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Abstract

We examined the role of osteopontin (OPN) in the osteoclastogenesis of arthritis using collagen-induced arthritis (CIA). Cells
from arthritic joints of wild-type (OPN +/+) mice spontaneously developed bone-resorbing osteoclast-like cells (OCLs). The cul-
tured cells showed an enhanced expression of receptor activator of nuclear factor kB ligand (RANKL) and a decreased expression of
osteoprotegerin (OPG). The addition of OPG reduced the number of OCLs, indicating that the osteoclastogenesis depends on the
RANK/RANKL/OPG system, The cells also produced OPN abundantly and anti-OPN neutralizing antibodies suppressed the
development of OCLs. Moreover, the addition of OPN increased the expression of RANKL and augmented differentiation of OCLs
from OPN-deficient (OPN —/-) cells. OPN, like the combimation of 12,25-dihydroxyvitamin D; and dexamethasone, alsc enhanced
the RANKL expression and decreased OPG expression in a stromal cell line, ST2. These results suggest that OPN acts as a positive

regulator in the osteoclastogenesis of arthritis through the RANK/RANKL/OPG system.

© 2004 Elsevier Inc. All rights reserved.
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Rheumatoid arthritis (RA) is a major systemic au-
toimmune disease. Although its pathogenesis is un-
known, RA is characterized by chronic inflammation in
multiple joints, which develops into erosion of marginal
bone and cartilage, juxta-articular bone loss, and a
general reduction in bone mass [1]. It is widely accepted
that inflammatory cells, especially lymphaocytes and
macrophages, are crucial players in the pathogenesis of
RA, and that cytokines, such as tumor necrosis factor o
(TNF-a), interleukin 1 (IL-1), and IL-6, are also in-
volved [2]. In addition, recent findings have shown that
osteoclasts play a key role in joint destruction and os-
teoporosis in RA [3-7].

" Corresponding author. Fax: +81-721-53.8904.
F-mail address: saekiy@omme-hp.jp (Y. Sacki).

0006-291X/S - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2004.02.124

Osteoclasts are bone-resorbing multinucleated cells
derived from macrophage-monocyte lineage progeni-
tors [8]. In RA patients and in animal models of ar-
thritis, increased numbers of osteoclasts have been
detected in pannus and in inflammatory regions of ar-
thritic joints [5-7). Differentiation of osteoclasts is reg-
ulated by receptor activator of nuclear factor xB ligand
(RANKL), its receptor RANK, and osteoprotegerin
(OPG), which is a non-signaling decoy receptor for
RANKL. The ligand and receptors have recently been
identified as new members of the TNF ligand-receptor
family [9-12]. RANKL is essential for osteoclastogene-
sis and is also important in the development of lymph
nodes and in the activation of dendritic cells [10,11]. A
possible relationship between the RANK/RANKL/
OPG system and RA has recently received considerable
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attention. RANKL is expressed in cultured synovial
cells of RA patients [13}, and an increase in messenger
RNA (mRNA) transcripts of RANKL has been de-
tected in synovial lymphocytes of RA patients and in
murine arthritis models [14]. RANK, zlong with
RANKL, is also reported to have enhanced expression
in arthritic mice [3,4,15]. According to other reports,
RANKL-deficient mice are resistant to arthritis [16] and
OPG prevents arthritis in animal models [14,17,18].

On the other hand, other than collagen, OPN is the
major extracellular bone matrix protein, and it is believed
to contribute to the balance between osteoblasts and os-
teoclasts in bone metabolism [19,20]. OPN is also able to
regulate certain inflammatory reactions as a T helper |
(Thi) cytokine [21]. RA is a typical bone-resorbing in-
flammatory disease, the pathogenesis of which is thought
to stem from Thl hyperactivation. We have previously
reported that OPN increases in arthritic joints of both RA
patients and collagen-induced arthritis (CIA) mice
[22,23]. In addition, it has been reported that OPN-defi-
cient (OPN —/-) mice resist postmenopausal osteoporosis
[24), disuse bone atrophy [25], and anti-type 1l collagen
antibody-transfer induced arthritis (CAIA) [26]. From
the prospect of suppressing osteoclasts and regulating
inflammation, osteopontin (OPN) is a possible thera-
peutic target in RA patients.

In this study, we examined the role of OPN in the
osteoclastogenesis of arthritis using an in vitro osteo-
clast differential model of CIA [6].

Materials and methods

Mice. The animal experiments in this study were performed ac-
cording to the gnidelines of the Animal Experimentation Committee of
Osaka University. OPN —/— mice were generated elsewhere [27). We
backcrossed these mice with DBA/1J mice (Nippon Charles River,
Kanagawa, Japan) for six generations to introduce CIA suscepiibility.
After the sixth backerossing, loss of OPN mRNA was confirmed in
OPN -/- mice by reverse transcriptase-polymerase chain reaction
(RT-PCR}. Additionally, the absence of OPN protein in the serum of
OPN -/~ mice was demonstrated using an enzyme-linked immuno-
sorbent assay (ELISA) as described below. Six-week-old OPN —/-
mice znd their wild-type (OPN +/4) littermates were used. The mice
were bred in filter-top cages under standard pathogen-free conditions.

Cell line. A murine bone marrow stromal cell ling, 8T2, was ob-
tained from RIKEN Cell Bank (Ibaragi, Japan). ST2 cells were
maintained in RPMI-1640 (Nacalai Tesque, Kyoto, Japan) containing
10% heat-inactivated fetal calf serum (FCS; HyClone, Logan, UT}
with 2 x 10° Ulml penicillin (PC) and 200 pg/ml streptomycin (SM) as
previously described [28].

Induction of CI4. CIA was induced by established methods, as
previously described [29]. Briefly, 18 male mice (10 OPN +/+ and 8
OPN -/-) were immunized by intradermal injection of 100 pg bovine
collagen type II (MCK, Tokyo, Japan) in 0.1 M acetic acid, emulsified
with an equal proportion of Freund’s complete adjuvant (Difco, De-
troit, MI). After a 3-week period, the mice were boosted using the same
method. Six littermate OPN +/+ male mice without immunization
were used as controls. At one time, two to four mice from each group
were used and these experiments were repeated three times.

Preparation of cells from CIA mice. Cells from arthritic joints of
CIA mice were prepared as previously described [6]. Briefly, 35 days
after the first immunization, the immunized mice were anesthetized
with pentobarbital and sacrificed. After removal of skin, entirely
swollen arthritic paws were minced up including bone. Normal paws of
the non-immunized mice were used as controls. The minced tissues
were digested with 500 U/mli dispase (Godo Shusei, Tokyo, Japan) and
1 mg/ml collagenase S1 (Nitta Gelatine, Osaka, Japan) for 6h at 37°C
in complete medium (10% FCS in a-minimal essential medium (o
MEM; Nacalai Tesque, Kyoto, Japan), with 2 x 10° U/ml PC and
200 pg/ml SM). After the enzymatic reaction, the dispersed cells were
harvested. By this method, 1-5x 10° live cells ware obtained per
mouse.

Cell culture. The harvested cells were diluted to 1.5 x 10°/m] and
cultured in 100 ul of complete medium in 96-well plastic plates in oc-
tuplicate at 37 °C in a humidified 5% CO; incubator from day 0 to day
7. The same experiments were repeated three times. Every 2 to 3 days
the culture medium was totally replaced. On day 7, the cells were fixed
in citrate acetone fixative and stained for tartrate-resistant acid phos-
phatase (TRAP) with a staining kit (Sigma, St. Louis, MO}, TRAP-
positive osteoclast-like cells (OCLs) per well, definec as dark red cells
with 3 or more nuclei, were counted under a microscope. In order to
determine the capacity of generated OCLs to resorb bene, the har-
vested cells from arthritic joints were cultured on BD BioCoat Oste-
ologic {BD Biosciences, San Jose, CA). After a 10-day cultivation
period, the cells were removed by washing with hvpochlorous acid,
according to the manufacturer’s protocol. Pits were determined as
bright spots on slides using a microscope (Axioscop 2, Zeiss, Baden-
Wuerttemberg, Germany).

Measurement of QPN produced by the cultured cells. The concen-
trations of OPN in the culture supernatants of OPN +/+ cells were
measured using an OPN-ELISA kit (IBL, Gunma. Japan). The su-
pernatants were prepared and stored at -80°C until used. Color re-
action was detected by an Immunoreader NJ-2300 (Nihon InterMed,
Tokyo, Japan).

Treatment of the cells with OPG or anti-OPN neutralizing antibod-
ies. Recombinant hiuman OPG (PeproTech, London, England), poly-
clonal rabbit anti-OPN neutralizing antibodies, control normal rabbit
IgG (Sigma, St. Louis, MQ), or phosphate buffered saline (PBS) was
applied to the culture medium of OPN +/+ cells at the following
concentration ranges: OPG; 1.5-100ng/ml, anti-OPN antibodies; 10—
300pug/ml, and control 1gG; 300 pg/ml. The cells were cuitured in
octuplicate for 7 days. On day 7, TRAP staining was performed.
TRAP-positive OCLs were counted in a similar manner to that de-
scribed above, The anti-OPN neutralizing antibodies were generated in
our laboratory [30].

Quantitative RT-PCR for RANKL and OPG in the cultured cells.
Quantitative real-time PCR was performed using the ABI Prism 7700
Sequence Detection System (Applied Biosystems, Foster City, CA) 1o
measure the levels of mRNA for RANKL and OPG. As an internal
standard, P-actin was used. Briefly, using an RNeasy kit {Qiagen,
Hilden, Germany) with DNase treatment, RNA was extracted from
the harvested cells incubated in complete medium with or without
control antibody, anti-OPN neutralizing antibodies, or PBS for 24 h.
One milligram of total RNA was transcribed to synthesize cDNA
using SuperScript 11 reverse transcriptase and poly(T) primer (Invit-
rogen, Carlsbad, CA). Primers and TagMan probes for real-time PCR
were designed using primer design software.

The sequences of the primers and probes were as follows: f-actin,
forward (5-GCTCTGGCTCCTAGCCACCAT), reverse (5-CTGCTT
GCTGATCCACATCTG), and probe (5-AAGATCATTGCTCCTC
CTGAGCGCAA); RANKL, forward (¥-GCTCCGAGCTGGTGA
AGAAAT), reverse (5-CCCAAAGTACGTCGCATCITG), and
probe (5-ATTCAGGTGTCCAACCCTTCCCTGCT); and OPG, for-
ward (5-ATCTCGGCCACTCGAACCT), reverse (5-CTGCTCGCT
CGATTTGCA), and probe (§-CTTCTTGCCTTGATGGAGAGCCT
GCCT).
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All PCRs were performed in triplicate and repeated three times.
Quantitation was achieved using the comparative threshold cycle (C;)
methed according to the manufacturer’s protocol.

Trearment of the cells from OPN ~i~ mice with OFN. Recombinant
murine OPN was added to the culture mediem of OPN —/— cells 2t a
concentration range of 2.5-30upg/ml. The ceils were cultured in
octuplicate for 7 days. On day 7, TRAP staining was performed.
TRAP-positive OCLs were counted in a similar manner to that
described above. The recombinant mouse OPN was generated in our
laboratory [30)].

Quantitative real-time PCR was performed to measure the levels of
mRNA for RANKL and OPG in the harvested OPN =/= cells incu-
bated with or without OPN as described above.

Murine stromal cell line, ST2, was treated with OPN, la,25-di-
hydroxyvitamin D; andlor dexamethasone. ST2 cells were incubated for
24h in complete medium with or without 30 pg/ml of recombinant
OPN, 10-*M lu25-dihydroxyvitamin Ds (1,25(0H).D;), and/or
10" M of dexamethasone (Dex; Sigma, St. Louis, MQ). Similarly, the
levels of mRNA for RANKL and OPG from the cells of each group
were quantified.

Statistical analysis. Values are given as means = SD. Significant
differences were determined using an unpaired Student’s ¢ test. A p
value <0.05 was considered to be significant.

Results

Cells isolated from arthritic joints developed activated
OCLs

Cells from entirely swollen arthritic paws were har-
vested after the enzymatic reaction and cultured for 7
days. Cells from normal paws of non-immunized mice
were used as controls. On day 7, TRAP staining was
performed.

The cells from arthritic joints differentiated into
TRAP-positive OCLs, while the cells from non-immu-
nized mice did not as previously reported [6] (Figs. 1A and
B). The numbers of OCLs from the arthritic joints and
from the normal joints were 96.9 +21.7/well and 0/well,
respectively. The bone resorption activity of the generated
OCLs was confirmed by a pit formation assay (Fig. 1C).

Osteoclastogenesis of arthritic joints was dependent on the
RANKIRANKLIOPG system

After 24-h cultivation, mRNA was extracted from the
harvested OPN +/+ cells. Quantitative real-time PCR
was performed to measure the RANKL and OPG
mRNA levels. In the cells from arthritic joints, RANKL
mRNA levels increased, while OPG mRNA levels de-
creased compared to those in the cells from normal
joints {(Fig. 2, p< 0.01). In addition, to confirm that
OPG inhibits the differentiation of osteoclasts, we ap-
plied OPG at a concentration range of 1.5-100ng/ml to
the culture medium of the arthritic cells and incubated
them for 7 days. Application of OPG significantly re-
duced the numbers of OCLs in a concentration-depen-
dent manner (Fig. 3, p < 0.01).

Fig. 1. Cells from the joints of OPN +/+ mice were harvested and incu-
bated in complete medium {1.5 x 10° cells/0.1 ml/well) for 7 (A,B) or 10
days (C). To evaluate the development of OCLs, TRAP staining of the
cultured cells was performed as described in the Materials and methods.
Cells from the arthritic joints of immunized mice (i.e., CIA mice) de-
veloped into OCLs, but those from the normal joints of non-immunized
mice failed to. (A) Cells from the arthritic joints of CIA mice. (B) Cells
from the normal joints of mice without immunization. {C) Pits formed by
OCLs derived from cells of arthritic mice. The ‘OCL’ labels identify
TRAP-positive osteoclast-like cells. (Original magnification; 100x.)

Cells isolated from arthritic joints produced OPN

The levels of OPN in the culture supernatants of the
cells from arthritic joints increased during incubation, in
contrast to the cells from normal joints. As for the ar-
thritic cells, OPN levels were 1.503:0.43 at day 3 versus
7.3541.84 at day 6, p = 0.0008 (Fig. 4). These results
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Fig. 2. By real-time PCR, mRNA for RANKL and OPG in the cells from
joints of QPN +/+ mice was quantified. Quantitation was achieved from
the C, ratios of the mRNA either for RANKL or OPG to that for B-actin,
an internal standard. The values were compared to the levels of mRNA
from cells of the non-immunized normal joints. In the cells from the
arthritic joints, expression of RANKL mRNA was enhanced while that
of OPG mRNA decreased. White bar; in cells from the normal joints,
and black bar; in cells from the arthritic joints. *p < 0.01.
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Fig. 3. Numbers of OCLs in the presence or absence of OPG. Cells
from arthritic joints of OPN +/+ mice were harvested and incubated in
complete medium (1.5 x 10* cells/0.1 ml/well) in octuplicate for 7 days
with or without OPG applied to the culture medium. After TRAP
staining, TRAP-positive multinucleated cells in each wel} of 2 96-well
culture plate were counted. Adding OPG prevents the development of
OCLs in a concentration-dependent manner. *p < 0.01.

are consistent with our previous report that the serum
concentration of OPN is enhanced in CIA mice during
development of arthritis and that activated osteoclasts
in bone erosive lesion express OPN [22].

Neutralization of OPN suppressed osteoclastogenesis

In order to investigate whether OPN is involved in
the differentiation of osteoclasts, we added anti-OPN
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Fig. 4. (A) The concentration of OPN in the culture supernatant of
OPN +/+ cells. Each measurement was performed three times in
quadruplicate by ELISA. The levels of OPN secreted from cells from
arthritic joints of CIA mice increased during incubation. White bar;
the values of normal joints from non-immunized mice, black bar; the
values of arthritic joints from CIA mice. 1Day 3 QPN levels in the
supernatant of cells from non-immunized versus imrnunized mice,
p > 0.05, ' OPN levels in the supernatant of cells from non-immunized
mice, day 3 versus day 6, p > 0.05, *OPN levels in the supernatant of
cells from immunized mice, day 3 versus day 6, p=0.0008. (B}
Numbers of OCLs in the presence or absence of anti-OPN neutralizing
antibodies. Cells from arthritic joints of OPN -+/+ mice were harvested
and incubated in complete medium (1.5 x 107 cells/0.1 mlfwell) in oc-
tuplicate for 7 days with polyclonal anti-OPN neutralizing antibodies,
control antibody, or PBS applied to the culture medium. After TRAP
staining, TRAP-positive multinucleated cells in each well of a 96-well
culture plate were counted. Anti-OPN antibodies prevent development
of OCLs from OPN +/+ cells, *p < 0.05 and **p < 0.01.

neutralizing antibodies to the culture medium of ar-
thritic cells and incubated them for 7 days. The
numbers of OCLs decreased in a concentration-de-
pendent manner in the presence of the anti-OPN an-
tibodies, whereas the control antibody had no effect
(Fig. 4B).

Addition of OPN enhanced the osteoclastogenesis of
OPN ~/= cells

We examined the effect of recombinant OPN on OFPN
—/- cells. We added OPN to the culture medium of ar-
thritic OPN —/- cells and incubated them for 7 days. In
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Fig. 5. (A) Numbers of OCLs in the presence or absence of recombinant OPN in OPN =/- cells. Cells from arthritic joints of OPN —/— mice were
harvested and incubated in complete medium (1.5 x 10* cells/0.1 mi/well) in octuplicate for 7 days with OPN applied to the culture medium. After
TRAP staining, TRAP-positive multinucleated cells in each well of a 96-well culture plate were counted. OPN enhances the development of OCLs
while their development from OPN /- cells. **p < 0.01. (B) Quantitation of mRNA for RANKL and OPG of OPN —/- cells in the presence of
OPN. We investigated whether OPN has a role in regulating expression of mRNA for RANKL and OPG. Using real-time PCR, mRNA from QPN
—/=- cells was quantified. Quantitation was achieved from the C, ratios of the mRNA for RANKL and OPG to that for B-actin, an internal standard.
The values were compared to the levels of mMRNA from cells of the non-immunized normal joints. Upper panel: addition of OPN to OPN —/- cells
did not reduce the expression of OPG mRNA Bottom panel; Addition of OPN to OPN —/= cells slightly enhanced the expression of RANKL
mRNA. NI means values of cells from non-immunized mice without reagents. **p < 0.01. *Addition of 0 pg/ml OPN versus 30 pg/ml, p < 0.05.

the presence of 30 pg/ml OPN, the number of developed
OCLs was significantly increased (Fig. 5A}.

To demonstrate whether OPN is involved in the en-
hanced expression of RANKL in arthritis, the levels of
mRNA for RANKL and OPG were quantified in OPN
—/— cells incubated with or without OPN. As is the case
with OPN +/+ mice shown in Fig. 2, in OPN —/- mice
the expression of RANKL mRNA was erhanced and
that of OPG mRNA was reduced in arthritic joints
compared to non-immunized normal joints (NI). Addi-
tion of 30ug/ml OPN to OPN ~/— cells increased the
expression of RANKL mRNA, although not signifi-
cantly affecting that of OPG mRNA (Fig. 5B).

OPFN enhances the RANKL expressior and suppresses the
OPG expression on stromal cells

Because the harvested cells from joints were a heter-
ogeneous mixture of cells derived from multiple sources,
such as stromal cells, osteoclast precursors, and lym-
phocytes, etc., there are limitations in evaluating mRNA
expression. To clarify the effect of OPN on the expres-
sion of RANKL and OPG, we used a murine stromal
cell line, ST2. As positive control, we used 1,25(0OH); D5
and Dex, which are well-known agents that induce
stromal cells to express RANKL and reduce their ex-
pression of OPG [3,4,8,12,19]. While the combination of

1000

ST2(real time PCR)

aorG
B RANKL

] Dex  1,25(0H),D, 145(0H):Ds opN
+Dex

Fig. 6. Quantitation of mRNA for RANKL and OPG of a stromal cell
line, ST2, in the presence of several reagents. We investigated whether
OPN has a role in regulating expression of mRNA for RANKL and
OPG by comparison with other reapents. ST2 cells were incubated
with or without OPN, 1,25(0H),Ds, and/or Dex. After 24-h cultiva-
tion, mRNA was extracted from 5T2 cells and the mRNA levels of
both RANKL and OPG were quantified by real-time PCR. OPN and
1,25(0H}; Dy increased the level of RANKL mRNA and reduced the
level of OPG mRNA. The values were compared to the levels of
mRNA from ST2 without any reagent. OPN, 1,25(0H),D;, and Dex
represent 30 pg/ml of recombinant OPN, 102 M of 1,25(0H),D4, and
10-7M of Dex, each. *p < 0.01.
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1,25(OH);1D; and Dex most effectively induced RANKL
mRNA and reduced OPG mRNA, OPN also increased
the expression of RANKL mRNA over 10-fold (Fig. 6).

Discussiton

In this study, we used an in vitro osteoclast differen-
tiation model of CIA as previously reported [6]. In this
model, we confirmed that OCLs are inducible without
additional agents or exogenous cytokines and that the
generated OCLs have the ability to resorb hydroxyap-
atite. On the grounds that the cells from non-arthritic
joints fail to differentiate into OCLs, we speculate that
the factors induced or enhanced during the progression
of arthritis are crucial. As expected from previous re-
ports [3,13,15-17], the expression of RANKL mRNA
was enhanced and that of OPG mRNA was reduced in
arthritic joints. In addition, in vitro osteoclastogenesis
from arthritic joints was inhibited by OPG in a con-
centration-dependent manner. Putting these observa-
tions together, we conclude that the RANK/RANKL/
OPG system is the major contributor to the activation of
osteoclasts in CIA.

On the other hand, we have previously reported that
the expression of OPN is enhanced locally in arthritic
joints {22], and in this study, we confirmed that cells
from arthritic joints secrete OPN. Hence, we investi-
gated if OPN could angment osteoclastogenesis. Al-
though in vivo we did not discern any significant
differences in either the incidence or severity of CIA
induced in OPN -/- and OPN +/+ mice [31], in vitro
application of the anti-OPN neutralizing antibodies to
OPN +/+ cells prevented the development of OCLs in a
concentration-dependent fashion. Moreover, the addi-
tion of OPN to OPN —/- cells increased the number of
OCLs as a function of OPN concentration. Because
of the facilitatory effect of OPN on the generation of
OCLs, and the inhibitory effect of anti-OPN neutralizing
antibodies akin to that of OPG, we suspected that OPN
might play a role in regulating the RANK/RANKL/
QPG system in arthritis. Real-time quantitative PCR
showed that the presence of OPN increases the level of
RANKL mRNA in OPN ~/- cells. Besides, adding
OPN to the culture medium of a stromal cell line, ST2,
which is a typical cellular source of RANKL, enhanced
expression of RANKL mRNA much more clearly.
These results suggest that OPN affected stromal cells in
arthritic joints and enhanced the expression of RANKL.
This effect of OPN can contribute to activation of os-
teoclasts that ultimately results in the joint destruction
seen in arthritis.

It has been reported that OPN activates osteoclasts
through integrin-avp3 by regulating cell adhesion and
controlling cytoskeleton [32]. In addition, several stud-
les, including ours, have already suggested that OPN

plays an important role in the bone destruction of ar-
thritis by promoting osteoclastogenesis through acting
on osteoclast precursor cells stimulated by RANKL
[22,23,26,30). This study raises the possibility that OPN
could act not only on the osteoclast precursor cells but
also on the stromal cells and directly induced RANKL
and suppress OPG, although to confirm this further
experiments are needed.

OPN -/- mice have been reported to be resistant to
experimental autoimmune encephalomyelitis (EAE) [33]
and CAITA [26]. However, a conflicting report suggests
that EAE, CIA, and CAIA are fully inducible without
OPN in strain with B10Q aliele, which is susceptible to
CIA [34]). And we have reported that CIA can be fully
induced with DBA/1J OPN -/- mice, which is highly
susceptible to CIA [31]. As previous reports of IL-1B
and IL-1 receptor antagonist, susceptibility to cytokines
differs among strains. The efficacy of OPN deletion can
be decided by genetic backgrounds. Additionally, in
knockout mice, it is understood that the influence of the
deleted gene can sometimes be compensated or substi-
tuted for by other similar genes.

OPN may not be an essential factor in the develop-
ment of osteoclasts, considering that the effects of OPN
deletion were not clear on CIA in vivo. However, inhi-
bition of OPN may be an effective treatment for bone
destruction, not only from the prospect of inhibiting the
activation of osteoclasts, but also in prevention of os-
teoclast differentiation.

References

[1] E.D. -Harris Jr., Rheumatoid arthritis. Pathophysiclogy and
implications for therapy, N. Engl. J. Med. 322 (1990) 1277-1289,

[2] M: Feldmaon, F.M. Brennan, R.N. Maini, Role of cytokines in
rheumatoid arthritis, Annu. Rev. Immunol. 14 {1996) 397-440.

[3] E. Romas, M.T. Gillespie, T.J. Martin, Involvement of receptor
activator of NFxB ligand and tumor necrosis factor-a in bone
destruction in rheumatoid arthritis, Bone 30 (2002) 340-346.

[4] L.E. Theill, W.J. Boyle, .M. Penninger, RANK-L and RANK: T
cells, bone loss, and mammalian evolution, Annu, Rev, Immunol.
20 (2002) 795-823.

[5] M. Bromley, H. Bertfield, J M. Evanson, D.E. Woolley, Bidirec-
tional erosion of cartilage in rheumatoid knee joint, Ann. Rheum.
Dis. 44 (1985) 676-681.

{6] Y. Suzuki, F. Nishikaku, M. Nakatuka, Y. Koga, Osteoclast-like
cells in murine collagen induced arthritis, J. Rheumatol. 25 {1998)
1154-1160.

[7] T. Kuratani, K. Nagata, T. Kukita, T. Hotokebuchi, A. Nakas-
ima, T. Lijima, Induction of abundant osteoclast-like multinucle-
ated giant cells in adjuvant arthritic rats with accompanying
disordered high bone turnover, Histol. Histopathol. 13 (1998)
751-759.

{8] S.L. Teitelbaum, Bone resorption by osteoclasts, Science 289
(2000) 1504-1508.

9] D.L. Lacey, E. Timms, H.L. Tan, M.J. Kelly, C.R. Dunstan, T.
Burgess, R. Elliott, A. Colombero, G. Elliott, S. Scufly, H. Hsu, J.
Sullivan, N. Hawkins, E. Davy, C. Capparelli, A. Eli, Y.X. Qian,
S. Kaufman, 1. Sarosi, V. Shalhoub, G. Senaldi, J. Guo, I

—164—



