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RANKL, TRAF, NFATc1, OSCAR, DAP12

BHEEEERNEBERESUEL, BICHLWEBICEEI 250D, B
MZBSWBBAAT, BFFRLNERTDIM-CSFEIURANKLICEY, 72
O77—Tnobd S, EF, MEMRARMEIRELICRRTS0SCARY
TREM-2B EMREZBHE, BEFRRH DL VIHEDRRIEBROME
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DAP12EARL TS E, ZOTRTREBERMEODF—T7705—TH5
NFATC1ZERILT D. CNEFPITEZ—SFDITIV)/ vo 7o eI 2RIT,
EREROEABEICISERGAERERERETD.
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M-CSF : macrophage-colony stimulating factor, RANKL : receptor activator of NF- « B ligand,
OSCAR : osteoclast-associated receptor, TREM-2 : triggering receptor expressed by myeloid
cells-2, ITAM : immunocreceptor tyrosine based activation motif, DAP12 : DNAX-activation
protein 12, FcR ¥ : Fc receptor common y subunit, NFATc1 : nuclear factor of activated T cell
c1, TRAF : TNF receptor-associated factor, RANK : receptor activator of NF-« B, JNK : ¢-jun
N-terminal kinase, p38MAPK : p38 mitogen-activated protein kinase, ERK : extracellular
signal regulated kinase, VDR : vitamin D receptor, PTH : parathyroid hormone, PGE: :
prostaglandin Ez, PKA : protein kinase A, IL-6 : interleukin-6, IL-11 : interleukin-11, IL-1 :
interleukin-1, LPS : lipopolysaccharide, PKC : protein kinase C, TLR-4 : Toll-like receptora,
PLC y: phospholipase Cy

H LE2—~-E
1) BOFISE, WIBEZ : RANKLRANKRIZ X 2 BRIRHIE. 58, 54 7H4 2028
h, B3, 2003, pp.1242-1247
2) S FEIMEZ, BREL  HEAROTBR BT AR TARERT T Ly 4
> & FEHE(LPS) DIER IR, ERES (), £ 44, B, 2002, pp.2482-2487
3) KogzaT, Inoue K. Kim S er al : Costimulatory signals mediated by the ITAM motil cooperate
with RANKL for bone homeostasis. Nature 428 : 758-763, 2004
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Suppression of Osteoprotegerin Expression by Prostaglandin
E, Is Crucially Involved in Lipopolysaccharide-Induced
Osteoclast Formation'

Koji Suda,*' Nobuyuki Udagawa,* Nobuaki Sato,* Masamichi Takami,” Kanami Itoh,’
Je-Tae Woo,” Naoyuki Takahashi,’S and Kazuo Nagai'

LPS is a potent stimulator of bone resorption in infammatory diseases. The mechanism by which LPS indaces osteoclastogenesis
was studied in cocultures of mouse osteoblasts and bone marrow cells. LPS stimulated osteoclast formation and PGE, production
in cocultures of mouse ostecblasts and bene marrow cells, and the stimulation was completely inhibited by NS398, a cyclooxy-
genase-2 inhibitor, Osteoblasts, but not bone marrow cells, produced PGE, in response to LPS. LPS-induced osteoclast formation
was also inhibited by osteoprotegerin (OPG), a decoy receptor of receptor activator of NF-xB ligand (RANKL), but not by
anti-mouse TNFR1 Ab or IL-1 receptor antagonist. LPS induced both stimulation of RANKL mRNA expression and inhibition
of OPG mRNA expression in ostecblasts. NS398 blocked LPS-induced down-regulation of OPG mRNA expression, but not
LPS-induced np-regulation of RANKL mRNA expression, suggesting that down-regulation of OPG expression by PGE, is in-
volved in LPS-induced osteoclast formation in the cocultures. NS398 failed to inhibit LPS-induced osteoclastogenesis in cocultures
containing OPG knockout mouse-derived osteoblasts, IL-1 also stimulated PGE, production in osteoblasts and osteoclast forma-
tion in the cocultures, and the stimulation was inhibited by NS398. As seen with LPS, NS398 failed to inhibit IL-1-induced
osteoclast formatien in cocultures with OPG-deficient osteoblasts. These results suggest that TL-1 as well as LPS stimulates
osteoclastogenesis through two parallel events: direct enhancement of RANKL expression and suppression of OPG expression,

which is mediated by PGE, production.

steoclasts are bone-resorbing multinucieated cells that
O originate from hemopoietic progenitors of the mono-

cyte/macrophage lineage (1-4). Osteoblasts or bone
marrow stroma] cells are involved in osteoclastogenesis through a
mechanism involving ¢ell-to-cell contact with osteoclast progeni-
tors (4, 5). Studies of M-CSF-deficient op/op mice have shown that
M-CSF produced by osteoblasts is an essential factor for osteoclas-
togenesis (6, 7). Receptor activator of NF-«B ligand (RANKL)?
(3) was also identified as another factor essential for osteoclasto-
genesis (8—11). RANKL is a member of the TNF-ligand family
that is expressed by osteoblasts/stromal cells as a membrane-as-
sociated factor. Osteoclast precursors express RANK, a receptor of
RANKL; recognize RANKL through cell-cell interaction; and dif-
ferentiate into osteoclasts in the presence of M-CSF (12, 13). Os-
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tecblasts/Stromal cells also produce a soluble decoy receptor for
RANKL, osteoprotegerin {OPG), which inhibits osteoclast forma-
tion in vivo and in vitro by interrupting the interaction between
RANKL and RANK (14, 15).

In mouse cell cocultures, osteoclasts are formed in response to
bone-resorbing factors such as 1,25-dihydroxyvitamin D,
(1,25(0H),D;), parathyroid hormone (PTH), PGE,, and IL-11 (4).
Almost all of the bone-resorbing factors stimulate expression of
RANKL in osteoblasts/stromal cells (4). Three independent signals
have been proposed to induce RANKL expression in osteoblasts/
stromal cells: vitamin D receptor-mediated signals induced by
1,25(0H),D,, cAMP/protein kinase A (PKA}-mediated signals in-
duced by PTH or PGE,, and gpl30-mediated signals induced by
IL-11 (4). Among these signals, vitamin D receptor- and cAMP/
PKA-mediated signals suppress OPG expression in osteoblasts/
stromal cells, Recently, we reported that compounds that elevate
intracellular calcium, such as ionomycin, A23187, cyclopiazonic
acid, and thapsigargin, stimulated osteoclast formation in mouse
cocultures (16). Treatment of primary osteoblasts with those com-
pounds stimulated the expression of RANKL. Thus, the signal me-
diated by calcium and protein kinase C (PKC) is proposed to be
another (fourth) signal that induces RANKL expression in osteo-
blasts/stromal cells.

Severe bone loss due to excessive bone resorption is observed in
inflammatory diseases such as periodontitis and osteomyelitis and
some types of arthritides (17). LPS, a major constituent of Gram-
negative bacteria, is proposed to be a potent stimulator of bone loss
in these inflammatory diseases (17-22). Recently, Toll-like recep-
tor 4 (TLR4) was identified as the signal-transducing receptor for
LPS (23, 24). The cytoplasmic signaling cascade of TLR4 is sim-
ilar to that of IL-1Rs. Both TLR4 and IL-1Rs use common sig-
naling molecules such as myeloid differentiation factor 88 and
TNFR-associated factor 6 (25-29). Macrophages, lymphocytes,

0022-1767/04/$02.00
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and osteoblasts/stromal cells express TLR4, and produce PGE,
and proinflammatory cytokines such as TNF-a and IL-1 in re-
sponse to LPS (30, 31). These inflammatory factors also stimulate
osteoclastogenesis directly or indirectly (17-22, 32).

LPS stimulates PGE, production in the target cells through the
induction of mitogen-inducible cyclooxygenase 2 (COX2) expres-
sion (33). N5398, a nonsteroidal anti-inflammatory agent, specif-
ically inhibits COX2 without affecting COX1 activity (34). There-
fore, NS398 has been used as a tool to explore the role of PGE, in
pathological processes involving COX2 activity. PGE, exerts its
biological actions through binding to four specific membrane re-
ceptors (EP1, EP2, EP3, and EP4) (35). Sakuma et al. (20, 21)
reported that induction of osteoclast formation by LPS, TNF-a,
and IL-1 was barely observed in cell cultures prepared from EP4
knockout (EP4~/~) mice, and that urinary excretion of deoxypyr-
idinoline, a sensitive marker for bone resorption, was not increased
in EP4™"" mice injected with LPS. These results suggest that
PGE, is a key factor in the enhancement of osteoclastogenesis by
LPS in vivo and in vitro, However, it is still not known how PGE,
is involved in the induction of osteoclastogenesis by LPS.

In the present study, we examined the mechanism of the induc-
tion of osteoclast formation by LPS in cocultures of mouse osteo-
blasts and bone marrow cells. We showed that LPS promoted os-
teoclastogenesis through two parallel events: one was direct
enhancement of RANKL expression, and the other was suppres-
sion of OPG production mediated by PGE, in osteoblasts. In ad-
dition, IL-] stimulated osteoclast formation in the cocultures in a
manner similar to LPS,

Materials and Methods

Reagents and mice

LPS (Escherichia coli 026:B6) and PGE, were purchased from Sigma-.

Aldrich (St. Louis, MO). NS398 was from Calbiochem (San Diego, CA).
Human rOPG and mouse rlL-18 were obtained from PeproTech (London,
U.K.). Mouse rTNF-a and mouse rlL-1 receptor antagonist (rlL-1ra) were
obtained from R&D Systems (Minneapolis, MN). Anti-mouse TNFR1 Ab
was obtained from Genzyme Diagnostics (Cambridge, MA). Six- to 9-wk-
old male and newborn ddY mice were obtained from Sankyo Laboratory
Animal Center (Tokyo, Japan). C57BL/6 (B6) mice and OPG-deficient
(OPG™") mice (C57BL/6 (B6)) were obtained from Clear Japan Clea
(Tokyo, Japan). This study was reviewed and approved by the Showa Uni-
versity Animal Care and Use Commmittee.

Cell prepararion and osteoclast formation assay

Primary osteoblasts were obtained from calvarize of newborn ddY mice.
C57BL/6 (B6) mice, and OPG™'~ mice by the conventional method using
collagenase (35). Bone marrow cells were collected from femora and tibiae
of 6- to 9-wk-old male mice. Primary osteoblasts (1 X 10* cells) and bone
marrow cells (2 X 10° cells) were cocultured for $ days in a-MEM con-
taining 10% FCS (CSL, Victoria, Australia) in $6-well tissue culture plates
(Coming, Corning, NY) (0.2 ml/well)., Cocultures were incubated in the
presence of LPS (0.001-10 pg/mi), PGE, (1 puM), IL-18 (10 ng/mi), or
TNF-a (10 ng/ml) for the final 3 days. Some cocultures were pretreated
with NS398 (1 uM), OPG (160 ng/ml), IL-1ra (10 pg/ml}, and TNFR1 Ab
(10 ug/m) for 1 h before adding LPS, PGE,, IL-18, or TNF-a. Then
cocultures were fixed and stained for tartrate-resistant acid phosphatase
(TRAP; a marker enzyme of osteoclasts). TRAP-positive cells containing
>3 nuclei were counted as osteoclasts. The results obtained from a typical
experiment of three independent experiments are expressed as the mean *
SD of four cultures.

Measurement of PGE, production

Primary osteoblas:s (3 X 10% cells) and bone marrow cells (6 X 10° cells)
were cultured separately or in combination with or without LPS (1 pg/ml)
or IL-18 (10 ng/ml) in a-MEM containing 10% FCS in 48-well culture
plates (Coming). After the cultures were incubated for 6 h, the concenira-
tion of PGE, in the culture medium was determined using an enzyme
immunoassay (EIA; Cayman Chemicals, Ann Arbor, MI). The Ab showed
the following cross-reactivity determined by comparing the bond/free ra-

2505

tios with several eicosanoids: PGE,, 100%: PGE, ethanolamide. 100%%:
PGE,, 43%: PGE,, 18.7%; 6-keto PGF,a. 1%, and 8-isv PGF,a, 0.25%.

Northern blot analysis

Primary osteoblasts {1 X 10° cells) were seeded in cell culture dishes (60
mm in diameter; Corning} and cultured in -MEM containing 10% FCS for
3 days. After incubation in @-MEM containing 0.1% FCS for 3 h, the cells
were incubated with LPS (1 pg/ml) or IL-18 (10 ng/ml). In some exper-
iments, osteoblasts were cocultured with bone marrow eells (2 X 107 cells)
in the presence of LPS (1 pg/ml) for 3 or 48 h. Some cultures were also
treated with NS398 (1 pM) for 1 h before the addition of LPS. Tota] RNA
was isolated from cultures using TRizol (Life Technologies, Grand island,
NY). Northern blot analysis was performed using denaturing formalde-
hyde/agarose gels, as described (16). Double-stranded :DNA fragments
encoding mouse RANKL OPG and COX2 were kindly provided by H.
Yasuda {Snow Brand Milk Products, Tochigi, Ja?an}. cDNA probes
(RANKL, OPG, COX2, and B-tubulin) labeled with 2P were synthesized
using a ¢cDNA labeling kit (Takara, Tokyo, Japan). The RANKIL, OPG.
COX2, and p-wbulin probes were hybridized with membranes to which
total RNA isolated from osteoblasts had been transferred. The membranes
were exposed to Kodak BioMax MS film (Rochester, NY) for 3-48 h.
Signals of RANKL, OPG, COX2, and B-tbulin mRNA were quantified
using a radioactive image analyzer (BAS2000: Fuji Photo Film, Tokyo,
Japan). Signals of RANKL. OPG, and COX2 mRNAs were normalized
with the respective S8-tubulin mRNA expression levels to calculate the
relative intensity.

Results
PGE, is required for osteoclast formation induced by LPS

LPS stimulated TRAP-positive osteoclast formation in cocultures
of primary osteoblasts and bone marrow cells in a dose-dependent
manner (Fig. 14). The maximal number of ostenclasts was ob-
served at 1 pg/ml of LPS. We then examined whether PGE, is
involved in the induction of osteoclast formation by LPS. LPS (1
prg/ml) as well as PGE, (1 pM) induced TRAP-positive osteoclast
formation in the cocultures (Fig. 1, B and C). N5398 (1 uM), a
specific inhibitor of COX2, suppressed the induction of osteoclast
formation by LPS, but not by PGE, in the cocultures (Fig. 1, B and
C). Both LPS- and PGE,-induced osteoclast formation in the co-
cultures was strongly inhibited by simultaneous addition of OPG
(100 ng/ml) (Fig. 1, 8 and C). These results suggest that both PGE,
production and RANKL-RANK interaction are required for LPS-
induced ostegclast formation in the cocultures, We next examined
whether LPS induces osteoclastogenesis through IL-1 and TNF-a.
Recombinant IL-18 {10 ng/ml) and TNF-& (10 ng/ml) induced
osteoclastogenesis in the cocultures. IL-1ra (10 pg/ml) and anti-
mouse TNFR] Ab (10 pg/ml) strongly inhibited the osteoclast
formation induced by IL-18 and TNF-a, respectively. However,
neither IL-1ra nor TNFR1 Ab affected osteoclastogenests induced
by LPS (Fig. 1D). These results suggest that PGE, is a critical
factor in LPS-induced osteoclastogenesis.

Osteoblasts mainly produce PGE, in response to LPS

We then measured the PGE, concentration in the conditioned me-
dium of cocultures incubated with or without LPS (1 pg/ml) for
6 h (Fig. 24). LPS significantly increased the PGE, concentration
in the culture medium (Fig. 24). The addition of N8398 (1 M) to
the cocultures completely blocked the induction of PGE, produe-
tion by LPS in the cocultures (Fig. 24). To determine the type of
cells that respond to LPS in the cocultures, ostecblasts and bone
marrow cells were cultured separately in the presence or absence
of LPS for 6 h (Fig. 2B). LPS stimulated PGE,, production in the
cultures of osteoblasts, but not bone marrow cells. LPS-induced
PGE, production was strongly inhibited by the addition of N§398
(Fig. 2B). Nerthern blot analysis showed that treatment of osteo-
blasts with LPS for 3 h stimulated the expression of COX2 mRNA
(Fig. 2C). These results suggest that osteoblasts in the cocultures
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FIGURE 1. Effects of NS398, OPG, IL-1ra, and

MECHANISM OF LPS-INDUCED OSTEOCLASTOGENESIS

TNFR1 Ab on osteoclast formation in cocultures
treated with LPS. 4, Mouse primary osteoblasts and
bone marrow cells were cocultured for 5 days. LPS
(0.001-10 pg/ml) was added to the cocultures for
the final 3 days. TRAP-positive multinucleated cells
containing more than three nuclei were counted as
osteoclasts, Values are expressed as the means * SD
of quadruplicate cultures. B, LPS (1 pg/ml) or PGE,
(1 M) together with or without NS398 (I uM) or
OPG {100 ng/ml) was added 1o the cocultures for the
final 3 days. The cells were then fixed and stained
for TRAP. Arrowheads indicate TRAP-positive

Osteoclastsiwell

multinucleated cells. Bar, 200 pm. C, TRAP-positive c D
multinucleated cells containing more than three nuclei
were counted as osteoclasts. Values are expressed as 250
the means = SD of quadnuplicate cultures. D, LPS (1 = -
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produce PGE, in response to LPS via up-regulation of COX2
mRNA expression.

LPS regulates RANKL and OPG gene expression in osteoblasts

We next analyzed the effects of LPS on RANKL and OPG mRNA
expression levels in primary osteoblasts by Northern blot analysis
(Fig. 3). Treatment of the osteoblasts with LPS increased RANKL
mRNA expression with two peaks at 3 and 48 h. The expression of
RANKL mRNA after treatment with LPS was increased within
1 b, and was still higher than that of the control cultures even after
72 h (Fig. 34). The expression of OPG mRNA in osteoblasts was
also enhanced by the treatment with LPS for 3 h (Fig. 34). How-
ever, the expression of OPG mRNA in osteoblasts treated with
LPS for 48 or 72 h was decreased to a level lower than that of the
control culture (Fig. 3.4). NS398 {1 M) had no effect on the level
of RANKL mRNA induced by LPS at 3 h (Fig. 3B). The LPS-
induced up-regulation of RANKL mRNA expression at 48 h was
slightly inhibited by the COX2 inhibitor, but the level of the
mRNA was much higher than that in the contro] cultures. In con-
trast, the LPS-induced down-regulation of OPG mRNA expression
in osteoblasts at 48 h after treatment with LPS was completely
blocked by the addition of NS398, although the OPG mRNA ex-
pression at 3 h was not affected by the COX2 inhibitor (Fig. 3B8).
The expression levels of RANKL and OPG mRNAs in bone mar-
row cells were Jower than those in primary osteoblasts, and were
unchanged even after treatment with NS398 for 3 or 48 h (data not
shown). These results suggest that PGE, produced by osteoblasts
plays an important role in the down-regulation of OPG expression,
but not the up-regulation of RANKL expression in osteoblasts
treated with LPS.

Suppression of OPG expression is involved in induction of
ostegclast formation by LPS

We next examined how PGE, production is involved in LPS-in-
duced osteoclast formation using osteoblasts from OPG-deficient
(OPG™'") mice. Primary osteoblasts prepared from OPG ™'~ mice

were cocultured with bone marrow cells from wild-type mice in
the presence or absence of NS398, OPG, and/or LPS (Fig. 4). In
agreement with previously reported findings (37), TRAP-positive
osteoclasts were formed in cocultures containing OPG™" osteo-
blasts even in the absence of any stimulus (Fig. 4). The number of
osteoclasts was further increased in the LPS-treated cocultures
containing OPG ™™ osteoblasts. NS398 strongly suppressed the
spontaneous osteoclast formation in the control cocultures con-
taining OPG ™'~ osteoblasts. This suggests that endogenous
production of PGE, plays an important role in the osteoclast
formation in cocultures containing OPG ™/~ osteoblasts. NS398
slightly, but not completely, inhibited LPS-induced osteoclast
formation in cocultures containing OPG ™'~ ostecblasts (Fig. 4).
OPG completely suppressed osteoclast formation in the cocul-
tures treated or not treated with LPS (Fig. 4). These results
suggest that the down-regulation of OPG expression by PGE, is
crucially involved in the osteoclast formation induced by LPS
in the cocultures.

IL-1 stimulates osteoclast formation in a manner similar to LPS

Because the signaling pathway of IL-1Rs is quite similar to that of
TLR4 (26-30), we finally examined whether IL-1 stimulates os-
teoclastogenesis in the cocultures in a manner similar to LPS.
IL-18 (10 ng/ml) induced osteoclast formation in the wild-type
cocultures, and the induction was inhibited by NS398 (1 pM) and
CPG (100 ng/ml) (Fig. 54). IL-18 {10 ng/ml) also stimulated
PGE, production in osteoblasts, but not in bone marrow cells after
treatment for 6 h (Fig. 55). Northem blot analysis showed that
IL-18 up-regulated COX2 mRNA expression in osteoblasts at 3 h
(Fig. 50). IL-18 also stimulated RANKL mRNA expressionat3 h
(data not shown). IL-18 stimulated osteoclast formation in the co-
cultures of OPG ™/~ osteoblasts and wild-type bone marrow cells
(the control: 53 * 11, the mean * SD of four cultures) (Fig. 5D).
NS398 (1 uM) did not completely suppress LPS-induced oste-
oclast formation in the cocultures with OPG ~'~ osteoblasts, but
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FIGURE 2. LPS induces PGE, production and COX2 expression in os-
teoblasts. A, Primary osteoblasts and bone marrow (BM) cells were cocul-
tured with LPS {1 pug/ml}) in the presence or absence of NS398 (1 uM).
After the cultures were incubated for 6 h, the concentration of PGE, in the
culture supernatant was determined using EIA. Values are expressed as the
means = SD of quadruplicate cultures. B, Primary osteoblasts and bone
marrow cells were cultured separately with LPS (1 ug/ml) in the presence
or absence of NS§398 (1 pM) for 6 h. The PGE, concentration in the culture
supernatant was determined using EIA. Values are expressed as the means
+ SD of quadruplicate cultures. C, Primary osteoblasts were treated with
LPS (1 pg/ml) for 3 h. Total RNA was isolated from the osteoblasts, and
COX2 and B-tubulin mRNA expression was analyzed by Northem blot-
ting. Figures below the signals represent the intensity of the COX2 mRNA
signals relative to the S-tubulin mRNA signals.

OPG did (Fig. 5D). These results suggest that IL-1 and LPS stim-
ulate osteoclast formation in the same manner in the cocultures.

Discussion

In vivo and in vitro experiments have shown that PGE, is crucially
involved in the induction of osteoclastic bone resorption by IL-1,
TNF-a, and LPS (20). EP4 subtype-mediated signaling has been
shown to be particularly important for the induction of bone re-
sorption by such inflammation-related factors as well as PGE,
(20). The present study showed that LPS stimulated COX2 ex-
pression and PGE, production in osteoblasts, and NS398, a spe-
cific inhibitor of COX2, strongly blocked the LPS-induced oste-
oclast formation in cocultures containing wild-type osteoblasts

(Figs. 1 and 2). These results suggest that PGE, is somehow in-

volved in LPS-induced osteoclast formation in the cocultures
through PGE, receptors of EP4 subtype,

It was reported that LPS stimulated the expression of RANKL
mRNA in osteoblasts obtained from EP4™'~ mice, and that COX
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FIGURE 3. LPS regulates the expression of RANKI. 2nd OPG mRNAs
in osteoblasts. 4. Primary osteoblasts were treated with LPS (1 pg/ml} for
0—72 h. Total RNA was isolated from the osteoblasts, and the expression
of RANKL. OPG, and B-tubulin mRNAs was analyzed by Northern blot-
ting. Figures below the signals represent the intensity of the RANKL and
COPG mRNA signals relative 1o the B-tubulin mRNA sigmals. B, Primary
osteoblasts were treated with LPS {1 pg/ml) for 3 or 48 h in the presence
of bone marrow cells. NS398 (1 pM) was also added ro some cultures.
After incubation for the indicated periods, bone marrow cells were re-
moved by pipetting. Total RNA was isolated from ostecoblasts, and the
expression of RANKL, OPG, and B-tubulin mRNAs was analyzed by
Northern blotting. Figures below the signals represent the intensity of the
RANKL and OPG mRNA signals relative to the p-tubulin mRNA signals.

inhibitors did not block this stimulation (21). In agreement with
this finding, NS398 failed to inhibit the induction of RANKL ex-
pression by LPS in osteoblasts (Fig. 3). These results suggest that
LPS induced RANKL expression in a manner that was indepen-
dent of PGE, production in osteoblasts. In contrast, the treatment
of osteoblasts in the cocultures with LPS together with NS398
blocked the down-regulation of OPG mRNA expression at 48 h
(Fig. 3). This suggests that suppression of OPG by PGE, is an
important event in osteoclast formation in the cocultures treated
with LPS. This notion was further supported by the finding that
LPS stimulated ostcoclast formation even in the presence of
NS398 in cocultures containing osteoblasts derived from OPG™'~
mice (Fig. 4). Thus, PGE, appears to play an important role as a
suppressor of OPG expression rather than an activator of RANKL
expression in LPS-induced osteoclast formation (Fig. 6). Recently,
Fu et al. {38) reported that the activation of CREB by PTH is
required for PTH-induced down-regulation of QPG expression.
This suggests that the cAMP-PKA signals play a role in PGE,-
induced suppression of OPG mRNA expression. Further study will
elucidate the detail mechanism of the down-regulation of OPG
expression by PGE,.

PGE, has been shown to induce RANKL mRNA expression in
osteoblasts (10). Suzawa et al. (39) reported that PGE,-induced
RANKL expression is mediated through the cAMF signaling path-
way. In our experiments, NS398 failed to inhibit RANKL expres-
sion in osteoblasts treated with LPS for as long as 48 h (Fig. 3).
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FIGURE 4. Effects of NS398 on LPS-induced osteoclast formation in
cocultures containing OPG ™"~ mouse-derived osteoblasts. 4, Primary os-
teoblasts prepared from OPG™~ mice were cocultured with wild-type
bone marrow cells for 5 days. LPS (1 pg/ml) was added to the cocaltures
with or without NS398 (1 M) or OPG (100 ng/ml) for the final 3 days.
The cells were then fixed and stained for TRAP. Arrowheads indicate the
TRAP-positive osteoclasts. Bar, 200 um. B, TRAP-positive cells contain-
ing more than three nuclei were counted as osteoclasts. Values are ex-
pressed as the means = SD of quadruplicate cultures.

This suggests that LPS induces RANKL expression by the mech-
anism independent of PGE, production. Kikuchi et al. (40) re-
ported that LPS induces RANKL through extracellular signal-reg-
ulated kinase (ERK) and PKC. We also confirmed that calcium/
PKC inhibitors, such as BAPTA-AM (an intracellular calcium
chelator) and Ro-32-0432 (a PKC inhibitor), and ERK inhibitor
PD98059 inhibited LPS-induced RANKL mRNA expression in
osteoblasts (K.S., unpublished observation). PD98039 failed to in-
hibit the induction of RANKL mRNA expression by PGE, and the
induction of osteoclast formation in cocultures treated with PGE,
(data not shown). These results suggest that LPS directly stimu-
lates RANKL expression through caleium/PKC signals, followed
by ERK signals in osteoblasts. It is unlikely that PGE,-induced
signals directly cross talk with LPS-induced signals in the induc-
tion of RANKL expression in osteoblasts.

The intracellular signaling pathway of TLR4 is quite similar to
that of IL-1Rs (25-29). Like LPS, IL-1 stimulated COX2 mRNA
expression at 3 h and PGE, production at 6 h in osteoblast cultures
(Fig. 5). IL-1B also induced RANKL mRNA expression in osteo-
blasts, as previously reported (data not shown) (32). NS398 inhib-
ited TL-1-induced osteoclast formation strongly in cocultures con-
taining wild-type osteoblasts, but only partially in cocultures
containing OPG ™'~ osteoblasts (Fig. 5). These results suggest that
PGE, produced by osteoblasts in response to 1L-1 plays a similar
role to LPS in osteoctast formation through the suppression of
OPG expression (Fig. 6).

In cocultures containing OPG ™ osteoblasts, osteoclasts were
formed even in the absence of any stimulus (Fig. 4). The sponta-
neous osteoclast formation was strongly inhibited by the addition
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FIGURE 5, IL-] induces osteoclast formation in the cocultures in a
manner similar to LPS. 4, Mouse primary osteoblasts and bone marrow
(BM) cells were cocultured with IL-183 (10 ng/ml) in the presence or ab-
sence of NS398 (1 uM) or OPG (100 ng/ml). TRAP-positive cells con-
taining more than three nuclei were counted as osteoclasts. Values are
expressed as the means = SD of quadruplicate cultures. B, Primary osteo-
blasts and bone marrow cells were cultured separately with 1L-18 (10
ng/ml) in the presence or absence of NS398 (1 uM) for 6 h. The PGE,
concentration in the culiure supernatant was determined using EIA. Values
are expressed as the means * SD of quadruplicate cultures. C, Primary
osteoblasts were treated with IL-18 (10 ng/ml) for 3 h, and then COX2 and
B-tubulin mRNA expression was analyzed by Northern blotting. Figures
below the signals represent the intensity of the COX2 mRNA signals rel-
ative to the B-tubulin mRNA signals. D, Primary osteoblasts prepared from
OPG ™~ mice and wild-type bone marrow cells were cocultured with
IL-18 (10 ng/ml) in the presence or absence of NS398 (1 uM) or OPG (100
ng/mi). TRAP-positive cells containing more than three nuclei were
counted as osteoclasts. Values are expressed as the means £ SD of qua-
druplicate cultures.

of either OPG or NS398 (Fig. 4). These results suggest that
RANKL is involved in the spontaneous osteoclast formation, and
that PGE, constitutively produced in the cocultures stimulates
RANKL expression in osteoblasts. LPS and IL-18 further en-
hanced osteoclast formation in cocultures containing OPG ™~ os-
teoblasts (Fig. 4), suggesting that the up-regulation of RANKL
expression by LPS and IL-1 enhances the osteoclast formation.
The induction of osteoclast formation by LPS and 1L-1 in cocul-
tures containing OPG ™' osteoblasts was partially inhibited by the
addition of NS398. Therefore, PGE, induced by LPS and IL-1
appears to be involved in RANKL expression in osteoblasts. Cur
results indicate that the full inhibition of LPS- and IL-1-induced
osteoclast formation by NS398 requires PGE,-dependent suppres-
sion of OPG production (Fig. 6).

The previous studies have shown that OPG production by os-
teoblasts is down-regulated by bone-resorbing factors such as
1,25(0OH),D,, PTH, and PGE, (38, 41-44). Our results confirmed
the previous finding that osteoclasts spontaneously form in the
control cocultures containing OPG ™'~ osteoblasts. The decrease in
OPG production by osteoblasts was a key event for the induction
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FIGURE 6. A possible mechanism of the induction of osteoclastogen-
esis by LPS and IL-1. LPS and TL-1 promote the differentiation of oste-

oclast precursors into osteoclasts through two parallel events in osteoblasts:

direct enhancement of RANKL expression, and suppression of OPG pro-
duction mediated by PGE,. PGE; induced by LPS and TL-1 also stimulates
RANKL expression, but the suppression of OPG production in osteoblasts
appears to be more important than the induction of RANKL expression in
osteoblasts for the stimulation of osteoclastogenesis. See text for details.

of osteoclastogenesis by LPS and IL-1. OPG ™~ mice exhibited
severe osteoporosis caused by enhanced osteoclast formation and
function (14, 15, 45, 46). These results suggest that OPG is a
physiological regulator of bone resorption, and that the balance
between RANKL and OPG expressions at bone is particularly im-
portant for the regulation of bone resorption in vivo and in vitro.

We previously reported that LPS and IL-1 directly stimulated
the survival, fusion, and pit-forming activity of osteoclasts (47).
Those results together with the results shown in this study suggest
that LPS and IL-1 are involved in the stimulation of osteoclastic
bone resorption in several ways: LPS and TL-1 directly stimulate
osteoclast function, induce RANKL expression in osteoblasts, and
suppress OPG expression through enhancement of PGE, produc-
tion. Further studies will be necessary to elucidate the precise
mechanism of the regulation of osteoclastic bone resorption in-
duced by these inflammatory factors.
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Abstract

Myeloid differentiation factor 88 (MyD88) plays essential roles in the signaling of the Toll/
interleukin (IL)-1 receptor family. Toll-IL-1 receptor domain-containing zdaptor induc-
ing interferon-B (TRIF)-mediated signals are involved in lipopolysaccharide (LPS)-induced
MyD88-independent pathways. Using MyD88-deficient (MyD88~'~) mice and TRIF-deficient
(TRIF~~) mice, we examined roles of MyD88 and TRIF in osteoclast differentiation and func-
tion. LPS, diacyl lipopeptide, and IL-1a stimulated osteoclastogenesis in cocultures of osteoblasts
and hemopoietic cells obtained from TRIF™~ mice, but not MyD88~~ mice. These factors
stimulated receptor activator of nuclear factor-kB ligand mRINA expression in TRIF~~ osteo-
blasts, but not MyD88~/~ osteoblasts. LPS stimulated IL-6 production in TRIF~/~ osteoblasts,
but not TRIF™~ macrophages. LPS and IL-1ox enhanced the survival of TRIF~~ osteoclasts, but
not MyD88~/~ osteoclasts. Diacyl lipopeptide did not support the survival of osteoclasts because
of the lack of Toll-like receptor (TLR)6 in osteoclasts. Macrophages expressed both TRIF and
TRIF-related adaptor molecule (TRAM) mRINA, whereas osteoblasts and osteoclasts expressed
only TRIF mRINA. Bone histomorphometry showed that MyD88~/~ mice exhibited osteopenia
with reduced bone resorption and formation. These resuls suggest that the MyD88-mediated
signal is essential for the osteoclastogenesis and function induced by IL-1 and TLR ligands, and
that MyD88 is physiologically involved in bone tumover.

Key words:  Toll-like receptor * osteoprotegerin * RANKL » bone resorption * osteoporosis

Introduction

Osteoclasts, the multinucleated cells that resorb bone, orig-
inate from monocyte-macrophage lineage cells. Osteoblasts
{or bone marrow stromal cells) are involved in osteoclasto-
genesis (1, 2). Macrophage CSF {M-CSF) produced by osteo-
blasts is an essential factor for osteoclast formation. Receptor
activator of NF-kB ligand (RAINKL) is another cytokine

Address correspondence to Nobuyuki Udagawa, Dept. of Biochemistry,
Mavumeote Dental University, 1780 Gobara, Hiro-oka, Shiojiri, Nagano
399-0781, Japan. Phone: 81-263-51-2072; Fax: B1-263-51-2223; email:
udagawa@po.mdu.ac jp

essential for osteoclastogenesis expressed by osteoblasts as a
membrane-associated cytokine (1-5). Osteoclast precursors

Abbreviations used in: this paper: ERK, extracellular signal-regulated kinase;
MAPK, mitogen-activated protein kinase; M-CSF, macrophage CSF;
MEK, MAPK/ERK kinase; MyD88, myeloid differentiation factor 88;
MyD88~~, MyD#88-deficient; OPG, osteoprotegerin; PKC, protein kinase
C; RANK, recepror activator of NF-kB; RANKL, RANK Lgand; TIR,,
Toll/IL-1 recepter; TLR, Toll-like receptor; TRAM, TRIF-related
adaptor molecule; TRAM™", TR AM-deficient; TR AP, tartrate-resistant
acid phosphatase; TRIF, TIR domain-conuining adaptor-inducing IFN-8;
TRIF~=, TRIF-deficient.
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express RANK (a receptor of RANKL), recognize
RANKL expressed by osteoblasts through cell-cell interac-
tion, and differentiate into osteoclasts in the presence of
M-CSF. Osteoprotegerin (OPG) produced mainly by os-
teoblasts is a soluble decoy receptor for RANKL (6). OPG
blocks osteoclastogenesis by inhibiting the RANKI-RANK
interaction. Bone resorption-stimulating hormones and cy-
tokines enhance the expression of RANKL in osteoblasts.
Mature osteoclasts also express RANK, and RANKL sup-
ports the survival and simulates the bone-resorbing activity
of osteoclasts (1-5).

LPS, a2 major constituent of gram-negative bacteria, is
proposed to be a potent stimulator of bone resorption in
inflammatory diseases (7). CD14 is 2 membrane-anchored
glycoprotein that functions as a member of the LPS recep-
tor system. Toll-like receptor (TLR)4 is a critical receptor
and signal transducer for LPS (8, 9). Bacterial lipoprotein/
lipopeptides have pathogen-specific molecular patterns.
The complex of TLR6 and TLR2 recognizes diacyl li-
popeptide (9, 10). We found that lipoproteins derived from
Mpycoplasma salivarium, a member of the human oral micro-
bial flora, and a synthetc¢ diacyl lipopeptide (FSL-1) act-
vate human gingival fibroblasts to induce inflammatory cy-
tokine production via p38 mitogen-activated protein kinase
(MAPK)-mediated signals (11).

TLR family members have an intracytoplasmic region,
called the Toll/IL-1 receptor (TIR) homology domain.
Through the homophilic interaction of TIR. domains, my-
eloid differentiation factor 88 (MyD$88) is associated not
only with cytokine receptors for IL-1 and IL-18 but also
with vardous TLRs (9, 12). MyD88-deficient (MyD88~/")
mice showed resistance to LPS-induced responses includ-
ing cytokine production by macrophages, B cell prolifera-
tion, and endotoxin shock {12, 13). MyD88~/~ mice did
not respond to IL-1, IL-18, or other microbial cell wall
components such as peptidoglycan and lipopeptides (14).
However, MyD88~~ macrophages showed a delayed acti-
vation of NF-kB and MAPK cascades in response to LPS
{13). In addition, LPS induced the functional maturation of
MyD88~/~ dendritic cells, including the up-regulation of
costimulatory molecules (15). These results indicate the ex-
istence of a MyDD88-independent pathway through TLR4.

Recently, TIR. domain-containing adaptor-inducing IFN-3
(TRIF) was identified as an adopter involved in MyD88-
independent signaling pathways (16). TRIF plays essential
roles in TLR4- and TLR3-mediated pathways (17, 18).
TRIF-related adaptor molecule (TRAM) was identified
as an adopter specifically involved in the TLR4-mediated
MyD88-independent signaling pathway (19, 20). Using
TRIF-deficient (TRIF™/7) mice and TRAM-deficient
(TRAM™") mice, it was shown that both MyD88-depen-
dent and TRAM-TRIF-dependent pathways were re-
quired for LPS-induced proinflammatory cytokine pro-
duction in macrophages and for LPS-induced activadon of
B cells (19). In addition, p38 MAPK- and MAPK/ extracel-
lular signal-regulated kinase (ERK)} kinase (MEK)/ERX-
mediated signals are shown to be involved in LPS-induced

proinflammarory cytokine production in human osteoblas-
tic cells (21).

Using MyD88~/~ mice and TRIF™'~ mice, we explored
the roles of MyD88 and TRIF in osteoclast differentiation
and function induced by LPS, IL-1a, and diacyl lipopeptide.
We also examined whether both MyD88 and TRIF signals
are involved in cytokine production in osteoblasts as well as
bone marrow macrophages. We have shown that MyD88-
mediated signals, but not TRIF-mediated signals, induced
RANKL expression in osteoblasts. LPS stimulated IL-6 pro-
duction in TRIF™~ osteoblasts, but not TRIF™~ macro-
phages. MyD88- but not TRIF-mediated signals supported
the survival of osteoclasts induced by LPS. Bone histomor-
phometry revealed that MyD88™~ mice exhibited typical
osteopenia with reduced bone resorption and formation.

Materials and Methods

Animals and Drugs. MyD88™~, TLR4-deficient (TLR4~7),
and TRIF™~ mice with the genetc background of C57BL/6]
were penerated and maintained as deseribed previously (12, 17,
22). After heterozygous (+/—) mating, heterozygous (+/—), ho-
mozygous (—/—), and WT (+/+) mice were identified by PCR
analysis of DINA obtained from the tail of each mouse. WT
(C57BL/6]) mice were obtained from Japan Clea Co. All proce-
dures for animal care were approved by the Animal Management
Comimittee of Matsumoto Dental University. LPS (Escherichia coli
(O55:B5) and H-8% were purchased from Sigma-Aldrich. A syn-
thetic diacyl hipopeptide (FSL-1) was prepared as descbed previ-
ously (23). PD98059, BAPTA-AM, Ro-32-0432, A23187, and
phorbol-12-myristate-13-acetate (PMA) were obtained from Cal-
biochem Co. Recombinant human soluble RANKL and human
QPG were purchased from PeproTech. Recombinant mouse IL-
1o was obtained from Genzyme. Recombinant human M-CSF
{Leukoprol) was obtained from Kyowa Hakke Kogyo Co. 1¢,25-
dihydroxyvitamin D, [1,25(OH),D;] and prostaglandin E, (PGE,)
were purchased from Wako Pure Chemical Industries Ltd. Rabbit
anti-mouse phospho-ERK1/2 (Thr202/Tyr204) antibody and
rabbit anti-mouse ERK1/2 antibody were purchased from Cell
Signaling Technology Inc. An ELISA kit for mouse IL-6 was ob-
tained from R&D Systems. Specific PCR primers for mouse
TiR2, TLR4, TLRSG, IL-1R, CD14, RANKL, TRIF, and
TRAM and GAPDH were synthesized by Invitrogen. Other
chemicals and reagents were of analytical grade.

Osteoclast Differentiation Assay. To isolate primary osteoblasts
from either MyD88~/~, TLR4~/~, TRIF~~, or WT mice, cal-
varia from 2-d-old mice (male and female) were cut into small
pieces and cultured for 5 d in type I collagen gel (cell matrix
type-1A; Nitta Gelatin, Inc.) prepared in an a-MEM (Sigma-

, Aldnch) containing 10% FBS (JRH Biosciences; reference 6). Os-

teoblasts grown from the calvarium were collected by treating the
collagen gel cultures with eollagenase and stored at —80°C before
use. Bone marrow cells obtained from tibiae of 5-8-wk-old male
mice were suspended in an o-MEM supplemented with 10%
FBS in 60-mm-diameter dishes for 16 h in the presence of 50 ng/
ml M-CSF. Next, nonadherent cells were harvested as hemopoi-
etic cells. The hemopoietic cells (1.5 X 10° cells/well) were co-
cultured with osteoblasts (1.5 X 10* cells/well) prepared from
each mouse for 7 d in a 48-well plate with 0.3 ml of a-MEM
containing 10% FBS in the presence of test chemicals. In some
experiments, the hemopoietic cells prepared from male MyD88 /=
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and WT mice were cultured in the presence of 100 ng/ml
RANKL and 50 ng/ml M-CSF for 5 d. All cultures were incu-
bated in quadruplicate, and cells were replenished on day 3 with
fresh medium. Adherent cells were fixed with 10% formaldehyde
in PBS, treated with ethanol-acetone (50:50), and stained for tar-
trate-resistant acid phosphatase (TRAP, a marker enzyme of os-
teoclasts) as described previously (24). TRAP posidve multinu-
cleated cells containing more than three nuclei were counted as
osteaclasts, The results obtained from one experiment typical of
at least three independent experiments were expressed as the
mean = SEM of three cultures. The significance of the differ-
ences was deterrmined using Student’s ¢ test.

Survival Assay of Mature Osteoclasts.  Osteoblasts and freshly
prepared bone mamow cells were cocultured in a-MEM con-
taining 10% FBS and 10-% M 1,25(0OH),D, and 1076 M PGE, in
100-mm-diameter dishes precoated with type I collagen gel as
described previously (24). Osteoclasts were formed within 6 d in
the eocultures. All the cells in the cocultures were recovered
from the dishes by treatment with -MEM containing 0.3% col-
lagenase (Wako Pure Chemical Industries Ltd.). The cocultures
at day 6 contained ~5% osteoclasts. To purify ostzoclasts, the
crude osteoclast preparation was plated in 48-well culture dishes.
After cells were incubated for 6 h, osteoblasts were removed by
treatment with trypsin (0.05%) and EDTA (0.53 mM; Invitro-
gen) for 5 min on the dishes. Some cultures were fixed and
stained for TRAP. These cultures contained ~95% osteoclasts.
Purified osteoclasts were further incubated for 24 h in the pres-
ence of test chemicals and stained for TRAP. TRAP positive
multinucleated cells containing more than three nuclei were
counted as osteoclasts. The results were expressed as the mean %
SEM of three culwres.

Preparation of Bone Marrow Macrophages. Bone marrow mac-
rophages were prepared from MyD88~/~, TRIF™, and WT
mice to examine LPS-induced IL-6 production. Bone mamow
cells obrained from tibiae of MyD88~/~, TRIF~/~, and WT mice
(5-8-wk-old adults) were cultured for 16 h in a-MEM supple-
mented with 10% FBS in the presence of 50 ng/ml M-CSF.
Nonadherent cells were harvested as hemopoietic cells and fur-
ther cultured with 50 ng/ml M-CSF for 2 d. Adherent cells were
used as bone marrow macrophages. Bone marrow macrophages
were incubated for 24 h with 100 ng/ml LPS in the presence of
50 ng/ml M-CSF, and the conditioned medium was collected for
the determinarion of IL-6.

PCR Amplification of Reverse-transeribed mRNA. For semi-
quantitative RT-PCR. analysis, osteoblasts prepared from the
MyD88~~, TRIE™~, or WT mice were cultured in a-MEM
containing 10% FBS in the presence of test chemicals on 60-mm-
diameter dishes. After cells were cultured, total cellular RINA was
extractad from osteoblasts using TRIzol soluten (Life Technolo-
gies). First-strand cDNA was synthesized from total RINA with
random primers and subjected to PCR. amplification with EX
Tag polymerase {Takara Biochemicals) using specific PCR prim-
ers: mouse, TLR2, forward, 5'-AAACAACTTACCGAAAC-
CTCAGAC-3' (nucleotides 273-296) and reverse, 5'-TGTA-
AATTTGTGAGATTGGGAAAA-3" (nucleotudes 748-771);
mouse, TLR4, forward, 5'-AGTGGGTCAAGGAACAGAA-
GCA-3' (nucleotides 1766—-1787) and reverse, 5'-CTTTAC-
CAGCTCATTTCTCACC-3' (nucleotides 2055-2076); mouse
TLRS6, forward, 5'-GCCTGACTCTTACAGGTGTGACTA-
3’ (nucleotides 1698-1721) and revere, 5'-TTATGATGGG-
ACAAATAGAGTTCA-3" (nucleoddes 2175-2198); mouse
CD14, forward, 5"-ACATCTTGAACCTCCGCAAC-3' (nu-
cleotides 454-473) and reverse, 5'-AGGGTTCCTATCCAGC-
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CTGT-3' (nucleotides 934-953); mouse IL-1E, forward, 5'-
TAATGAGTTACCCGAGGTCCA-3' (nucleotides 570-550)
and reverse, 3'-AGGCATCGTATGTCTTTCCA-3" {nucleotides
1257-1276); mouse RANKL, forward, 5'-CGCTCTGTTCCT-
GTACTTTCGAGCG-3' (nucleotides 195-219) and reverse, 5'-
TCGTGCTCCCTCCTTTCATCAGGTT-3' (nucleotides 757-
781); mouse TRIF, forward, 5'-ATGGATAACCCAGGGC-
CTT-3' (nucleotides 187-205) and reverse, 5'-TTCTGGTCA-
CTGCAGGGGAT-3' (nucleotides 696-715); mouse TRAM,
forward, 5'-ATGGCCAGTCCTGGACTTC-3" (nucleotdes
126~144) and reverse, 5'-CAAGCAGGCTTCCTCAGAATT-
3" (nucleotides 576-596); and mouse GAPDH, forward, 5'-ACC-
ACAGTCCATGCCATCAC-3' (nucleotdes 566-585) and
reverse, 5'-TCCACCACCCTGTTGCTGTA-3' (nucleotides
998-1017). The PCR. products were separated by electrophoresis
on 2% aparose gels and visualized by ethidium tromide staining
with UV light illumination. The sizes of the PCR products for
mice TLR2, TLR4, TLR6, CD14, IL-1R, RANKL, TRIF,
TRAM, and GAPDH are 499, 311, 501, 500, 707, 587, 535,
476, and 452 bp, respectively.

Northem Blot Analysis. WT mouse-derived osteoblasts {106
cells) were seeded in cell culture dishes (60 mm in diameter) and
cultured in -MEM containing 10% FBS for 3 d. After incubation
in a-MEM containing 0.1% FBS for 3 h, cells were treated with
LPS for 3 h. Some cultures were also treated with several kinds of
signal inhibitors for 1 h before the addition of LPS. Total RNA
was isolated from cultures using TRIzol. Northem blot analysis
was performed using denaturing formaldehyde/agarose gels as de-
scribed previously (25). Double stranded complementary DNA
(cDNA) fragments encoding mouse RANKL were provided by
H. Yasuda (Snow Brand Milk Products, Tokye, Japan). cDNA
probes (RANKL and P-tubulin) labeled with P were synthe-
sized using 2 ¢cDNA labeling kit (Takara). The RANKL and
B-tubulin probes were hybridized with membranes to which total
RNA isolated from osteoblasts had been transferred. The mem-
branes were exposed to Kodik BioMax MS film. Signals for
RANKL and 8-tubulin mRNA were quantified using a radicac-
tive image analyzer (BAS2000; Fuji Photo Film Co., Ltd.). Signals
for RANKL were normalized with the respective [B-tubulin
mRINA expression levels to calculate the relative intensity.

Western Blot Analysis. Confluent MyD8&~~- and WT
mouse-derived osteoblasts were further incubated with test
chemicals for 30 min, washed twice with PBS, and lysed in cell
lysate buffer. Whole cell extracts were electrophoresed on a 10%
SDS-polyacrylamide gel and transferred onto nitocellulose mem-
brane (Millipore). After blocking with 5% skim milk in Tris-buf-
fered saline containing 0.1% Tween 20 (TBS-T), the antiphos-
pho-ERX1/2 antibody or anti-ERK antibody (1:1,000) was added
to TBS-T containing 5% skim milk and the bound antbodies
were visualized using the enhanced chemilurainescence assay
with reagents from Amersham Biosciences followed by exposure
to X-ray film.

Bone Histomorphometry.  Seven male MyD88~/~ and WT (14-
wk-old) mice were killed for bone histornorphometric analysis.
For in vivo fluorescent labeling, intraperitoneal injectons of tet-
racycline hydrochloride (Sigma-Aldrich) (30 mg/kg of body
weight) and calcein (Sigrma-Aldrich) (6 mg/kg of body weight)
were administered at days 0 and 2. Mice were killed on day 4.
Their vertebrae were removed, fixed in 70% ethanol, and em-
bedded in glycol-methacrylate withour decalcificaion. Sections
were prepared and stained with Villanueva Goldner to discrimi-
nate between mineralized and unmineralized bone and to iden-
tify cellular components. Quantitative histomorphometric analy-

—240—



Diacyl Figare 1. MyD388 is essental
for osteoclastogenesis induced by
LPS, IL-1c, and diacyl lipopep-
dde. (A and B) Effects of
1,25(0H),D, plus PGE,, LPS,
IL-1e, and diacyl lipopeptide on
osteoclast formaton in cocultures
of osteoblass and hemopoietic
cells prepared from male WT
and MyD88~~ mice. Calvarial
osteoblasts (1.5 X 10* cells/well)
and bone marrow-derived he-
mopoietc cells (1.5 X 107 cells/
well) prepared fom WT and
MyD88™~ mice were cocultured

B 0 C for 7 d in a 48-well plate in the
? wr MyD8&"~ = 800 presence or absence of 1 pg/mi
z 80D \f LIPS, 10 ng/ml IL-1ex, 1078 M
r a0 * 2 400 diacyl lipopeptide, and 1078 M
F] 2 1,25(OH),D, plus 10-¢ M PGE,.
g 40 g 00 Cells were fixed and stained
% 200 g2 for TRAP. TRAP positive os-
© = 0 teoclasts appeared dark red (A).

Control 1.250, LPS IL-la Discyl Control 125D, LPS IL-1z Discyl
+ lipopaptide

popeptide +
PGE, PGE,

Bar, 100 wm (A). TRAP positive
multinucleated  cells  containing
three or more nuclei were counted
as osteoclasts (B). Values were ex-

wT MyDag

pressed a5 the mean * SD of three culwres. Significant difference between WT and MyD88™/" cultures (*, P << 0.005). (C) Effect of M-CSF plus
RANKL on osteaclast formation in hemopoietic cells prepared from WT and MyD88~~ mice. Bone marrow—derived hemopoietic cells (1.5 X 10%
cells/well} prepared from WT and MyD88~/~ mice were cultured for 5 d in the presence of 50 ng/ml M-CSF plus 100 ng/ml RANKL. Cells were
fixed and stained for TRAP. TRAP positive multinucleated cells containing three or more nuclei were counted as osteoclasts. Values were expressed as
the mean * SD of three culrures. Experiments were repeated five times with similar results.

sis was conducted in 2 blind fashicn. Images were also visualized
by fluorescent microscopy. Nomenclature and units were used
according to the recommendation of the Nomenclature Com-
mittee of the American Society for Bone and Mineral Research
{26). Statistical analysis was done using Student’s ¢ test.

Tissue Preparation for the Histological Analysis of Bone.  12-wk-
old MyD88~/~ and WT mice {two males of each type) were
anesthetized with sodium pentobarbital (Nembutal; Dainippon
Pharmaceuntical Co., Ltd.)), and perfused for 15 min with 4%
parzformaldehyde in 0.1 M phosphate buffer, pH 7.3, through
the left ventricle. Tibiae were removed and immersed into the
same fixative for 20 h at 4°C. Specimens were washed with the
phosphate buffer, and decalcified in 10% EDTA, pH 7.3, for 2
wk at 4°C. Decalcified specimens were dehydrated in a graded
series of ethanol solutions, embedded in paraffin, and cut into
4-pm-thick sections. TRAP staining was performed on the spec-
imens as described previously (27, 28) and TRAP positive osteo-
clasts were detecred under a light microscope.

Results

MyD88 Is an Essential Molecule for Osteoclastogenesis In-
duced by LPS, IL-1e, and Diacyl Lipopeptide  First, we ex-
amined the effects of LPS, IL-1¢, and a synthetic diacyl k-
popeptide (FSL-1) on osteoclast formation in the murine
coculture system. LPS, IL-1o, and diacyl lipopeptide as
well as 1,25(OH),D; plus PGE, stimulated the formation
of TRAP positive osteoclasts (cells stained red) in cocul-
tures of primary osteoblasts and bone marrow—derived he-
mopotetic cells obtained from WT mice (Fig. 1, A and B).
In contrast, LPS, IL-1a, and diacyl lipopeptide did not in-

A TLR2 TLRS TLRS IL-1R G014 GAPDH
wr
woser H
Diacyl
B wr LPS IL-1a 125D, Fpopeptide
Cont 3 24 48 3 24 48 3 24 48 Cont 3 24 48 (W
o
-
-1 Diey
LPS =l 1.25D i 1
WD&W‘ 3 lipopaptide

Cont 3 24 48 3 24 48 3 24 43 Comt 3 24 48 (h)

oo R R
-

Figure 2. MyD388-mediated signals are involved in RANKL expression
in osteoblasts treated with LPS, diacyl lipopeptide, and IL-1a. (A) Exprassion
of TLR2, TLR4, TLRS6, IL-1R, and CD14 in osteoblasts prepared from
WT and MyD88~/~ mice. Osteoblasts prepared from WT and MyD88~-
mice were cultured in 60-mm-diameter dishes. Total eellular RNA was ex-
wacted from osteoblasss, reverse transcribed, and amplified by PCR for
mouse TLR2 (32 cycles), TLR4 (32 cycles), TLR6 (32 cycles), IL-1R. (32
cycles), CD14 (32 cycles), or GAPDH (20 cycles) using the specific primers
described in Materials and Methods, (B) Effects of LPS, IL-le,
1,25(CH),D;, and diacyl lipopeptde on RANKL mRINA expression in os-
teoblasts prepared from WT and MyD88™/~ mice. WT and MyDB8~~ os-
tzoblasts were weated with or without 1 pg/ml LPS, 10 ng/ml IE-1e, 1073 M,
1,25(0H),D, (1,25D;), and 10™% M diacy] Lipopeptide for the periods in-
dicated. Total cellular RINA was extracted from osteoblasts, reverse tran-

scribed, and amplified by PCR. for mouse RANKL (28 cycles} or GAPDH
(20 cycles) using the specific primers described in Materials and Methods,
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duce osteoclast formation in the coculture of MyD88/~-
derived osteoblasts and hemopoietic cells (Fig. 1, A and B).
The number of osteoclasts that formed in response to
1,25(0CH),D3 plus PGE, in cocultures prepared from
MyD88~/~ mice was always significantly smaller than that
from WT mice (Fig. 1, A and B). In contrast, bone mar-
row—derived hemopoietic cells obtained from MyD88~/~
mice and those from WT mice similarly differendated into
osteoclasts in response to RANKL plus M-CSF (Fig. 1 C).
100 ng/ml OPG completely inhibited the osteoclast for-
mation induced by LPS, IL-la, diacyl lipopeptide, and
1,25(OH},D; plus PGE,; in WT cocultures (unpublished
data). These results suggest that MyD88-mediated signals
are important to osteoblasts but not osteoclast precursors in
the osteoclast formation induced by LPS, IL-1e, and diacyl
lipopeptide in the coculture system.

RT-PCR. analysis showed that primary osteoblasts ob-
tained from WT and MyD88~/~ mice similarly expressed
TLR2, TLR4, TLRS6, IL-1R, and CD14 mRNAs (Fig. 2
A). These results suggest that osteoblasts express LPS re-
ceptors (TLR4 and CD14), diacyl lipopeptide receptors
(TLR2 and TLRS6), and IL-1R. Treatment of WT osteo-
blasts with LPS, IL-1e, and diacyl lipopeptide stimulated
the expression of RANKL mRINA within 24 h (Fig. 2 B).
However, these bacterial components and IL-1a failed to
enhance RANKL mRNA expression in MyD88~/~ osteo-
blasts. 1,25(QH).D, simulated the expression of RANKL
mRNA in WT and MyD88™/~ osteoblasts (Fig. 2 B).

wr Cont 1250, LPS IL-1 Cs®

These results suggest that the MyD88-medizted pathway is
essentially involved in osteoclast formation induced by LPS,
diacyl lipopeptide, and IL-1a through the expression of
RANKL in osteoblasts.

LPS Stimulates RANKL Expression in Os:eoblasts through
MyD8&8 followed by Protein Kinase C (PKC) and MEK/ERK
Signals. We have shown that LPS stimulates osteoclast for-
mation in the coculture through two parallel events: direct
enhancement of RANKL expression and indirect suppres-
sion of OPG expression, which is mediated by PGE, pro-
ducton (29). Northern blot analysis confirmed that LPS
stimulated the expression of RANKL mRINA in osteoblasts
(Fig. 3 A). Kikuchi et al. (30) reported previously that LPS-
induced RANKL expression was mediated by PKC- and
ERX-mediated signals. We also showed that PMA (a potent
PKC activator), high concentrations of extracellular Ca?*,
and compounds such as A23187 {an intracellular calcium-
elevating compound) stimulated RANKL expression in os-
teoblasts (25). Next, we examined how MyD38 is involved
in the RANKL expression induced by PKC-, ERK-, and
intracellular calcium-mediated signals in osteoblasts. Pre-
treatment of osteoblasts with BAPTA-AM (an intracellu-
lar ¢alcium chelator), Ro-32-0432 [a PKC inhibitor],
and PD9%8059 [a MEK/ERK inhibitor] strongly inhibited
RANKL mRNA expression induced by LPS (Fig. 3 A). In
contrast, H-89 (a protein kinase A inhibitor) failed to inhibit
LPS-induced RANKL mRNA expression in osteoblasts
(Fig. 3 A). A23187 and PMA stmulated the expression of

Figure 3. LPS stimulates RANKL ex-
pression in osteoblasts through MyD83 fol-
lowed by PKC and MEK/ERX signals. {A)
Effects of several inhibitors on LPS-induced
RANKL mRNA expression in WT osteo~

A Cc
wr LPS
BAPTA = = * = = = Phospho-ERKI/2
RO = = - + - -
HBY = - = - + -
PD - - = = = & ERK1/2
RANKL - - Sl - wcw iy =

Foidincrease 10 108 25 42 98 28

Phospho—ERK1/2

MyD88”~ Cont 1.25D,LPS IL-1 Ca*

blasts. Osteoblasts were pretreated for 1 h
with 10~ M BAPTA-AM (BAPTA), 10-¢
M Ro-32-0432 (Ro), 107¢ M H-83, or
10~% M PD%8059 (PD) and further treated
with 1 pg/ml LPS for 3 k. Total RNA was
isolated from osteoblasts, and the expression

== SfRANKL and B-tubulin mRNAs was an-

B-Tubulin .” L . . - - alyzed by Northem blotting. Figures below
_ Y g Mgu

ERK1/2 ;. — - the signals represent cthe intensity of

B e RANKL mRNA expression relative to

wr - B-tubulin mRNA expresiion. (B) Effects of

A23187 PMA__PGE; PD98059 on RANKL mRNA expression

PO - s A -t D wr MyDag" induced by A23187, PMA, or PGE, in WT

RANKL ” ” ' - o o o osteoblasts. Ostecblasts were pretreated for

10 112 21 74 11 85 88 RANKL

Fold increase

B-Tubulin

1 h with 107% M PD98059 (PD), and further
treated with or without 107 M A23187,
10¢ M PMA, or 107% M PGE, for 3 h.
Total RINA was isolated from osteoblasts,
and the expression of RANKL and B-tubulin
mRNAs was analyzed by Northern blot-

tng. Figures below the signals represent the intensity of RANKL mRNA expression relative to f-tubulin mRINA expression. (C) Effects of
1,25(0OH),D,, LPS, 1L-1e, and extracellular Ca’* on phosphorylation of ERK1/2 in osteoblasts prepared from WT and MyD88™'~ mice. WT and
MyD88™"~ osteoblasts were treated with or without 1078 M 1,25(0OH),D; (1,25D,), 1 pg/ml LPS, 10 ng/ml IL-1a, and 5 mM high calcium medium
(fnal concentration). After culture for 30 min, cells were washed twice with PBS and lysed in cell lysate buffer. Whole cell extracts were lectrophoresed on
a 10% SPS-polyacrylamide gel and transferred onto a nivocellulose membrane, After blocking, the antiphospho-ERK1/2 antibody or antd-ERK anti-
body (1:1,000) was added and the bound antibodies were visualized using the enhanced chemiluminescence assay followed by exposure to X-ray film.
(D) Effects of extracellular Ca*>* on RANKL mRNA expression in osteoblasts prepared from WT and MyDB8~~ mice. WT and MyD88~"~ osteoblasts
were treated with or without high calcium medium (5 mM, final concentration) for 24 h. Total cellular RINA was extracred from osceoblasts, revemse
transcribed, and amplified by PCR. for mouse RANKL (28 cycles) or GAPDH (20 cycles) using specific primers.
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Figure 4. TRIF is not involved

Osteoblasts in osteoclast differentiation in-

duced by TLR4 ligand. (A) Effecs
of 1,25(0OH).104 plus PGE,, LPS,
IL-1a, and diacyl lipopeptide on
osteoclast formation in coculnires
of osteoblasts and hemopoiedc
o cells prepared from WT and
e TRIF~~ mice. Calvarial osteo-
WT TR~ MyDBS - blasts (1.5 X 10* _cc]]s/we].l) aqd

bone marrow~derived hemopoi-
etic cells (1.5 X 105 cells/well)
prepared from WT and TRIF™"
mice were cocultured for 7 d in a

Bone marrow macrophages

[~ Y

IL-8 (ng/mi)
]

48-well plate in the presence or
absence of 1 pg/ml LPS, 10 ng/
ml IL-far, 10~% M diacyl lipopep-
tide, and 1078 M 1,25(OH),D;
plus 10-% M PGE,. Cells were
fixed and swmined for TRAP.

TRAP positive multinucleated

=

cells containing three or more
nuclei were counted as osteo-
clasts. Values were expressed as

Cortrol LPS Control LPS Control LPS
[Z73 TRIF"~ MyDSg+

the mean = SD of three cultures. (B) Effects of LPS, 1L-1a, 1,25(OH),D;, and diacyl lipopeptide o RANKL mRINA expression in osteoblasts prepared
frorn WT and TRIF™ mice. WT and TRIF™" osteoblasts were treated with or without 1 pg/ml LPS, 10 ng/ml IL-1, 10~8 M 1,25(OH),D,
(125D}, and 1078 M diacyl lipopeptide for 24 h. Total cellular RINA was extracted from osteoblasts, reverse transcribed, and amplified by PCR. for
mouse RANKL (28 cycles) or GAPDH (20 cycles) using specific primers. {C) Effects of LPS on the production of IL-6 in osteoblasts prepared from WT,
TRIF™~, and MyD88~~ mice. Osteoblasts were incubated for 24 h in the presence or absence of 100 ng/m! LPS. The conditioned medium was
collected, and the concentration of IL-6 in the medinm was measured using an ELISA kit. Values are expressed as the mean * SD of quadruplicare cul-
tures. (D) Effects of LPS on the production of IL-6 in M-CSF~treated bone marrow macrophages prepared from WT, TRIF™~, and MyD88™/~ mice.
Bone marrow—derived macrophages were incubated for 24 h in the presence or absence of 100 ng/m] LPS. The conditioned medium was collected, and
the concentration of IL-6 in the medium was measured using an ELISA kit. Values are expressed as the mean = $SD of quadruplicate culrures,

RANKL mRINA in osteoblasts (Fig. 3 B). Pretreatment of
osteoblasts with PD98059 suppressed RANKL mRNA ex-
pression induced by A23187 and PMA as well as LPS (Fig.
3 B). In contrast, PD98059 showed no inhibitory effect on
the PGE;-induced expression of RANKL mRINA in osteo-
blasts (Fig. 3 B). These results suggested that MEK/ERX is
a down-stream target of PR.C-mediated signals in LPS-
induced RANKL expression in osteoblasts.

Next, we examined the effects of 1,25(0OH),D,, LPS, 1L-
loe, and high concentrations of extracellular Ca?* on the
phosphorylation of ERK1/2 in osteoblasts prepared from
MyD88~/~ and WT mice. LPS and IL-1a stimulated phos-
phoryladon of ERK1/2 within 30 min in WT osteoblasts,
but not in MyD88~/~ osteoblasts (Fig. 3 C). This indicates
that the MyD88 signal is essental for LPS-induced phos-
phorylation of ERK1/2 in osteoblasts. In contrast, high cal-
clum concentrations in the culture medium (5 mM, final
concentration) stimulated the phosphorylation of ERK1/2
and the expression of RANKL mRNA in both MyD88~/~
and WT osteoblasts (Fig. 3, C and D). This suggests that the
MEK/ERK signals in osteoblasts are active even in the ab-
sence of MyD88. 1,25(0OH),D; did not induce the phos-
phoryladon of ERK1/2 in either type of osteoblast (Fig. 3
C). These results suggest that MyD88 is located upstream of
PKC/ERK signaks in the pathway leading to RANKL ex-
pression induced by LPS and IL-1o in osteoblasts.

TRIF I Not Involved in Osteoclast Formation in the Cocul-
tures, Both MyD88-dependent and TRIF-dependent path-
ways are essential for proinflammatory cytokine producton

606

induced by LPS in peritoneal macrophages (17, 18). Using
TRIF~/~ mice, we examined the importance of TRIF-medi-
ated signals in LPS-induced osteoclast formation. LPS stimu-
lated osteoclast formation in coculwures prepared from TRIF~
mice as well as WT mice (Fig. 4 A). Similarly, IL-1a and
diacyl lipopeptide stimulated osteoclast formation in cocul-
tures prepared from TRIF™~ mice (Fig. 4 A). Consistent
with these results, treattnent of TRIF™~ osteoblasts with LPS,
IL-1ex, diacyl lipopepride or 1,25(0H),D;, for 24 h stimulated
the expression of RANKL mRNA (Fig. 4 B). These resules
suggest that the TRIF-mediated pathway is not involved in
osteoclast formation induced by IL-1 and TLR ligands.

Next, we examined proinflammatory cytokine produc-
tion in osteoblasts and macrophages prepared from TRIF~/~
and MyD88~/~ mice. Treatment with LPS for 24 h stim-
ulated IL-6 production in TRIF~/~ and WT osteablasts,
but not in MyD88~/~ osteoblasts (Fig. 4 C). LPS stimulated
IL-6 production in WT bone marrow macrophages, but
not in TRIF™~ or MyD88~/~ bone marrow macrophages
{Fig. 4 D). These results suggest that the TRIF-dependent
pathway is involved in LPS-induced IL-6 production in
macrophages but not in osteoblasts.

MyD&8 Is Involved in the Survival of Osteoclasts Supported
by LPS and IL-1ee. We reported previously that purified
osteoclasts spontaneously died due to apoptosis within 36 h,
and LPS and IL-1& promoted the survival of osteoclasts (31,
32). Next, we examined whether the survival of osteoclasts
supported by LPS, IL-1a, and diacyl lipopeptide is mediated
by MyD88, TRIF, or both. Purified osteoclasts were pre-

Role of MyD88 and TRIF in LPS-induced Bone Resorption
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Figure 5. Effects of RANKL, LPS,
IL-1a, and diacyl Lpopeptide on the
survival of osteoclasts prepared from

WT, MyD88~~, TLR4™", and

Wr MyD88~ TLRE TRIF~~ TRIF~ mice. Purified osteoclasts

70 - were prepared in coculnures of osteo-
blasts and bone marrow cells obtained

g 8o from WT, MyD88~/~, TLR4~", and
2 g ]. I TRIF~ mice. WT, MyD88™,
£ TLR4™~, and TRIF~ osteoclasts
2 40 were treated with or withour 100
2 ng/ml RANKL, 1 pg/ml LPS, 10
g ¥ | ng/ml IL-le, and 10-® M diacyt b-
T 9 popeptide. After culture for 24 h, cells
g were fixed and stained for TRAP.
@ 10 TRAP posidve muldnucleated cells
EL > containing three or more nuclei were

o= e - counted as viable osteoclasts. Values

c’oéd:ssgi“g‘b \o'\v,. -.}

)

pared from cocultures of osteoblasts and bone marrow cells
obtained from WT, MyD88~~, TLR4™~, and TRIF™~
mice. Most of the osteoclasts died spontaneously and disap-
peared within 24 h. RANKL promoted the survival of os-
teoclasts derived from MyD88~/~, TLR4~~, and TRIF/~
mice. LPS and IL-la supported the survival of WT and
TRIF~~ asteoclasts, but not MyD88™/~ osteoclasts (Fig. 5).
[L-1e and RANKL, but not LPS, promoted the survival of
osteoclasts derived from TLR4™~ mice. Diacyl lipopeptide
(a Ligand for the TLR2 plus TLR6 complex) did not support
the survival of osteoclasts derived from any of the mice.
Takarmi et al. {33) reported that mature osteoclasts expressed
the mRNA of TLR2 and TLR4, but not TLR6. We have
confirmed that TLR6 mRINA is not expressed in mature os-
teoclasts (unpublished data). These results suggest that diacy]
lipopeptide did not support the survival of osteoclasts because
of the lack of TLR6 in osteoclasts. Thus, MyD8&8-mediated
signals, but not TRIF-mediated ones, were essential for the
survival of osteoclasts supported by LPS and IL-1ce.

TRAM Is Not Expressed in Osteoblasts and Osteoclasts.
TRAM was shown to be involved in the LPS-induced,
TRIF-mediated signaling pathway (19, 20). We examined

Bove matrow

Ostecblasts macrophages Ostaoclasts

8 FE e L
- —= == ]

TRIF

TRAM
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Figare 6. Expression of TRIF and TRAM in osteoblasts, macrophages
and mature osteoclasts. Expression of TRIF and TRAM in osteoblasts,
macrophages and osteoclasts prepared from WT, TRIF~/~, and MyD88~/~
mice. Total cellular RINA was extracted from osteoblasts, M-CSF-induced
bone marrow macrophages, and osteoclasts; reverse transcribed; and ampli-
fied by PCR. for mouse TRIF (30 cycles), TRAM (30 cycles), or GAPDH
(18 cycles) using the specific pnmers described in Materials and Methods.
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the expression of TRIF and TRAM mRWNAs in osteo-
blasts, bone marrow macrophages, and osteoclasts prepared
from MyD88~/~, TRIF™/~, and WT mice. TRIF mRNA
was expressed in osteoblasts, macrophages, and osteoclasts
derived from WT and MyD88~/~ mice (Fig. 6). Interest-
ingly, TRAM was expressed in macrophages, but not in
osteoblasts or mature osteoclasts (Fig. 6). The fact that
TRJIF-mediated signals are not required for LPS-induced
RANKL expression in osteoblasts and osteoclast survival
may be related to the lack of TRAM expression in osteo-
blasts and osteoclasts.

MyD88~/~ Mice Exhibited Profound Osteopenta with Re-
duced Bone Resorption and Formation.  Histemorphometric
measurernents of vertebrae showed that MyD88~~ mice
exhibited osteopenia with reduced bone resorption and
formation. Bone resorption—related parameters such as os-
teoclast surface/bone surface and osteoclast number/bone
surface were 37.4 and 46.8% lower in MyD88™'~ mice
than WT mice, respectively (Fig. 7 A). Bone formation—
related parameters such as osteoid volume/tissue volume
and osteoblast surface/bone surface were also significantly
reduced in MyD88~~ mice (Fig. 7 A). Both trabecular
bone volume (bone volume per tissue vome) and tra-
becular number were significantly decreased in 14-wk-old
MyD88~/~ mice in comparison with the 'WT mice. No
significant differences in body size and shape were observed
between MyD88~~ and WT mice (unpublished data).
Histological analysis showed that a loss of trabecular bone
in the tibiae was evident in MyD88~/~ mice. The number
of TRAP positive osteoclasts (cells stained red) was reduced
in MyD88™~ mice compared with WT mice (Fig. 7 B).
These results suggest that MyD88 is involved in the physi-
ological regulation of bone resorption and formation.

Discussion

Using MyD88~/~ and TRIF™/~ mice, we examined the
possible involvernent of MyD88 and TRIF in osteoclast dif-
ferentiation and function, LPS, diacyl lipopeptde, and [L-1o
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