells. TM8B2 cells were transfected with pcDNA3.1-RANKL-V5HisB and
expression vectors for ADAMs or MMPs. Culture media were subjected to Western blot for RANKL 72 h after transfection. D, real-time PCR analysis of MT-MMP
expression in TM8B2 cells and primary osteoblasts (n = 3). The y-axis represents the relative mRNA fevels of the indicated genes expressed as -fold from MMP14
level. E, efficient gene knock-down by siADAM10 and siMMP14. TM8B2 cells were transfected with pcDNA3.1-V5HisA, piGENEmU6-siGFP, -siADAM10-1, -2,
siMMP14 -1, -2, or pcDNA3.1-mMMP14-V5HisA, and the expression of ADAM10 (endogenous) and MMP14 (overexpressed, detected by anti-V5 epitope tag
antibody) was analyzed 48 h after transfection. F, Effect of siADAM10 and siMMP14 on RANKL cleavage in TM8B2 cells. TM8B2 cells were transfected with
PIGENEMU6-5iGFP, -siADAM10~1, -2, siMMP14-1, -2, or pcDNA3.1-V5HisB, together with pcDNA3.1-RANKL-V5HisB. Seventy-two hours after transfection,
culture media and cell lysates were collected and subjected to Western blot analysis. G, effects of sSIADAM10, siMMP14, and chemical inhibitors on RANKL
shedding in TM8B2 cells. Procedures were the same asin A.

mouse bone marrow stromal cell line TM8B2 together with
full-length RANKL. Soluble RANKL was recovered from the
culture media using an OPG-Fc recombinant protein column
and subjected to Western blot analysis. When RANKL (C-ter-
minally tagged with V5 and 6X His) was overexpressed in
TMS8B2 cells (~39 kDa), there were two different molecular
mass products (25 and 24 kDa) in the culture media (Fig. 24).
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The N-terminal sequences of the two bands are shown in Fig.
2B. These two bands were differentially diminished by various
metalloproteinase inhibitors (Fig. 24). When TM8B2 cells were
treated with FR255031, which inhibits several MMPs but not
TNF-asecretases (31), only the lower band disappeared. On the
other hand, treatment with FR217840, which not only inhibits
several MMPs, but also inhibits TNF-« secretion (32), both of
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FIGURE 3. MMP14 is a major RANKL sheddase in primary osteoblasts. A, soluble and membrane-bound RANKL produced by primary osteoblasts infected
with control or siMMP14 retrovirus. Twenty-four hours after infection, cells were untreated or treated with 1072m 1,25(0H),D3, 107 MPGE,, and 10 ng/mlIL-1
for 72 h. Culture media and cell lysates were incubated with OPG-Fcfusion protein column, and the recovered proteins were subjected to Western blot analysis
for RANKL. B, real-time PCR of MMP14 gene expression in primary osteoblasts infected with control or siMMP14 retrovirus (n = 3). %, significantly different, p <
0.01. C, RANKL concentration of culture media and cell lysates of primary osteoblasts as determined by ELISA (n = 3). Primary osteoblasts were infected with
control or siMMP14 retrovirus. Twenty-four hours after infection, cells were untreated or treated with 1078 M 1¢,25(0H),D; and 107¢ m PGE, for 72 h.
* significantly different, p < 0.01. D, effects of retrovirus vector-mediated MMP14 overexpression on RANKL shedding in primary osteoblasts. Procedures were
the same asin A. £, soluble (Jeft) and membrane-bound (right) RANKL concentration produced by primary osteoblasts infected with control or MMP14 retrovirus
(n = 3). Procedures were the same as in C. * and **, significantly different, p < 0.01 and p < 0.05, respectively. f, RANKL cleavage in primary osteoblasts from
MMP14-deficient mice and the wild-type littermates. Cells were treated with or without 1078 m 1&,25(0H),Ds, 1078 M PGE,, and 10 ng/ml IL-1 for 72 h. Culture
media and cell lysates were incubated with osteoprotegerin-F¢ fusion protein column, and the recovered proteins were subjected to Western blot analysis.
G, RANKL concentration in culture media and cell lysates of primary osteoblasts from MMP14-deficient mouse and the wild-type littermate measured by ELISA
{n = 3). Cells were treated with or without 1078 m 1¢,25(0H),D; and 107® m PGE, for 72 h. *, significantly different, p < 0.01.

of ADAMI10 was comparable to that of MMP14 in these two
cells (data not shown).

the bands disappeared. These results suggest that the upper
band is produced by ADAM family proteinase(s) and the lower

band by MMP(s).

ADAMY, ADAMI10, and ADAMIS cleaved full-length
RANKL, but only ADAMI10 produced soluble RANKL with the
same molecular weight as the upper band observed in TM8B2
cells (Fig. 2C). ADAM17 did not cleave full-length RANKL.
MMP14, MT2, MT3, and MT5-MMP generated soluble
RANKL with the same molecular weight as the lower band.
MT4- and MT6-MMP did not increase the soluble RANKL
detected in the culture media (data not shown). Real-time PCR
showed that the MMP14 mRNA level was much higher than
that of MT2-, MT3-, or MT5-MMP in TM8B2 cells and pri-
mary osteoblasts (Fig. 2D), suggesting that MMP14 is mainly
involved in the production of the lower band. The mRNA level

36850 JOURNAL OF BIOLOGICAL CHEMISTRY

To determine the role of ADAM10 and MMP14 in the con-
stitutive shedding of RANKL in TM8B2 cells, we constructed
expression vectors of siRNA for ADAMIO and MMP14
(siADAMI10 and siMMP14) (Fig. 2E). We constructed two dif-
ferent siADAM]10 and siMMP14 vectors, and all of them effec-
tively suppressed expression of the target molecules (Fig. 2E).
The upper band of soluble RANKL diminished when the
RANKL construct was transfected to TM8B2 cells along with
siADAMI0 plasmids; the lower band diminished with
siMMP14 (Fig. 2F); and only the upper band was faintly
observed when both siADAMI10 and siMMP14 were trans-
duced (Fig. 2G). The faint band completely disappeared in the
presence of FR217840, but not FR255031 (Fig. 2G). These
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FIGURE 4. MMP14 down-regulates osteoclastogenesis via RANKL cleavage. A and 8, coculture of primary
osteoblasts infected with control siGFP or siMMP 14 retrovirus (4), control or MMP 14 retrovirus (B), and bone marrow
macrophages. After 5 days’ coculture, osteoclasts were stained with tartrate-resistant acid phosphatase and
counted. Right panel shows the mean number of osteoclasts per well (n = 4). *, significantly different, p < 0.01.
C, bone marrow macrophages were incubated with culture media of 2937 cells transfected with pcDNA3.1-V5HisA
(a), 1:1 mixture of pcDNA3.1-V5HisA and pcDNA3.1-RANKL-V5HisB (b), and 1:1 mixture of pcDNA3.1-RANKL-V5HisB
and pcDNA3.1-MMP14-V5HisA (c), supplemented with M-CSF (10 ng/ml) for 4 days. D, bone marrow macrophages
were cultured with primary osteoblasts infected with control (@ and b) or MMP 14 retrovirus {¢) with (band ¢; separate
culture) or without (g; coculture) membrane filter between the two types of cells for 5 days. Scale bars = 200 um
(A-C) and 100 um (D). POB, primary osteoblasts; BMM, bone marrow macrophages.
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results indicated that ADAM10 and
MMP14 are two major RANKL
sheddases in TM8B2 cells.

MMP14 Cleaves RANKL in Pri-
mary Osteoblasts—We next exam-
ined the RANKL sheddases in pri-
mary osteoblasts. When primary
osteoblasts were stimulated with
1a,25(0H),D,, PGE,, and IL-1, two
bands appeared in the culture media
with the same molecular masses
(~22 and 21 kDa) as those observed
in TM8B2 cells transfected with
full-length RANKL without epitope
tag (Fig. 34 and data not shown),
but the lower band was more prom-
inent. The expression of MMP14
was also much higher than that of
MT2-, MT3-, or MT5-MMP in
osteoblasts, suggesting that MMP14
is the major RANKL sheddase in
primary osteoblasts (Fig. 2D). We
constructed retrovirus vectors of
siMMP14 that efficiently suppressed
MMP14 expression in primary osteo-
blasts (Fig. 3B). When osteoblasts
were infected with siMMP14 retrovi-
rus, the lower band was diminished
in the culture medium and mem-
brane-bound RANKL was increased
in the cell lysate (Fig. 3A). The con-
centration of soluble RANKL in the
culture media and membrane-
bound RANKL in the cell lysates
was also measured by ELISA. A sig-
nificant decrease in soluble RANKL
and an increase in membrane-
bound RANKL was observed by
MMP14 knockdown (Fig. 3C), con-
sistent with the results of Western
blot analysis. Conversely, overex-
pression of MMP14 in primary
osteoblasts increased the lower
band of soluble RANKL in the cul-
ture media and reduced membrane-
bound RANKL in the cell lysates
(Fig. 3, D and E). To further confirm
the role of MMP14 in RANKL shed-
ding in osteoblasts, we analyzed pri-
mary osteoblasts obtained from
MMP14 knock-out mice. When pri-
mary osteoblasts of MMP14-defi-
cient mice were stimulated with
1¢,25(0H),D,, PGE,, and IL-1, only
the upper band of soluble RANKL
was observed in the culture medium
(Fig. 3F). The amount of soluble
RANKL was markedly reduced in
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FIGURE 5. A, coculture of bone marrow macrophages and primary osteoblasts from MMP14-deficient mice or
wild-type littermates for 5 days. Bar = 200 pm. Right panel shows the number of osteoclasts formed (n = 4).
#, significantly different, p < 0.01. POB, primary osteoblasts; BMM, bone marrow macrophages. B, MMP14
deficiency does not affect osteoclast differentiation. Macrophages of MMP14 knock-out mice or wild-type
littermates were cultured in the presence of M-CSF and RANKL for 6 days. Scale bar = 200 pm. Right panel
shows the number of osteoclasts (n = 4). n.s., not significantly different. C, MMP14 deficiency does not affect
bone resorption activity or survival rate of osteoclasts. Macrophages of MMP 14 knock-out mice (b, d, f, and h)
or wild-type littermates (g, ¢, e, and g) were cocultured with wild-type primary osteoblasts on the collagen gel
matrix for 7 days and subjected to the pit formation assay (a-d) and the survival assay (e~ h). Scale bar = 200
um. Graphs are the number of pit formation rate (upper), and osteoclast survival rate (fower) (n = 4). n.s., not
significantly different.
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the medium, and membrane-bound
RANKL was increased (Fig. 3G).

RANKL Shedding Negatively Regu-
lates Osteoclastogenesis—To deter-
mine the role of MMP14 in the
osteoclastogenic activity of osteo-
blasts, we cocultured osteoblasts
infected with siMMP14 retrovirus
with bone marrow macrophages.
The siMMP14 retrovirus-infected
osteoblasts, in which RANKL shed-
ding activity was suppressed and
membrane-bound RANKL was
increased, stimulated osteoclasto-
genesis more effectively than con-
trol cells (Fig. 44). Conversely, over-
expression of MMP14 in primary
osteoblasts suppressed osteoclasto-
genesis (Fig. 48). These results sug-
gest that membrane-bound RANKL
induces osteoclastogenesis more
efficiently than soluble RANKL, and
the ectodomain shedding of
RANKL by MMP14 negatively reg-
ulates osteoclastogenesis.

We then examined the osteoclas-
togenic activity of the soluble
RANKL generated by MMP14. The
culture media of 293T cells trans-
fected with RANKL and MMP14
expression vectors were collected
48 h after transfection, and bone
marrow macrophages were cul-
tured in media supplemented with
10 ng/ml M-CSF (Fig. 4C). When
macrophages were cultured in
media recovered from the empty
vector or RANKL expression vec-
tor-transfected cell cultures, mature
osteoclasts did not form, even in the
presence of M-CSF. In contrast, the
culture media from the cells trans-
fected with both RANKL and
MMP14 expression vectors induced
osteoclast formation, indicating
that the soluble RANKL generated
by MMP14 had osteoclastogenic
activity. When primary osteoblasts
overexpressing MMP14 by retrovi-
rus vectors and bone marrow cells
were cultured separately using cell
culture inserts, which allow the pas-
sage of culture media but prevent
cell-cell contact, and were stimu-
lated with 1¢,25(0OH),D, PGE,,
and IL-1, very few osteoclasts were
formed (Fig. 4D). These results sug-
gest that the amount of endogenous
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soluble RANKL generated in pri-
mary osteoblasts is not sufficient to A
induce osteoclastogenesis in our
assay system.

We finally analyzed the osteoclas-
togenic activity of MMP14-defi-
cient osteoblasts. When normal
bone marrow macrophages were
cocultured with osteoblasts from
MMP14-deficient mice, osteoclasts
were formed more efficiently than
in cocultures with wild-type osteo-
blasts (Fig. 54). On the other hand,
bone marrow macrophages from
MMP14-deficient mice differentiated
into mature osteoclasts with the same
efficiency as wild-type cells (Fig. 5B), B
and their bone-resorbing activity and
survival rate were comparable (Fig.
5C). Consistent with these in vitro
observations, soft x-ray images of
MMP14-deficient mice displayed
osteoporosis (Fig. 6A4). Histologic sec-
tions showed thin cortical bone,
decreased cancellous bone, and
increased osteoclasts on the trabecu-
lar bone surface, which agreed with a
previous report (33) (Fig. 6B). These
data suggested that the increased
osteoclast number in MMP14-de-
ficient mice is due to the increase
in membrane-bound RANKL in
osteoblasts.

H&E

TRAP

DISCUSSION

There is accumulating evidence
that protein ectodomain shedding
affects a large number of cellular
membrane proteins, including TNF
family members, but the functional
outcome of shedding depends on
the particular substrate protein. For
example, TNF-a is cleaved by some proteinases such as TNF-a
converting enzyme and released into the circulatory system to
exhibit strong systemic effects (13, 14). In contrast, Fas ligand,
which is a strong apoptosis inducer, has reduced effects in its
soluble form (19). RANKL is a member of the TNF family of
cytokines, and recent studies indicate that RANKL is essential
in skeletal homeostasis for regulating the differentiation and
activation of osteoclasts. Membrane-bound RANKL is proteo-
lytically processed to generate the soluble form, but the specific
proteinases involved in RANKL shedding and its physiologic and
pathologic importance are not known. Western blot analysis
revealed that there are two different cleaved products in the
supernatants of both TM8B2 bone marrow stromal cells and
primary osteoblasts, and the lower band was the major band in
primary osteoblasts (Fig. 34). The N-terminal sequence of the
upper band coincides with the constitutive cleavage site previ-
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FIGURE 6. Severe osteopenia and increased osteoclastogenesis in MMP14-deficient mice. A, soft x-ray
images of the left tibia of MMP 14 knock-out mouse and the littermate. 8, histologic analysis of proximal tibia of
MMP 14 knock-out mouse (b and d) or the wild-type littermate (a and ¢) stained with H&E (a and b) or tartrate-
resistant acid phosphatase (c and d). Scale bar = 100 pum. Right panel shows the number of osteoclasts per
trabecular bone surface (n = 4). **, significantly different, p < 0.05.
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ously reported in COS7 cells, and that of the lower band coin-
cides with the putative MMP cleavage site. The lower band was
decreased in the presence of an MMP inhibitor FR255031, and
both bands were diminished by treatment with FR217840,
which inhibits both MMPs and ADAMs. Previous studies also
demonstrated that various MMPs and ADAMs have RANKL
shedding activity (17, 20, 34—36). Therefore, we first analyzed
the RANKL shedding activity of several MMPs and ADAMs
using the previously reported RANKL shedding assay (20).
MMP7, MMP19, ADAMS, ADAMI10, ADAM17, ADAM19,
MMP14, MT2, MT3, MT4, MT5 and MT6-MMP had
tRANKL-SEAP shedding activity. Among these proteinases,
ADAMY9, ADAMI10, ADAM19, MMP14, MT2, MT3, and
MT5-MMP cleaved full-length RANKL. Although ADAM9
and ADAMI9 had RANKL shedding activity, the molecular
weights of the cleaved products were different from those con-

JOURNAL OF BIOLOGICAL CHEMISTRY 36853

-430-



RANKL Shedding Regulates Osteoclastogenesis

stitutively generated in TM8B2 cells and primary osteoblasts.
Among MT-MMPs, MMP14 was predominantly expressed in
TMS8B2 and primary osteoblasts. MMP7 was reported to cleave
RANKL in vitro or under overexpressing conditions and has an
important role in prostate cancer-induced osteolysis (34).
Although MMP7 had tRANKL-SEAP shedding activity, it did
not cleave full-length RANKL in our assay system. Blobel and
co-workers (17) demonstrated that ADAM17 (TNF-« convert-
ing enzyme) cleaves a partial fragment of RANKL protein, but
not full-length RANKL (35), and we confirmed that ADAM17
did not cleave full-length RANKL. Although MMP13 defi-
ciency leads to skeletal abnormalities (37), it did not cleave
tRANKL-SEAP or full-length RANKL. These data, in combina-
tion with the results of siRNA experiments, led us to speculate
that ADAM10 and MMP14 were major RANKL sheddases in
TMB8B2 cells and osteoblasts, although it is possible that other
proteinases are involved in RANKL shedding in some patho-
logic conditions in which they are up-regulated. The functional
difference between MMP14-cleaved RANKL and ADAMI0-
cleaved RANKL is currently under investigation.

In the culture media of primary osteoblasts, the lower molec-
ular weight product was much more predominant than the
higher molecular weight product, indicating that MMP14 is the
major RANKL sheddase in primary osteoblasts. This was fur-
ther confirmed by the results obtained from MMP14 knock-
down osteoblasts and MMP14-deficient osteoblasts, in which
the lower molecular weight band was almost completely dimin-
ished and the concentration of soluble RANKL was severely
reduced.

Reduced MMP14 expression in primary osteoblasts by
siRNA or its deficiency in MMP14 knock-out mouse osteo-
blasts reduced RANKL shedding and increased membrane-
bound RANKL, which led to increased osteoclastogenic activity
in the cells. Although soluble RANKL produced by MMP14
induced osteoclastogenesis from bone marrow macrophages,
the culture medium of primary osteoblasts treated with
12,25(0OH),D, and PGE, did not induce osteoclastogenesis
(38), even when MMP14 was overexpressed. This was probably
due to an insufficient amount of soluble RANKL, because the
concentration of the soluble RANKL in the culture media was
<1 ng/ml (data not shown), and the amount of recombinant
soluble RANKL necessary to induce osteoclastogenesis in vitro
was >10 ng/ml. Still, it is possible that when the expression of
RANKL is highly up-regulated, soluble RANKL has substantial
effects on general bone metabolism. Gao et al. reported that para-
thyroid hormone(1-34) not only increases RANKL but also
decreases MMP14 production in human osteoblasts, which might
result in the efficient up-regulation of bone resorption by increas-
ing membrane-bound RANKL in the cells (39).

In MMP14-deficient mice, generalized osteopenia was
observed. Although this might be partially due to the reduced
bone formation, as previously reported (33), the osteoclast
number was much higher in these mice, possibly due to the
increased membrane-bound RANKL in the osteoblasts. In fact,
the serum level of soluble RANKL in MMP14 knock-out mice
was undetectable, even when they were injected with
1@,25(0H),D, (data not shown). These phenotypes are not due
to cell autonomous defects in osteoclast precursors, because
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there were no abnormalities in osteoclast differentiation from
MMP14-deficient macrophages or bone-resorbing function of
mature osteoclasts.

We were unable to determine the role of ADAMI10 in in vivo
RANKL shedding or skeletal homeostasis, because ADAM10-
deficient animals die at E9.5 due to defects in heart and central
nervous system development (40). Therefore, future studies
using cell-specific knock-out of ADAM10 are required.

To conclude, we identified MMP14 as a major endogenous
RANKL sheddase in primary osteoblasts. RANKL shedding
negatively affects local osteoclastogenesis by reducing mem-
brane-bound RANKL in the skeletal environment.
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In autoimmune arthritis, traditionally classified as a T helper (Th) type 1 disease, the acti-
vation of T cells results in bone destruction mediated by osteoclasts, but how T cells en-
hance osteoclastogenesis despite the anti~osteoclastogenic effect of interferon (IFN)-vy
remains to be elucidated. Here, we examine the effect of various Th cell subsets on osteo-
clastogenesis and identify Th17, a specialized inflammatory subset, as an osteoclastogenic
Th cell subset that links T cell activation and bone resorption. The interleukin {IL}-23~IL-17
axis, rather than the IL-12-IFN-v axis, is critical not only for the onset phase, but also for
the bone destruction phase of autoimmune arthritis. Thus, Th17 is 2 powerful therapeutic

The Journal of Experimental Medicine

CCRRESPONDENCE
Hiroshi Takayanagi:
taka.csi@tmd.ac

Abbreviations used: BMC. BM
cell: BMM, BM-derived
monocyte/macrophage precur-
sor coll: M-CSF, macrophage
colony-stimulating factor;
MNC: mulunucleated cells
PGE,, prostagiandin E,; RA.
rhewmnatoid arthrigs; RANKL.
receptor actvator of NF-«B
figand; TRAP, trtrate-resistant
acid phosphatase; T reg, regu-
latory T: VuD;, 1.25 (OH),
vitamin D,

JEM ® The Rockefeller University Press

target for the bone destruction associated with T cell activation.

Skeletal homeostasis is dynamically influenced
by the immune system (1-3), and lymphocyte-
or macrophage-detived cytokines are among
the most potent mediators of ostcotmmuno-
logical regulation (3-7). Therefore, the effect
of individual cytokines on bone cells has been
extensively studied (3-7), buc the subsec of im-
mune cells with selective cytokine production
that specifically affects bone cell differentiation
has not been well characterized. Upon acu-
vation, CD4* T cclls undergo distinct devel-
opmental pathways to the specialized effector
subsers: Tht cells produce IFN-y and regulate
cellular immunity, whereas Th2 cells produce
IL-4 and IL-5 and mediate humoral immunity
(8). In addidion, accumulating evidence sug-
gests that newly recognized IL-17-producing T
(Th17) cells have a crucial role in autoimmune
inflammation (9, 10). CD4*CD25*Foxp3~
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regulatory T (T reg) cclis also constitute a dis-
tinct subset that ple\ents immune pathology
through suppression of pathogenic T cells (11).
Acdvation of CD4* 'L cells is often linked to
pathological bone resorption (3, 4), but the dis-
tinct CD4* T cell subset that induces the dif-
ferendation of bone-resorbing osteoclases has
not been identfied (2. 3).

Osteoclasts are multinucleated cells (MNCs)
of monocyte/macrophage lincage that degrade
bone mawmix and dynamically remodel the
skeleton (4-6). The generation of osteoclasts
is physiologically supported by mesenchymal
cells such as osteoblasts, which provide essen-
tial signals for differentiation of the osteoclast
lineage: macrophage colony-stimulating factor
(M-CSF), receptor activator of NF-kB ligand
(RANKL), and costimulatory signudsfor RANKIL
(12). RANKL is the key osteoclastogenic cyto-
kine expressed by osteoclastogencesis-supporting
mesenchymal cells, but the same molecule has
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Figure 1. Effects of Th1, Th2, and T reg cells on in vitro osteo-

clastogenesis. {A] Schematics of two cutture systems for osteoclast dif-
ferentiation and Th cell zddition. In the RANKL-M-CSF system, meouse
ronadherent BMCs were stimulated with M-CSF for 2 d and adnerent
cells were used as BMMs. After BMMs were stimulated with recombinant
RANKL and M-CSF for 3 d, tre formation of TRAP* MNCs was analyzec.
in the co-culture system, BMCs were co-cultured with osteoblasts stimu-
iated with VitD, and PGE,, and the formation of TRAP* MNCs was ob-
served 7 d after the addition of BMCs. {B} Innibitory effects of Th1 and
Th2 cells on TRAP MNC formation in the RANKL-M-CSF system. Th cells

[4 000 gr 20000 collg/mi) were pdded g1 tre same time as RANKE {"‘2‘,’ Q)

14,000 or 20,000 cells/m!) were added a1 the same fime as RANKL (d
with {black bars} or without (white bars) anti-CD3 mAb. n.d., not detected.
(€} Inhibitory effects of Th1 and Tn2 celis on TRAP? MNC formation in the
co-culturs system. The same numoer of T cells as in B was added 2 d after
BMC addition (day 2). (D) Microphotographs of the in vitro osteoclast
formation systems in the presence of Th1 or Th2 cells (20,00C cellsimi
with arti-CD3 mAb (TRAF staining). (E] Cytokine profile of culture super-
ratants in the presence of Th celis and 7 pgfm! of soiubic anti-CD3 mAb
{the BANKL-M-CSF system on day 2}. Without restimulation by anti-CD3
mAb, cytokine production was much less than this result and was difficult
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been shown to be expressed by 1 ocells, indicating that
RANKL is a molecule that bridges the skeletal and immune
systemns (4).

In autoimmune arthritis, bone destruction is attributable to
excessive bone resorption by osteoclasts, the formation of
which is directly and indirectly regulated by CD4" T cells
infileradng into the lesion (2. 3, 13, 14). Indirect effects
are mainly mediaced by inflammatory cytokines produced by
macrophage-like synovial cells such as TNF-« and IL-1 that
induce RANKI. on synovial fibroblasts (14-16), butit is poorly
understood how T cells exert direct effeces (3). Although T
cells express RANKL, the T cell-mediated positive effect is
not easily observed because T cells also produce IFN-v, which
counterbalances the effect of the RANKL, making the net ef-
fect on asteoclastogencsis inhibitory (3, 13, 14). Although au-
toimmune arthrits has traditionally been assumed to be a Tht
disease (17, 18), there is controversy over the role of Thl cells
in the onset phase of the discase based on the observadons chac
typical Thl cytokines, such as IFN-y, are not always highly
expressed mn the lesion (19, 20), and that collagen-induced ar-
thritis is exacerbated in mice lacking IFN-y signaling (21, 22).
Thercfore, neither bone destruction nor inflammation may he
attributable to Thi cells. Tt is a critically important issue to de-
termine the type of T cells linked to the activated osteoclasto-
genesis under such inflammatory conditions.

Recently, it has been reported that the TL-23-11-17 axis,
rather than the IL-12-1FN-~vy axis, is cridcal for the onset of
autoimumune arthrids (23, 24). It is also reported that IL-17 is
detectable in the synovial fuid from rhcumacoid arthirizs (RA)
patients and enhances osteoclastogenesis by inducing RANKL
on mesenchymal cells (25). Here, we explored the eftects of
various CID47 1 cell subsets on osteoclast differendadon and
identified Th17 cells as the exclusive osteoclastogenic T cell
subset among the known CID4™ T cell lineages. The impor-
tance of the [L-23~11.-17 axis in the bone destruction phase
was underscored by the observations in mice lacking either
IL-17 or IL-23 {p19). We also found that the mRNA expres-
sion of RANKL comelates wich that of IL-23 (IL23.4), but
not that of JL-12 (IL12A4), in the synovial dssues of RA pa-
tients. Collectively, these results suggest that autoinumune ar-
thrids can be deemed a Thl7-type discase in terms of both the
onset and destruction phases and provide a molecular basis for
targeting the 11.-23-1T.-17 axis in the treanmient of RA.

RESULTS

Effects of Th1, Th2, and T reg cells on osteoclastogenesis
Although the effects of activated T cells on osteoclastogenesis
have been documented in previous reports (13, 14, 26), these

[F} Effects of Th1 and Th2 cells {20,000 celisfml plus anti-CD3 mAb) on
WT or IFN-vy receptor-deficient (/fngr7-/-) osteoclast precursor celils.

{3} Fffects of isofated i 20,000 celis/m: plus
anti-CD3 mAb} on osteoclastogenesis in vitro. n.s, not significantly different.
The survival of a consigerable number of T reg celis after 3 d was
confirmed by CFSE staining [nat depicted)
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I cells were only sdmulated by ana-CID3 antibody or PMA
and the characterization of the T cells was not stuictly per-
formed. In this study, to investigate the effects of effector Th
cell subsets on osteoclastogenesis, we added Th subsets, which
were strictly developed under Th1 or Th2 conditons. Puri-
fied CD4* T cells were stimulated with anti-CD3/CD28
mAbs in the presence of either IL-12 (with ant~IL-4 mAb)
or IL-4 (with and~II'N-vy mAb) for 'Thl or T'h2 polarization.
The Th cells were added to the two types of in vitro osteo~-
clast differentiation systems: osteoclast precursor cells derived
from BM cells (BMCs) were stimulated with recombinant
RANKI. and M-CSF (the RANKL~M-CSF systemy), or co-
cultured with osteoblasts in the presence of 1,25 (OH), vita-
min D, (VitD;) and prostaglandin E, (PGE,) (the co-culwure
system), and the formation of MINCs stained for tartrate-
resistant acid phosphatase (TRAP), a murker enzyme for osteo-
clasts, was evaluated (Fig. 1 A). When Thl or Th2 cells were
added to the RANKL-M-CSF system at the same dme as
RANKI, both subsets had a marked inhibitory effect on the
formation of TRAPY MINCs and the intubitory effects were
dependenc on the number of added T cells (Fig. 1, B and D).
Thesc inhibitory cffeets were significantly enhanced by re-
stimulation with soluble anti-CD3 mAb, suggesting that re-
stmulation of T cell receptor augments the polarized cytokine
secretion and the inhibitory etfects on osteodlastogenesis. I
Thl or Th2 cells were added to the co-culture system 2 d
after BMC addition, the inhibitory effects of both subsets on
osteoclastogenesis were exerced only by T cells restimulated
with and-CID3 mAb (g 1, C and D). Thi and Th2 cells
both had less suppressive effects in the co-culture system,
possibly because osteoblasts provide protection against the
inhibitory effects through costmulatory signals (27) {see
Discussion). As expected, the Thil and Th2 subsets used in
these experiments produced a significant amount of IFN-y and
IL-4, respectively (Fig. 1 E). The inhibitory effects of Thi
cells on osteaclastogenesis were completely abrogated on the
BM-derived monocyte/macrophage precursor cells (BMMs)
derived from ITN-y receptor—~deficient (Ifngr1™'7) mice (28),
indicating that TFN-vy is responsible for the T'h1 cell-mediated
inhibidgon of osteoclastogenesis (Fig. 1 F). We further analyzed
the cffcets of CD47CD25™ T reg cclls on osteoclastogencsis
in both systems, but chey were found to have neither an
enhancing nor an inhibitory effect (Fig. 1 G), suggesting that
T reg cells are not directly related to the T cell-mediated
regulation of bone resorption.

Characterization of MNCs induced by Th2 celis and 1L-4

It has been reported that the inhibitory effect of IFN-y on
osteoclastogenesis is reduced if the osteoclast precursor cells
encounter RANKT hefore TFN-y stimulation, suggesting
that RANKI -prestimulated preosteoclasts are resistant to
such inhibitory cytokines (29). To test whether the inhibi-
tory cffects of Th cells on osteoclastogenesis are also depen-
dent on the differentation stage of the osteoclast precursor
cells, we added the Th cells to the osteoclast formation sys-
rems 1 d later than in the previous experiment. Interestingly,

JEM VGL. 203, November 27, 2000

the inhibitory cffcets of Th cells were less (Tig. 2 A). Al-
though Th1 cells inhibited the formaton of TRAP® MNCs
under this condition, Th2 cells induced a normal number of
TRAP* MNCs in the RANKI-M-CSF system and even an
increased number in the co-culture system (Fig. 2 A).

Co-culture -

100

0 0
Tealls (-} Th1 Th2 Tht Th2  Tecells(-) Th1 Th2 Th1 Th2
day 0 day 1 day 2 day 3

TRAP-MNC numberiwell
8

B WT Stat6™ WT Stat6”

C 3 z
2o <
3 [
3 &
2 200 3
O o
Z 100 2
g 8
z 0 T " E N
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D Fold mRNA ditference E
Oscar i
Nfatel _F==1
Calcr _fams
Fos === NFATc1

Trirsi11o | RS
Nikb2(p100) ===
Ny

Aoln  EEEEEEY NFATC!

+
Hoechst

15 2

Figure 2. Formation of multinuclear cells with no bone-resorbing
activity induced by Th2 cells and 1L-4. {A} Inhititory effects of Th1 and
Th2 cells on osteoclastogenesis are reduced when T cel's are added 1 d
later. Th cells (20,000 cells/mi pius anti-CD3 mAb] were added on days 0
{at the same time as RANKL, gray bars} or 1 (olack bars) to the RANKL-M-CSF
systern and on days 2 {2 d after BMC addition, gray bars) or 3 {black bars)
to the co-culture system. {B) Microphotographs and {C) quantification of in
vitro osteociast formation (Jeft, TRAP staining) and resorption pit forma-
tior {right). Th1 ard Th2 cells {20,300 cells/ml plus anti-CD3 mAb} were

added to WT or Stat6~/~ astenclast precursor cells o day 1 (D Effart of

dded to osteoclast precursor cells on 1. {0} Effect o
IL-4 on mRNA expression of osteoclast-related genes ir osteoclast precur-
sor cel's {GeneChip analysss). Osteoclast precursor cells were stimulated by
10 ngfm! IL-4 from day 1 in the RANKL-M-CSF system and harvested on
day 3. Fold mRNA difference was calculated by dividing the average differ-
ence of the IL-4-treated sample by that of the control sample. Tre expres-
sions of maost of the osteociast-specific genes are down-regulzated.

{£] Reduced expression of NFATcT protein in the celiis treated witr iL-4.
Osteoclast precursor cells were stimuiated by 10 ng/mt IL-4 from day 1 in
the RANKL-M-CSF system, fixed on day 3, and stained with anti-NFATc1
antibady followed by Alexa Huorp 488-labeled secondary antibody
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‘These resules appeared to suggese that 'Th2 cells increase
osteoclastogenesis under certain conditions, but the MNCs
induced in the presence of Th2 cells were only weakly stained
for TRAP (TRAP™) and were incapable of bone resorption
(Fig. 2, B and C). Tiven in the presence of Th2 cells, TRAP'
MNCs with bone-resorbing activity were formed from
BMMs derived from mice deficient in Stat6, which is an es-
sential mediator of IL-4 signaling (30), suggestng that IL-4 is
involved in the formation of TRAP® MNCs. Consistent
with this, the addition of 11.-4 to the RANKL~M-CSF sys-
tem at the same tme as RANKL strongly inhibited TR AP*
MNC formadon, and the addition of IL-4 1 d later induced
TRAP® MNCs (Fig. S1, available at http://www jem.org/
cgi/contenc/full/jem.20061775/DC1). The effects of IL-4
were abrogated if added to StatG-deficient cells, which gen-
erated TRAP* MNCs that were able to resorb bone.

To further characterize the TRAPY® MNCs induced by
Th2 cells through IL-4, we performed a genome-wide mi-
croatray screening of the genes expressed in the TRAPY®
MNCs (31). TRAP® MNCs induced by IL-4 expressed
a high level of genes characteristic of actvated macrophages,
including chemokine ligands and envymes involved in aller-
gic responses (Fig. S2, available at http://www jem.org/cgi/
content/full/jem.20061775/DC1). The expression of most
of the genes important for osteodlast ditferendation or func-

RANKL-M-CSF

Coculture

TRAP*MNC numberhvell 2>

Teals( | TH TR = T

o] Coculture {without VitDs, PGEz) D

TRAPMNC numberfwell

Tht_Thz T Tmz_
T celis (-} WT nr

Cytokine (~) 117 128

tions was decreased (Lig. 2 D). The expression of NFA'L'cT,
an essential wanscription factor for osteoclastogenesis (31, 32),
was also revealed to be down-regulated by immunostaining
(Fig. 2 E). Thus, the TRAPY™ MNCs induced by Th2 cells
are not authentic osteoclasts but rather should be classified as
macrophage polykarions.

Th17 cells stimulate osteoclastogenesis through
osteoclastogenesis~supporting cells

Because the above results show that neither Thi, Th2, nor T
reg cells enhance osteoclastogenesis, we next focused on a
newly identified CD4' T cell subset producing IL-17 called
Th17 (33, 34). We suspected the Th17 subset to be a good
candidate for the osteoclastogenic Th subset because it has
heen reported that 1T.-17 induces RANKI. on mesenchymal
cells and promotes osteoclastogenesis in vitro (25). More-
over, Th17 cells, which produce IL-17 (IL-17A) and its re-
lated cytokines such as IL-17F, but not IFN-y or IL-4, are
responsible for a variety of autoinunune inflammatory effects
(9. 10). Recent studies suggest that 1'Gl-f and 1L-6 are es-
sential for the inidation of Th17 differentation and IL-23 is
critical for expanding the population (35, 36). 11.-23 is onc of
the IL-12 family cytokines and is a heterodimer consisting of
the subunits p40 and p19 (9, 10). Even though IL-23 shares
a p40 subunit and one of its receptor subunits (IL-12B1) wich
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Figure 3. Enhanced osteoclastogenesis by Th17 cells in the co-
culture system but not in the RANKL-M-~CSF system. (A) Effects of
Th1 and Th17 celis on the osteoclast differentiation systems. T cells (4,000
or 26,000 cells/ml plus anti-CD3 mAb) were added on day 1 to the
RANKL-M-CSF system and on day 3 to the co~culture system. When the
Th17 cells were added 1 d earlier, or in the absence of soluble anti-CD3
mAb, ennancement of osteociastogenesis was not observed even in the
co-culture system (not depicted). {B) Cytokine profile of the culture super-
natants obtaired on day 3 from the RANKL-M-CSF system in the pres-
ence of Th1 and Th17 cells derived fram either WT ar 1117/ mice under
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the conditions described in A. {C) Effects of Th1 and Th17 cells derived
from either WT or //17-/~ mice on the formation of TRAP* MNCs or
TRAP* cells in the co-culture system in the absence of VitD, and PGE,.
T cells (20,000 cellsfmi plus anti-CD3 mAb) were added on day 3. (D) Effects
of recombinant IL-17 and 1L-23 {2 or 10 ng/ml) on osteoclastogenesis in
vitra. {E} Expression of RANKL on Th subsets. CD4* T cells cultured in each
of the Tr conditions for 3 d were restimulated with 1 pg/mi of plate-
bound anti-CD3 mAb for 4 h and subjected to flow cytometric analysis
using anti-RANKL mAb. Without the restimulation by anti-CD3 mAb,
RANKi expression was harely detectable [not depicted).
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IL-12, 1123 and IL-12 sclectively play critcal roles in the
regulation of Thi and Th17 polarization, respectively.

To obtain the Th17 cells, we stimulated CD4* T cells
with anti-CD3/CID28 mAbs in the presence of 1L-23, anti~
TPN-y mAb, and anti~1T -4 mAb. In the presence of Thi7
cells, TRAP* MNCs were efficiently formed in the RANKI~
M-CSF system (Fig. 3 A) and possessed bone-resorbing ac-
tvity (not depicted), although the efficiency is a lde less
than in the control culture without the T cells, Moreover, in
the co-culture system, the Th17 cells significantly enhanced
the formadon of TRAP* MNCs (Fig. 3 A). Consistent with the
previous reports, Thi7 cells used in the above experiments
produced a large amount of IL-17 but litle IFN-y, but Thi
cells did the opposite (Fig. 3 B). When Th17 cells were added
to the co-culture system cven in the absence of Vi, and
PGE,, the formaton of TRAP™ MNCs was observed (Fig.
3 C). The osteoclastogenic etfects of Th17 cells in the co-
culeure system was greatly reduced when we used Th17 cells
derived from 17 / mice (37), indicating that the 1L-17
produced from 1h17 cells 1s mainly responsible for the osteo-
clastogenic effects of Th17 cells. 1L-23 or IL-17 had no effect
on ostcoclastogenesis in the RANKT~-M-CST system, burt
IL-17 promoted osteoclastogenesis in the co-culture system,
suggesting that TL-17 does not directly act on osteoclast pre-
cursor cells but rather on osteoclastogenesis-supporting cells

(Ig. 3 D). This 1s consistent with the previous report that
IL.-17 promotes osteoclastogenesis through the induction of
RANKL on osteoblastic cells (25). These results show that
Th17 is the only osteoclastogenic Th subset according o
the currently accepted categorization of C47 T cells, and
that Th17 cells facilitate osteoclastogenesis, possibly through
IL-17-mediated induction of RANKL on osteoblastic cells.

We evaluated the expression level of RANKL on the sur-
face of Th cells and found that Th17 cells express a significant
amount of RANKL, but Thtl cells express only a minimal
amount (Fig. 3 E). Neither subsct, however, exhibited pro-
motve effects on osteoclastogenesis in the RANKI~M-CSF
system (Fig. 3 A) or induced any TRAP? cells when added
o the BMM culture in the absence of exogenous soluble
RANKTI. (not depicted). Thus, it is evident that the RANKT,
expressed by Th cells alone is not sufficient to acuvate osteo~
clastogenesis (see Discussion).

The 1L-23-IL-17 axis plays a critical

role in inflammation-induced bone destruction in vivo

To clarify the role IL-17 and IL-23 play in bone metabolism
in vivo, we investigated the phenorype of 117777 and
1123477~ (lacking p19) (38) mice. There was no significant
difference in bone mineral density as evalnated by dual-
energy x-ray absorpdomeny (Fg. 4 A). Microradiography also
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Figure 4, Contribution of IL-17 and IL-23 to the physiological and
pathological bone resorption. (A} Bone mireral densities (measured in

20 longitudinal divisions of the femurs}, (B} micro-computed tomography
{at 10% length above the distal epiphyseal plate), and {C} bone morphometic
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revealed no obvious abnormulity in skeletal development
(Fig. 4 B). Bone morphometric analyses revealed the param-
eters of bone resorption and formation to be normal even in
the mutant mice (Fig. 4 C), indicating that neither IL-17 nor
1T -23 is involved in the physiological regulation of bone
homeostasis.

To further investigate the role of IL-17 and TL-23 in the
discase conditions characterieed by enhanced osteoclastogen-
esis associated with T cell activation, we used an LPS-
induced model of inflammatory bone destruction, which is not
induced by an autoantigen but is T cell dependent (14, 39).
Because it is well documented that [1-17 and IL-23 play an
important role in the development of autoimmune arthritis
(23, 24), we used this inflammatory bone destruction model
to cvaluate their role in the osteoclast-mediated destructon
phase. LPS injection into the calvarial bone results in severe
hone destruction associated with aberrant formation of osteo-
clasts in WT mice, buc the level of bone destruction was
much less pronounced and the osteoclast formation was sig-
nificantly reduced n both the #1777 mice and H23a™""
mice (Fig. 4 D). These results suggest that che Th17 cells
expanded through 11.-23 scmulation are involved in the
T cell-mediated osteoclastogenesis in vivo. In contrast, the
bone destruction was enhanced and a greater number of os-
reoclases were formed in Ifugr? ™" Stat6™/" mice, which are
deficient in the response to both IFEN-y and IL-4 (Fig. 4 D),
suggesting that IFN-y and IL-4 may play a protective role
against bone destruction by suppressing osteoclastogenesis as-
sociated with inflammation,

The above results suggest that IL-23-stimulated prolifera-
ton of Th17 cells, a major osteoclastogenic Th subset, plays
a pivotal role in inflammatory bone destruction by inducing
RANKL through an I1-17 effect on mesenchymal cells.
Consistent with this, it has been reported that RANKL is
abundanidy expressed in the synovial fibroblasts of RA pa-~
tients (16, 40) and the IT.-17 concentration is clevated in the
synovial fluid of RA patients (25). To explore the role of
T1.-23 in the inducton of RANKL in RA, we investigated
whether I1-23 was detected in the synovium of RA paticnts.
Quantitative RT-PCR analysis reveaed the mRNA of the
p19 subunit of 1-23 (IL234) in all the samples of the
synovium derived from RA patients, and the expression level
of IL23A positively correlated with that of RANKL (Fig. 5 A).
A similar correlation was observed between RANKL and
the p40 subunict shared by 1L-12 and 1L-23 (IL12B), but the
expression of the p35 subunit specitic for L-12 (IL12A4) did
not correlate with that of RANKL, suggesung that IL 23 is
an important determinant of arthritic bone destruction
through the induction of RANKL. These resules lend further
support to the netion that the 11.-23-11 -17 axis, rather than
the 1L-12-IFN-vy axis, is critical for the bone destruction
phase of autoimmune arthritis.

DISCUSSION
Coordinated activation of the innate and adaptive immune
systems is essencial for the efficient eradicarion of parthogens,
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Figure 5. Regulation of RANKL-mediated osteoclastogenesis by
the IL-23-1L-17 axis in the RA synovial tissue. (A] Correlation of the
mRNA expression level of RANKL with that of IL23A {p19), IL12A [p35), or
{L12B (p40) in the synovium of RA patients. The relative expressions of
RANKL, iL23A, IL12A and IL12B were ail standardized using that of
GAPDH. (B} Model of Th17-mediated bone destruction in autoimmune
arthritis. Th17 celis function as an osteoctastogenic Th cell subset by stim-
ulating local inflammation, inducing RANKL ¢n osteoclastogenesis-
supporting cells, and expressing RANKL on themselves, al! of which
contribute to an acceleration of ostecclastogenesis. itis notable that
RANKL on Tn17 celis alone is not suflficient for the induclion of osteociast

differentiation (a dotted line). See Discussion for the details. Op, osteo-
clast precursor cell.
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but aberrant or prolonged actvation under certain pathologi-
cal conditions, such as autoimmune inflammation, resules in
tissue damage through the activaton of effector cells. In au-
toimmune arthritis, it has long been a challenging question as
t how the abnormadity of the munune system mduces the
skeletal damage, although the infiloration of CDD4' T cells in
the RA synovium is a pathogenetic hallmark and is undoubt-
edly linked to the bone destruction that ensues (3, 13, 14,
20y, After RANKI. was cloned and the high RANKT, ex-
pression in the synovium was brought to light (16, 40), the
importance of bone-resorbing osteoclasts came into general
acceptance (3). Based on recent reports using genedeally
modified mice, the crucial role of osteoclasts in the inflam-
matory bone loss has been established (41. 42). but which
CD4* T cells cause the induction of osteoclasts, and by what
mechanism, has remained elusive.

As RANKL is expressed in actvated T cells, T cells may
have the capacity to induce osteoclast differentiation by di-
rectdy acting on osteoclast precursor cells (13, 26). Tlowever,
because T cells also secrete a variety of cytokines and express
membrane-bound factors other than RANKL, the effects of
T cells on osteoclastogenesis should be dependent on the bal-
ance of positive and negative factors expressed by the T cells.
As summarized in Fig. 5 B, the results in this study show that
Tht and Th2 cells inhibit osteoclastogenesis by acting on the
precursor cells, mainly through [FN=y and IL-4, respectively.
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‘The inhibitory effects of these cytokines were less observed
in the co-culture system than in the RANKL-M-CSF system
(Figs. 1, B and C, and 2 A). We infer that osteoblasts may
provide membrane-bound R ANKL and stimulate costimula-
tory signals for RANKT. simultaneously, enabling the scrong
cell-cell contact between osteoblasts and osteoclast precursor
cells and preventing the access of T cells or inhibitory cyto-
kines to osteoclast precursor cells.

Previous observations that IL-12 and I1-18, which drive
Th differentdadon, both inhibit osteoclastogenesis via IFN-y
or GM-~CST (43, 44), and that 11.-10, which is released
from Th2 cells, also negatively regulates osteoclastogenesis
(45) further support the negative role of Thl and Th2 cells
on osteoclastogencsis. In contrase, Th17 cells sdmulated by
11.-23 promote ostcoclastogencesis mostly through production
of IL-17 (Fig. 3, A and C). Therefore, the osteoclastogenic
ability of Th17 cells does not require cell—cell contact with
osteoclast precursor cells, but addidonal membrane-bound
mediators such as RANKL and CD40L may also contribute
(46, 47). 1L-17 15 known to act on the osteoclastogenesis-
supporting cells to induce RANKL (25). It should be noted
that the cffeet of T1.-17 is not Himited to this dircce effect on
the osteoclastogenesis-supporting cells. TL-17 facilitates local
inflammaton by recruiting and actvating immune cells,
which leads to an abundance of inflammatory cytokines such
as TINF-a and IL-1 (9, 10). The inflammatory cytokines en-
hance RANKI. expression on osteoclastogenesis-supporting
cells and activate osteoclast precursor cells by synergizing
with RANKIT, signaling.
RANKI. on Th17 cells may also partcipate in the enhanced
osteoclastogenesis (Fig. 3 E). Collectively, Th17 cells can be
called an osteoclastogenic 'Th subset not only because 'Thi7
cells have positive effects on osteoclastogenesis 1n vitro, but
also because they tip the balance of the microenvironments in
favor of osteoclast differentiadon.

Tt is worth noting that Th17 cells do not induce osteo-
clastogenesis in the absence of osteoblasts. This strongly sug-
gests that RANKL expressed on Th17 cells alone is not
sutficient to induce osteoclastogenesis, although this is pardy
because even Th17 cells produce a small amount of TFN-y,
which counterbalances the RANKL action. To understand
the role of RANKL on T cells in more detail, we need mice
of T cell=specific ablation of the RANKL gene, which are
currently unavailable. Butit is conceivable that RANKL ex-
pressed on adherent cells such as osteoblasts has more potent
cHects than that expressed on 1 cells, This mechanism may
also explain why osteoclases are formed only in the bone
microenvironments, but it currendy remains to be clarified.
We consider the following explanadons: (a) T cell expres-
sion of membrane-bound RANKT | which 15 more osteo-
clastogenic than the soluble form (48), is very low compared
with that on osteoblasts; (b) costimulatory signals provided
specifically by osteoblasts (12, 27) are missing in 'L cells; and
(c) cell adhesion induces spcuﬁ( signals including thosc
mediated by integrins, which are also important for osteo-
clastagenesis (49},
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A rcladvely high expression of

In our study, T reg cells had no apparenc cifect on osteo-
clastogenesis in viwo (Fig. 1 G). However, their function
in the reguladon of bone metabolism should be investigated
in vivo considering the recent finding chat the development
of Thi7 cells and T reg cells is coordinately regulated
(10, 35, 30).

The importance of the 1L-23-11.-17 axis in the autoim-
munc inflammadon has been demonstrated in o variety of
models of autoimmune diseases such as arthritis and encepha-
lomyelitis (23, 24, 38). In arthrids models, JL-17"7" mice
were protected from the development of destructive arthricis
(24), whereas collagen-induced arthritis is exacerbared in
IFN-y receptor—deficient mice (21, 22). The specific role of
IL-23 compared wich 1L-12 in the development of arthrits
has been clearly demonstraced by a genetic scudy using mice
deficient in p19 and p35 (23). Based on these observations,
the 1.-23-1L-17 axis inducing Th17 cells, rather than the
IL-12-1FN-y axis inducing 'Th1 cells, is critical tor the develop-
ment of antoimmune arthrits. Our study also provides evi-
dence that the {1.-23-11.-17 axis plays a critical role even m a
model of bone loss induced by local inflammadon chat is
independent of autoirumunity (Fig, 4 D), sugpesting that
the TL-23~1L-17 axis 1s not only essential for the onset phase,
but also for the destruction phase of autoimmune arthritis
characterized by the 'L cell-mediated activadon of osteoclas-
togenesis. Thus, Th17 ceils, an ostcoclastogenic subset, have
profound relevance in the bone damage that takes place in
autoimmune arthrigs. The identificadon of T cell subsets in
the synovium of arthrids is 2 chalienging issuc of grear impor-
rance that should be pursued in a future study. Considering
the strong inhibitory effects of Thi cells on osteoclastogene-
sis, Th17 cells may be overwhelmingly dominant and the co-
localization of Thi cells is unlikely, ac least under the
microenvironments in which osteoclastogenesis efficiently
occuts. The positive coirelation beiween IL-23 and RANKL
expression in the synovium of RA patients further suggests
the importance of I1.-23 in the regulation of local osteoclas-
wgenesis through IL-17 (Tig. 5 A). Despite the tmiportance
of T'GF-B and IL-6 in the injdation of Th17 development
(10, 35, 36), Thi7 cells can be obtuned in an 11.-23-samulated
culture system without adding cxogenous TGF-B/1L-6,
suggesung that the endogenous level of TGF-B/IL-6 may
suffice for the initiation and that ()s'tcod'mtogenic actvity of
Th17 cells is mainly determined by IL-23 under certain path-
ological conditions.

For the oreamment of RA, there are several drugs available,
most of which were developed to modulate immune reac
tions. The antirheumatic drugs are etfective in treating pain
and inflammadon, but padents sdll fairly frequendy have to
undergo joint replicement surgery because of the progressive
bone damage despite long-term treatment with antirheu-
matic drugs. Therefore, itis cli 'vic:dlv an urgent issue 1o estab-
m (3).
AlthouUh 1hcumatolo<mts are NOW aware of the great impact
that ant-TNF therapy has had on the management of RA
(30), it is still not decermined whether all patients respond
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