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Figure 3, The molecular phenotype of LIGHT-
induced tartrat i acid  phosph s
(TRAP)-pasitive multinucleated cells {MNCs)
derived from NCDI4" monocytes. In the
presence of 25 ng/ml macrophage colony-stim-
ulating factor (M-CSF; M), NCD14" monocytes
were cultured for 6 days with 40 ng/ml
receptor  activator  of  nuclear  factor-xB
ligand (RANKL) (M + R), 100 ng/ml LIGHT
(M + L), or both (M + L + R). The expression
levels of (a) osteoclast markers and (b) LIGHT
were determined by quantitative real-time poly-
merase chain reaction. Representative results of
at least three independent sets of similar experi-
menls are shown as means + SD of triplicate
experiments, *P < 005 and **P < 001 versus
M-CSF alone.

o

by LIGHT or LIGHT plus RANKL, the CTSK and TRAP
mRNA expression levels are higher in NCD14" monocytes
stimulated for 12 days than in those stimulated for 6 days
(data not shown), These inductions suggest that pro-
longed stimulation with LIGHT can induce more mature
osteaclasts, Moreover, LIGHT induced an increase in its
own expression level in NCD14" monocytes (Fig. 3b).

LIGHT-induced TRAP-positive MNCs from NCD14"
monocytes have bone resorption activity

Since the expression levels of genes related to bone
resorption by osteoclasts were upregulated in LIGHT-
induced TRAP-positive MNCs from NCD14™ monocytes,
we assessed whether or not the MNCs could resorb bone.
The formation of a ringed F-actin structure, called an
actin ring, is closely related to osteoclast function.”® Actin
rings were recognized at the periphery of LIGHT-induced
MNCs regardless of the presence of RANKL (Fig. 4a).
Furthermore, resorption pits were observed on bone slices
in the cultures treated with LIGHT, and the effect of
LIGHT was enhanced by additional stimulation with
RANKL (Fig. 4b). As expected, CTX-I release was induced
in the presence of LIGHT and further increased by the
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combination with RANKL (Fig. 4c). By contrast, cells
treated with M-CSF alone or with a combination of
M-CSF and RANKL did not form resorption pits.

LIGHT-induced TRAP-positive MNCs from NCD14"
monocytes express both MMP-9 mRNA and MMP-12
mRNA

In osteoclasts, MMP-9 is abundant and it is known to
be a protease involved in bone resorption. We examined
MMP-9 mRNA expression in both fresh CDI14" and
NCDI4" monocytes stimulated by LIGHT or RANKL.
Compared with RANKL, LIGHT or the combination of
LIGHT and RANKL enhanced MMP-9 mRNA expres-
sion in both groups of monocytes (Fig. 5a). On the
other hand, because we previously reported that MMP-
12 was expressed in MNCs induced from NCDI14*
monocytes, but not in those from CD14* monocytes,™
the influence of LIGHT upon the expression of MMP-
12 mRNA in both monocytes was investigated. NCD14"
monocytes strongly upregulated MMP-12 mRNA expres-
sion in response to LIGHT or the combination of
LIGHT and RANKL, compared with control (M-CSF
alone) or RANKL, whereas the MMP-12 mRNA levels
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remained low in CD14" monocytes after any stimulation
(Fig. 5b).

Detection of TRAP-positive MNCs expressing
MMP-12 in the subchondral bone of RA patients

To confirm the presence of MMP-12-expressing MNCs in
the erosive area of the RA joint, serial sections of decalci-
fied, paraffin-embedded subchondral bone of five
RA patients and three OA patients were subjected to
immunostaining with an anti-MMP-12 antibody. As
shown in Fig. 6(a,b), both MMP-12-positive and MMP-
12-negative MNCs expressing TRAP were present in the
affected bone areas of all five RA patients examined in
this study. The ratios of MMP-12-positive MNCs to
TRAP-positive MNCs in RA patients were 46-7% (30/63)
in patient 1, 52-5% (31/59) in patient 2, 41-7% (33/79) in
patient 3, 2-2% (3/135) in patient 4, and 10-0% (9/90) in
patient 5. By contrast, no MMP-12-positive MNCs were
observed in the OA patients (Fig. 6b).

Figure 4. Osteoclastic functions of LIGHT-
induced tartrate-resistant acid phosphatase
(TRAP)-positive multinucleated cefls (MNCs)
from NCD14" monocytes. (a) For actin ring
formation, NCD14* monocytes were stimu-
lated, in the presence of 25 ng/ml macrophage
colony-stimulating  factor  (M-CSF),  with
100 ng/ml LIGHT (M + L), or 40 ng/ml recep-
tor activator of nuclear factor-xB  ligand
(RANKL) plus 100 ng/ml LIGHT (M + L + R)
for 6 days, Fixed cells were stained with Alexa-
FluorS46-conjugated phalloidin. (b) In the
presence of 25 ng/ml M-CSF (M), NCDI4*
monocytes were cultured for 21 days on bone
slices with 40 ng/ml RANKL (M + R), 100 ng/
ml LIGHT (M+L), or both (M+ L +R)
(c) The release of type | collagen C-telopeptide
(CTX-1} was quantified in the culture superna-
tants using enzyme-linked immunosorbent
assay. Representative results of at least three
independent sets of similar experiments are
shown as means £ SD of triplicate experi-
ments, *P <005 and *"P <001 versus
M-CSF alone.

Discussion

Formation of osteoclasts and consequent joint destruction
are hallmarks of RA. We previously reported that CD14°
monocytes cocultured with NLCs (termed NCDI4*
monocytes in this article) were TRAP positive and that
NCD14" monocytes differentiated into osteoclasts follo-
wing treatment with RANKL or TNF-a. Consequently,
NCD14" monocytes have been thought to be osteoclast
precursors.'®'”

In this study, to investigate whether LIGHT is involved
in bone destruction in RA, we examined the effects of
LIGHT on osteoclastogenesis using CD14* and NCD14*
monocytes, and compared their abilities to differentiate
into osteoclasts. When stimulated with RANKL for
6 days, a number of TRAP-positive MNCs, mature osteo-
clasts, were generated from CD14' monocytes, but only a
few MNCs were generated from NCDI14" monocytes.
Conversely, LIGHT strongly induced MNCs from
NCDI14" monocytes, but not from CD14' monocytes.

6 © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd, immunology
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Figure 5. Comparison of matrix metalloproteinase-9 (MMP-9) and
MMP-12 messenger RNA (mRNA) expression in CD14" or NCD14"
manocyte-derived tartrate acid phosph (TRAP)-posi-
tive multinucleated cells (MNCs). In the presence of 25 ng/ml mac-
rophage-colony-stimulating factor (M-CSF; M), CDI4" or NCD14"
monocytes were cultured for 6 days with 40 ng/ml receptor activator
of nuclear factor-xB ligand (RANKL: M + R), 100 ng/ml LIGHT
(M + L), or both (M + L + R}, The mRNA expression levels of (a)
MMP-9 and (b) MMP-12 were determined by quantitative real-time
polymerase chain reaction. Representative results of at least three
independent sets of similar experiments are shown as means £ 5D of
triplicate experiments. *P <005 and **P <001 versus M-CSF
alone,

Furthermore, LIGHT-induced MNCs derived from
NCDI14* monocytes showed several characteristics of os-
teoclasts, including the expression of genes encoding
NFATcl, TRAP, CTSK and CAIl, actin-ring formation,
and the ability to resorb bone. These results indicate that
LIGHT might be involved in bone destruction by forming
osteoclasts from precursors through the interaction with
NLCs.

RANKL enhanced LIGHT-induced osteoclast formation
and bone resorption, Recent reports have shown that
synoviocytes from patients with RA express a higher level
of RANKL and could induce osteoclastogenesis from
synovial macrophages.”” Hence, the synergistic effects of
RANKL and LIGHT on osteoclastogenesis may play an
important role in the bone destruction in RA, LIGHT has

Involvemnent of LIGHT in the bone destruction in RA

been reported to be augmented in RA synovial fluids
compared with those in OA patients.® Reports on the
LIGHT-expressing cells in RA synovial tissue remain con-
fused because of inconsistent immunohistochemical eval-
uations. These cells have been separately identified as
macrophages” and T lymphocytes*® In the present study,
LIGHT induced its own expression in NCD14" mono-
cytes, suggesting that LIGHT might drive a positive feed-
back loop of osteoclastogenesis. LIGHT induced the
expression of intercellular adhesion molecule-1 (ICAM-1)
in RA synovial fibroblasts,”** and the expression of IL-8
and monocyte chemoattractant protein-1 in RA synovial
macrophages.” Since ICAM-1 and these chemokines
could play a crucial role in the recruitment of monocytes
into the synovial sublining,”” LIGHT might not only
induce osteoclastogenesis, but also increase the number of
osteoclast precursors in the synovium of RA patients by
recruiting monocytes. The exact mechanism by which
NCD14" monocytes gain the ability to differentiate into
osteoclasts in response to LIGHT is unclear. In this study,
we confirmed the upregulation of HVEM only at the
mRNA level. If HVEM mRNA expression correlates with
protein expression, augmented HVEM can explain how
the cells gain the ability to differentiate into osteoclasts in
response to LIGHT. On the other hand, the decreasing
responsiveness of NCD14" monocytes to RANKL alone
contradicts the increasing expression of RANK mRNA.
Because RANKL drastically enhanced LIGHT-induced
osteoclastogenesis from NCDI14* monocytes and the
bone-resorbing activity, NCD14" cells could be responsive
to RANKL. These findings indicate that the decreasing
responsiveness to RANKL may be the result of alterations
in the downstream pathways of RANK/RANKL signalling
in NCD14" monocytes. Whereas LIGHT could not induce
osteoclast differentiation from CD14" monocytes, it has
been previously reported that LIGHT induces the expres-
sion of MMP-9 in monocytes.”'**** These findings sug-
gest that CD14" monocytes could somehow respond to
LIGHT via HVEM or LTPR.

A recent study reported that LIGHT promotes osteocl-
astogenesis in RANKL-dependent and -independent man-
ners;’”’ however, in the present study, we could not
observe LIGHT-induced osteoclastogenesis from CDI14*
monocytes. The discrepancy might be caused by differ-
ences in culture conditions or in the monocyte prepara-
tion methods (an adherence technique versus a magnetic
bead method).

In addition to MMP-9 expression, LIGHT-induced
MNCs derived from NCDI4" monocytes expressed
MMP-12 mRNA, which was not expressed in osteoclasts
induced from CD14" monocytes by RANKL. The TRAP-
positive MNCs expressing MMP-12 were present in the
erosive areas of RA joints, but were not found in the
affected bones of OA joints, implying that they may be
unique to RA.
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(MMP-12) in the erosive area of the rheumnatoid arthritis (RA) joint, Affected subchondral bone ples were obtained from the resected knee

Figure 6. Detection of tar ph {TRAP}-positi Itinucl

acid ph ing malrix i i 12

joints of patients with RA and patients with osteoarthritis (QOA), Serial sections were cut fram decalcified and paraffin-embedded subchondral
bane. (a) RA tissue samples were stained with anti-human MMP-12 monoclonal antibody, Neighbouring sections were stained for TRAP activity
(b) or with second antibody alone as a negative contral (c). All three sections were consecutive. (d) RA and (e} OA tissue samples were stained
with anti-human MMP-12 monoclonal antibody. Solid arrowheads and open arrowheads show MMP-12-positive and -negative MNCs, respec-

tively, Representative results from five RA patients and three OA patients are shown.

Although MMP-12 was expressed in rabbit and mouse
osteoclasts,"”  MMP-12-expressing osteoclasts have not
been identified in humans. This is the first report to dem-
onstrate the presence of MMP-12-expressing osteoclasts
in human RA joints. Increased expression of MMP-12 in
RA synovial Ussues and synovial fluids indicates the
involvement of this enzyme in RA pathogenesis.*' A study
using MMP-12-deficient mice demonstrated that MMP-
12 was not critical for bone resorption or osteoclast
recruitment.” Although MMP-12 might not be directly
involved in bone resorption in humans, several reports
suggest that MMP-12 could be involved in cartilage
destruction.**** We previously reported that NCD14"
and MMP-12-producing osteoclast-like cells differentiated
from NCD14" monocytes could degrade the proteoglycan
of bovine cartilage."® MMP-12 is critical for invasion and
destruction in pathologies such as emphysema** and cuta-
neous granulomas.*® Rheumatoid arthritis is also a granu-
lomatous disease with tissue hyperplasia and destruction.
Osteoclasts invading uncalcified cartilage beyond the tide-
mark are frequently found in the erosive areas of RA
joints.  Consequently, MMP-12-producing osteoclasts
might play important roles in inflammation or cartilage
destruction as well as in the bone destruction in RA.

Synovial fluid macrophages from RA patients could dif-
ferentiate into osteoclasts via both RANKL and TNF-a
signalling pathways, whereas OA macrophages differenti-
ated into osteoclasts only through the RANKL pathway,*®
Moreover, osteoclasts derived from circulating precursors
in RA patients have an increased bone-resorbing activ-

ity.V Osteoclast precursors responsive to inflammatory
cytokines such as LIGHT would be present in RA
patients, and the cytokine-induced osteoclastogenesis
might be involved in enhanced bone destruction in RA.
Although it should become clear from further investiga-
tions whether or not LIGHT-induced MNCs are identical
to the MMP-12-expressing osteoclasts of RA joints, our
in vitro differentiation system is robust and reproducible.
All monocytes become LIGHT-responsive precursors of
osteoclast-like cells via their interactions with RA-NLCs.
We believe that our coculture system should be useful for
elucidating the interactions between synovial cells and
infiltrating monocytes in the pathogenic condition of RA,
and the mechanism underlying inflammation-associated
osteoclastogenesis.

The present study strongly suggested that LIGHT might
be involved in the progression of bone destruction in RA,
and implied that the blocking of LIGHT signalling may
be a therapeutic target for the enhanced bone destruction
in RA.
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Inhibition of Src Homology 2 Domain-Containing
Protein Tyrosine Phosphatase Substrate-1 Reduces the
Severity of Collagen-Induced Arthritis

KONAGI TANAKA, TATSUYA HORIKAWA, SATSUKI SUZUKI, KAZUTAKA KITAURA, JUNKO WATANABE,
AKITO GOTOH, NORIYUKI SHIOBARA, TSUNETOSHI ITOH, SHOJI YAMANE, RY UJI SUZUKI, NAOSHI FUKUI,

and TAKAHIRO OCHI

ABSTRACT. Objective. To investigate whether the blockade of Src homology 2 domain-containing protein tyro-

sine phosphatase substrate-1 (SHPS-1) has any therapeutic effects on rheumatoid arthritis.
Methods. A functional blocking monoclonal antibody for SHPS-1 (anti-SHPS-1 mAb) was admin-
istered at various doses to collagen-induced arthritis (CIA) mice, and severity of the arthritis was
evaluated by clinical and histological scores of the limbs. To clarify the mechanisms of action of the
antibody, the serum concentration of anti-type I1 collagen antibody was measured in those mice, and
in vitro experiments were conducted to determine the effects of the antibody on the induction of
osteoclasts and the release of cytokines from mouse spleen cells.

Results. Compared with mice given control IgG, the administration of anti-SHPS-1 mAb signifi-
cantly reduced the severity of inflammation and destruction of bone and cartilage in CIA mice. This
therapeutic effect was observed even when the antibody treatment was started after the onset of
arthritis. The appearance of anti-type II collagen antibody in CIA mice was not altered by the anti-
body treatment. In in vitro experiments, the anti-SHPS-1 mAb significantly inhibited osteoclastoge-
nesis of bone marrow cells, and significantly reduced the release of interleukin 1B (1L-18), IL-2, IL-
12, interferon-y, and tumor necrosis factor-ct, but not that of [L-4 or IL-10, from the spleen cells after
stimulation with concanavalin A.

Conclusion. Administration of a monoclonal antibody for SHPS-1 reduced the severity of arthritis
in CIA mice. Regulation of biological functions of SHPS-1 may be a novel and potent strategy to

treat patients with rheumatoid arthritis. (J Rh

jrheum.080369)
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RHEUMATOID ARTHRITIS
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THERAPEUTICS

Rheumatoid arthritis (RA) is a chronic inflammatory disease
that affects synovial joints systemically'. In spite of numer-
ous investigations, there is still no fundamental therapy 1o
treat RA. The hallmarks of this discase are synovial inflam-
mation and destruction of articular cartilage and subchon-
dral bone. Synovial tissue in rheumatoid joints is character-
ized by a marked intimal-lining hyperplasia due to increased
numbers of macrophages and fibroblast-like synoviocytes.
Accumulation of T cells, plasma cells, and other types of
inflammatory cells in the synovial lining is also obvious!Z2,
Those cells produce cytokines such as interleukin 18 (IL-
18), tumor necrosis factor-o. (TNF-o), and IL-6, which pro-
mote the expression of proteinases that cause tissue degra-
dation in the joints. As well, those cytokines are responsible
for the destruction of bone in the disease through the induc-
tion of osteoclasts. In joints involved in RA, osteoclasts are
derived from precursor cells of the monocyte-macrophage
lineage in the presence of several cytokines such as
macrophage colony-stimulating factor (M-CSF), receptor
activator of nuclear factor-xB ligand (RANKL), IL-18, and
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TNF-o**, Therefore, the synovial hyperplasia and bone
absorption around the joints in RA is closely correlated
through the activity of those cytokines.

Src homology 2 domain-containing protein tyrosine
phosphatase substrate | (SHPS-1), also known as signal reg-
ulatory protein a1 (SIRPa1)®, a brain Ig-like molecule with
tymsmc -based activation motifs®, macrophage fusion recep-
tor’, and p84 neural adhesion moleculeS, is a ransmembrane
glycoprotein that belongs to the immunoglobulin superfam-
ily. The extracellular domain of SHPS-1 consists of 3 parts,
the amino-terminal Ig variable (IgV) region and 2 Ig con-
stant (IgC) regions, although the latter may be removed by
alternative splicing. The intracellular domain of SHPS-1
contains 2 immunoreceptor tyrosine-based inhibitory
motifs, suggesting that it transmits signals for inactivation®.
SHPS-1 is expressed by macrophages, dendritic cells (DC),
neutrophils, and neurons!®. CD47, another transmembrane
glycoprotein belonging to the immunoglobulin superfamily,
is a known ligand for SHPS-1'!-14, CD47 is present on vir-
tually all kinds of hemopoietic cells, including T cells, B
cells, and neutrophils, as well as endothelial cells. SHPS-1
binds to CD47 via the 1gV domain'!-'*!8 which causes its
various biological activities'?, Interactions between SHPS-1
and CD47 are important for cellular fusion or multinucle-
ation, processes necessary for osteoclast formation120, At
this time, it is controversial whether CD47-SHPS-1 interac-
tion plays a key role in the activation of T cells and the
acquisition of cell-mediated immunity*"?2, or downregu-
lates the activation of T cells by DC!$17824_ Considering
that T cell activation and osteoclast formation are critical
events in the pathology of RA, we speculated that inhibiting
the interaction between SHIP-1 and CD47 might be benefi-
cial in the treatment of RA.

We previously reported that an antibody against
SHPS-1 effectively inhibits the migration of epidermal
DC and Langerhans cells, resulting in decreased develo .g
ment of the delayed-type hypersensitivity rcspon.se”
Using this SHPS-1 antibody, we conducted a series of in
vivo and in vitro experiments to clarify the role of SHPS-
1 in the pathology of RA. The results not only suggested
the significance of SHPS-1 in RA, but also indicated a
possibility that the administration of the anti-SHPS-1
antibody could be an effective strategy to treat patients
with RA,

MATERIALS AND METHODS

Collagen-induced arthritis (CIA). Our study was performed under the
approval of the Institutional Review Bourd of the National Hocpml
Organization, Sagamihara Hospital, The i of arthritis in mice was
based on a described method®2%, Briefly, bovine type I collagen (CII;
Collagen Research Center, Tokyo, Japan) was dissolved at 2 mg/ml in 10
mM acetic acid, and was emulsified by mixing with an equal volume of
Freund's complete adjuvant (Nippon BD, Tokyo, Japan). Five-week-old
male DBA/1JN mice (Charles River Japan, Yokohama, Japan) were immu-
nized by intrad | injection of the Ision (100 pl) at the base of their
tails, Twenty-one days later, the same volume of emulsion was injected

again in the same manner as a booster. With this protocal, arthritis devel-
oped in 100% of mice at around 4 weeks after the initial immunization.

Treatment with anti-SHPS-1 monoclonal antibody. Hybridoma cells pro-
ducing anti-mouse SHPS-1 (PB4) monoclonal antibody (amti-SHPS-1
mAb) was a generous gift from Dr. C.F. Lagenaur (Pittsburgh University,
Pittsburgh, PA, USA)*". Ascites fluid was collecied from BALB/c nwnu
mice that had been injected intraperitoneally with hybridoma cells, and the
pB4 antibody was purified from the ascites using a protein A column®24,
Rat IgG1 (Sigma Diagnostics, St Louis, MO, USA) was used as a control
immunoglobulin (control IgG). The experiments were performed according
to either of the following 2 protocols. In Protocol A, CIA was induced as
described, and anti-SHPS-1 mAb, control IgG. or methotrexate (MTX:
Wyeth, Tokyo, Japan) were given to the mice every other day from Day 21
(the day of second immunization) until Day 31, 6 times in total. The anti-
body or control IgG was dissolved in 200 | phosphate buffered saline
(PBS) and injected intraperitoneally. MTX was administered orally. In
Protocol B, the administration of the SHPS-1 antibody, control 1gG, or
MTX was started on Day 29 (8 days after the second immunization) and
was repeated 6 times until Day 39, on every other day.

Evaluation of arthritis. The development of arthritis was determined by the
presence of redness or swelling in any of the 4 limbs. If these signs were
observed in at least | limb, the mouse was determined 1o be positive for
arthritis. The incidence of arthritis was defined in each treatment group by
the ratio of the number of positive mice to the total number of mice in the
group. The occurrence and severity of arthritis were evaluated macroscop-
ically on each hind limb in each mouse by scores from 0 (normal) to 3 (joint
deformity or rigidity). The sum of scores for both hind limbs (0 to 6) was
used as the clinical score for that animal. The severity of arthritis was also
evaluated by the average thickness of footpads of the right and left hind
limbs, which was measured using a caliper. The body weight was recorded
daily throughout the experi | period.
Histological evaluation. For histology, the mice were sacrificed and their
hind limbs were amputated, fixed with 10% formaldehyde, decalcified with
EDTA, and embedded in paraffin. Four-micron-thick sections of the ankle
and toe joints were prepared in a sagiltal plane and were stained with hema-
toxylin and eosin (H&E). Using a light microscope, the severity of inflam-
m.nuou nnd Joint dclrnu:uon was assessed semiquantitatively based on a
dure®®, The y of infl ory change was assessed
S @ Score l'rom 0 to 4, considering the extent of inflammatory cell infiltra-
tion, synovial lining-cell hyperplasia, and pannus formation. Further, the
severity of bone destruction was evaluated by scores from 0 to 5, accord-
ing to the following eriteria: 0 = normal; | = minimal loss of cortical bone
at a few sites; 2 = mild loss of cortical and trabecular bone at a few sites: 3
= moderate bone loss at multiple sites; 4 = marked bone loss at multiple
sites; and 5 = marked bone loss with distortion of the profile of the remain-
ing cortical surface.
Measurement of anti-type Il collag ihodies. The of anti-
CIl antibodies in the sera of mice was determined by ELISA®®, For this, 96-
well Mat-botiom plates (Iwaki, Tokyo, Japan) were coated with 50 ul CI1 (2
pg/ml in PBS) overnight at 4°C. Prior to use, the wells were blocked with
PBS containing 1% (w/v) bovine serum albumin at 37°C for | h. Sera were
then diluted appropriately in PBS containing 0.05% (v/v) Tween-20, and
were added to the wells. After incubation at 37°C for 2 h, levels of Cll-spe-
cific 1gG2a were measured using biotin-labeled rat anti-mouse IgG2a
(R&D Systemns, Minneapolis, MN, USA). The amount of biotin-labeled
antibody bound was determined by color reaction using streptavidin-per-
oxidase coupled with peroxidase substrate (Substrate Reagent Pack, Stop
Solution; R&D Sy ). All were performed in triplicate
and averages were calculated.
Effect of antibodies on osteoclast formation from murine bone marrow
cells. Bone marrow cells were obtained from 6-week male Balb/e mice, and
were plated in wells of 2d-well plates at 1 x 10° cells per well. The cells
were cultured in Dulbecco’s modified Eagle medium (DMEM; Invitrogen,
Tokyo, Japan) containing 10% fetal bovine serum (FBS; Invitrogen), glut-
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amine, streplomycin, penicillin, phage colony-stimulating factor (M-
CSF, 50 ng/ml; R&D Systems), and RANKL (30 ng/ml; R&D Systems). In
this experiment, the effect of anti-SHPS-1 mAb was compared with that of
control IgG. Immediately after plating, anti-SHPS-1 mAb or control 1gG
was added to the media at graded concentrations, and the cells were cul-
tured for 5 days. The medium was then removed and the cells were fixed
and stained for tar acid phosph (TRAP) using a com-
mercial kit (Sigma Diagnostics Acid Phosphatase Kit; Sigma Diagnostics).
TRAP-positive multinuclear cells that had more than 3 nuclei were count-
ed as osteoclasts. The experiment was then repeated with an anti-CD47
maonoclonal antibody, and the results were compared. The antibody against
CD47 (miap301; anti-CD47 mAb) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Effect of antibodies on cylokine prods by murine spleen cells. Spleen
cells were obtained from 6-week male Balblc mice, and were plated at a
density of 5 x 10° cells per well in 96-well plates. Cells were maintained in
RPMI-1640 medium (Invitrogen) containing 10% FBS, glutamine, strepto-
mycin, and penicillin. One hour after plating, anti-SHPS-1 mAb, anti-
CD47 mAb, or control IgG were added 1o the media at the indicated con-
centrations, One hour after the addition of antibody or control 1gG, the cells
were stimulated by 5 pg/ml concanavalin A (ConA; Wako, Osaka, Japan).
Alfler 24 h, the supernatants were coll d and the of IL-18,
IL-2, IL-12, interferon-y (IFN-y), TNF-a, IL4, and IL-10 in the media
were determined by ELISA (R&D Systems).

Statistical lysis. For ic dats, ical significance was deter-
mined by 2-way analysis of variance and contrast as a post hoc test.
Nonparametric data were analyzed using the Kruskal-Wallis test, and the
Dunn procedure was used as a post-hoc test when necessary. Log-rank test
was used o determine the difference in the incidence of arthritis. The level
of significance was set at p < 0.05,

RESULTS

Anti-SHPS-1 antibody reduces incidence and severity of
CIA. Six groups of mice, each consisting of 10 animals,
were prepared, and CIA was induced in 5 of those groups.
The other group was maintained without any treatment and
served as a non-CIA control. Each of the 5 CIA-induced
groups received 6 consecutive administrations of either anti-
SHPS-1 mAb (1, 10, or 100 ug), control 1gG (100 ug), or
MTX (3 mg), following Protocol A, in which the treatments
were started on the day of the second immunization. The
incidence of arthritis was significantly reduced by the
SHPS-1 antibody treatment (Figure 1A). While arthritis
developed in all mice treated with the control IgG, the
administration of 10 pg or 100 ug anti-SHPS-1 mAb
reduced the incidence by 20% and 30%. respectively,
although no significant reduction was observed with 1 ug
anti-SHPS-1 mAb. The decline in the incidence was signif-
icant in the 10 and 100 pg antibody-treated groups (both at
p < 0.05). The incidence of arthritis was dramatically
reduced by MTX, indicating that the immune response was
profoundly involved in the development of arthritis.

In untreated mice, the body weight increased by 1.8 g on
average between Day 21 and Day 41 (Figure 1B). Among
the 5 experimental groups, the mice treated with control 1gG
lost 1.0 g in weight during that period, likely due to the gen-
eral exhaustion associated with the arthritis. This decline in
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Figure 1. Incidence and severity of arthritis in CIA mice treated with anti-SHPS-1 mAb. Mice were given graded doses of antibody, and the incidence and
sevenity of arthritis were compared with those in control 1gG- or MTX-treated mice. Incidence (A), gain of body weight (B), clinical score (C), and increase
of footpad thickness (D) from Day 2! to Day 41 are shown. Black arrows indicate the timing of antibody administration. Data are mean £ SD. *p < 0.05 and

**4p < 0.00! compared with control IgG.
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body weight was reversed by the anti-SHPS-1 mAb treat-
ment. The administration of 10 or 100 ug anti-SHPS-1 mAb
recovered the body weight almost completely to the level of
non-CIA mice. The increase of body weights in those 2
groups was significantly greater than that of the control IgG
group (both at p < 0.05). Although the development of
arthritis was strongly inhibited by MTX, the mice treated
with MTX lost approximately 2.9 g in body weight during
the experimental period, which might be ascribed to the
toxic effects of the immunosuppressant.

In the control mice, the clinical score started to increase
on Day 23 and reached a maximum on Day 31 (Figure 1C).
The administration of 10 or 100 ug anti-SHPS-1 mAb sig-
nificantly improved the clinical score on Day 31 and later.
Since improvement was not observed in mice treated with
1 pg anti-SHPS-1 mAb, the critical dose of antibody treat-
ment for the mice was considered to be between 1 and 10 pg
per injection. Interestingly, the improvement in clinical
score was maintained until Day 41, 10 days after the last
antibody administration. In mice treated with MTX, the
development of arthritis was completely inhibited.

Consistent results were obtained by the measurement of
footpad thickness (Figure 1D). In control mice, the footpad
thickness started to increase on Day 25, and it continued to
increase until Day 35, while no increase was observed in the
MTX-treated mice. In mice treated with 10 or 100 g anti-
SHPS-1 mAb, the increase of footpad thickness was inhibit-
ed on Day 27 and later. In accord with the clinical score,
I g anti-SHPS-1 mAb was not enough to show the effect.

Anti-SHPS-1 antibody ameliorated the severity of estab-
lished arthritis. We then investigated whether the adminis-
tration of anti-SHPS-1 mAb could reduce the severity of
established arthritis. In this experiment, the antibody treat-
ment was commenced after the onset of arthritis (on Day
29), and the severity of arthritis was evaluated by the clini-
cal score and footpad thickness of the hind limbs. The clin-
ical score was reduced significantly as early as 2 days after
the first injection of 100 pug anti-SHPS-1 mAb (Figure 2A).
The reduction in clinical score became more obvious, and
this was maintained until Day 45, 6 days after the comple-
tion of antibody administration.

In accord with the change of clinical score, the antibody

treatment reduced the footpad thickness at 2 days and later
after the initiation of antibody treatment (Figure 2B).
Similar to the clinical score, the reduction in footpad thick-
ness was maintained until Day 45.
Histological evaluation. Next, the effect of the antibody
treatment was evaluated by histology. The mice were given
6 injections of 10 or 100 g anti-SHPS-1 mAb after the
onset of arthritis following Protocol B, and sacrificed 6 days
after the last antibody administration. H&E-stained sections
of ankle and tarsal joints were prepared, and the severity of
arthritic change was evaluated by scores that were compared
with those of mice treated with control 1gG.
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Figure 2, Effect of anti-SHPS-1 mAb treatment on severity of established
arthritis. 100 ug of anti-SHPS-1 mAb or control IgG was given 10 mice
after onset of arthritis, and severity of arthritis was evaluated by clinical
score (A) and gain of footpad thickness (B), from the beginning of the
treatment until 2 weeks after its end. Black arrows indicate the timing of
antibody administration. Data are mean + SD. *p < 0.05, **p < 0.01,
***p < 0.001 compared with control IgG.

In control mice, severe arthritic change with obvious
inflammatory cell infiltration and bone erosion was
observed within and around the ankle and tarsal joints
(Figure 3A-3C). Although the anti-SHPS-1 antibody was
given after the onset of arthritis, the severity of arthritic
change was considerably reduced in mice treated with anti-
SHPS-1 mAb (Figure 3D-3F). Thus, the scores for inflam-
matory cell infiltration and those for bone destruction were
significantly reduced in the antibody-treated mice (Figure
3G and 3H, respectively).

Anti-SHPS-1 antibody did not affect induction of anti-rype 11
collagen antibodies. In CIA mice, arthritis is caused by
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Figure 3. Histological evaluation of ankle and tarsal joinis in antibody-treated and control mice. (A-C) In control mice given 100 yig control 1gG, obvious

synovial thickening and p e

was observed, together with marked inflammatory cell infiltration, Bone erosion occurred at multiple sites, which

often extended dcep anm the subchondral bone, (D-F) In mice treated with 100 yg anti-SHPS-1 mAb, severity of synovial thickening and extent of inflam-

matory cell infiltration were considerably reduced. Area of bone erosion was also reduced, and rarely extended into the subchondral bone. Higher magnifi-

cation images of inset areas in A and D are shown in B and C, and E and F, respectively, Scale bars are 1000 um in A and D, and 300 gm in B, C, E, and F.
H&E staining. (G and H) Histological scores for inflammatory cell infiltration (G) and bone destruction (H) in mice treated with 10 or 100 g anti-SHPS.1
mAb are shown together with those for mice given 100 ug control IgG. Data are mean £ SD. **p < 0.01 and ***p < 0.001 compared with control IgG.

autoimmune mechanisms that involve both humoral and cel-
lular immune responses to CIIP°3!, Thus, we next deter-
mined the effect of the anti-SHPS-1 antibody treatment on
the humoral response by measuring the concentration of
anti-CII antibodies in sera, In this experiment, administra-
tion of anti-SHPS-1 mAb was started on the day of the sec-
ond immunization, following Protocol A, and blood was
obtained 2 weeks after the end of treatment. Comparison of
the results between the antibody-treated mice and those of
mice given control IgG or MTX revealed that the induction
of anti-CII antibodies was not affected by the antibody treat-
ment. This implies that the therapeutic effect of anti-SHPS-

1 mAb is likely through the suppression of T cell responses,
rather than via the modulation of B cell function.

Anti-SHPS-1 antibody and anti-CD47 antibody inhibited
osteoclast formation, The observation that bone destruction
was significantly reduced by the administration of anti-
SHPS-1 mAb led us to hypothesize that the antibody could
inhibit osteoclast formation. We then tested this hypothesis
by an in vitro experiment. We also examined the effect of
anti-CD47 mAb on osteoclast formation. In this experiment,
murine bone marrow cells were obtained and osteoclast for-
mation was induced in the presence of anti-SHPS-1 mAb or
anti-CD47 mAb. The results clearly indicated that those
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antibodies both inhibited the formation of osteoclasts in a
dose-dependent manner (Figure 4). The inhibition was more
obvious with anti-SHPS-1 mAb. With this antibody, the
number of osteoclasts was significantly reduced with as lit-
tle as 0.05 pg/ml of the antibody, and osteoclast formation
was almost completely abrogated at the concentration of 2.5
pg/ml. Compared with this, the effect of anti-CD47 mAb
was considerably lower. The ratio of inhibition did not reach
50% even with 10 ug/ml of this antibody.

Anii-SHPS-1 antibody and anti-CD47 antibody reduced
secretion of proinflammatory cytokines from ConA-stimulat-
ed murine spleen cells. In order to determine the effects of
anti-SHPS-1 mAb and anti-CD47 mAb on cytokine release
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from lymphatic cells, murine spleen cells were stimulated
with ConA in the presence of anti-SHPS-1 mAb or anti-
CD47 mAb, and cytokine concentrations in the media were
determined. Upon stimulation with ConA, the spleen cells
released all measured pro- and antiinflammatory cytokines
to the media. The effect of anti-SHPS-1 mAb on cytokine
release differed among the cytokines (Figure 5A-5G). The
release of IL-18, IL-2, IL-12, IFN-y, and TNF-tt into the
media was suppressed by the antibody, while that of IL-4 or
IL-10 was almost unaffected. The suppression was most
obvious for IFN-y, with as little as 0.02 gg/ml of the anti-
body significantly reducing its release. The ICg, values of
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by ELISA. (H-N) Experiments were repeated with anti-CD47 mAb, and concentrations of IL-18 (H), IL-2 (I), IL-12 (), IFN-y (K), TNF-a (L), IL-4 (M),
and IL-10 (N) were determined. Experiments were repeated 3 or 4 times. Data are mean £ SD. *p < 0,05, **p < 0,01, ***p < 0,001 compared with control

IgG.

0.079, and 1.18, respectively. Anti-CD47 mAb showed sim-
ilar effects on cytokine release (Figure 5H-5N). This anti-
body reduced the concentration of 1L-2, 1L-12, IFN-y, and
TNF-at in the media in a dose-dependent manner. However,
its inhibitory effect was much lower than that of anti-SHPS-
I mAb, and the suppression was no more than 60% even
with 10 pg/ml of the antibody.

DISCUSSION
The results of our study demonstrate that the administration

of an anti-SHPS-1 mAb successfully reduces the severity of
arthritis in CIA mice. CIA is an animal model often used 1o
study the pathology of RA, in which both humoral and cell-
mediated immunity is necessary for the development of
arthritis?' 2, The treatment with the anti-SHPS-1 mAb vir-
tually did not suppress the humoral immunity, since it did
not alter the concentration of anti-CII antibodies in the sera
of mice (Figure 6). Thus, the therapeutic effect of the anti-
SHPS-1 mAb could be ascribed entirely to the suppression
of the cell-mediated immune response. In in vitro experi-
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ments using murine spleen cells, addition of the anti-SHPS-
1 mAb inhibited the release of IL-18, IL-2, IL-12, IFN-y,
and TNF-ot into the media upon stimulation by ConA, while
the release of IL-4 or IL-10 was almost unaffected. The find-
ing that the anti-SHPS-1 mAb suppressed the release of
cytokines primarily from Thl cells but not those from Th2
cells further supports the idea that the anti-SHPS-1 mAb
affects cellular immunity rather than humoral immunity. In
human RA, TNF-« is profoundly involved in the progres-
sion of the disease as shown by the efficacy of anti-TNF-at
therapy™*-33, Also, IL-2 and IFN-yare known to be involved
in the catabolism in affected joints®. Since the pathology of
arthritis in the CIA mouse closely resembles that of human
RAY, the reduction in the release of those cytokines could
reasonably explain the therapeutic effects of the anti-SHPS-
I mAb observed in this work.

For such change in cytokine release, ligation of SHPS-1
by anti-SHPS-1 mAb may play a significant role, in addition
to the inhibitory role of the antibody upon SHPS-1/CD47
interaction. We previously showed that SHPS-1 ligation by
the antibody inhibits the migration and maturation of epi-
dermal Langerhans cells, which suggests that DC function
could be regulated by SHPS-1 engagement®24, Ligation of
SHPS-1 has been shown to inhibit TNF-a production by
lipopolysaccharide-stimulated monocytes®®, Thus, the
observed reduction in TNF-a release by anti-SHPS-1 mAb
could be ascribed, at least in part, to the suppression of TNF-
o production by macrophages or DC by SHPS-1 ligation.
Again, since the antibody inhibits IL-12 production by
DC'6, the observed suppression of IL-12 release could be
partly caused by SHPS-1 ligation. Because IL-12 is an
essential cytokine for Thl development, reduced IL-12 pro-
duction favors the development of Th2 cells rather than Thl
cells. This is compatible with the finding that the production

of all Thi cytokines, but not those of Th2, was suppressed
by anti-SHPS-1 mAb. The difference between anti-SHPS-1
and anti-CD47 mAb in the effects on cytokine release may
be reasonable if these direct actions are assumed with the
former antibody.

On the other hand, the supposed suppression of cellular
immunity by anti-SHPS-1 mAb may be caused primarily by
the inhibition of interaction between SHPS-1 and CD47. T
cells express CD47 at a high density®®. Since SHPS-1/CD47
interaction positively regulates T cell responses?!, it is pos-
sible that the anti-SHPS-1 mAb suppressed T cell activation
by blocking that interaction. Anti-SHPS-1 mAb may inhibit
proliferation of T cells via the suppression of TNF-ou pro-
duction by antigen-presenting cells®2, Other studies have
shown that SHPS-1/CD47 interaction may downregulate
DC-T cell interaction, by reducing IL-12 production by DC
and IL-12 receptor expression on T lymphocytes!s!739,
Reduced T cell activation by these mechanisms could be
involved in the amelioration of arthritis by anti-SHPS-1
mAb.

Meanwhile, a mechanism for the reduction of bone ero-
sion by the antibody was suggested by an in vitro experi-
ment. Qur current investigation and that of others consis-
tently indicate that anti-SHPS-1 mAb and anti-CD47 mAb
both inhibited induction of osteoclasts from macrophages™,
Macrophages express SHPS-1 and CD47 abundantly, and
utilize them for cell fusion, which is an essential step for
osteoclast formation”!!2%, Therefore, it is likely that the
antibodies for these molecules reduced the formation of
osteoclasts through the inhibition of multinucleation. In
addition to this, anti-SHPS-1 mAb might have reduced
osteoclast formation through the change in released
cytokines discussed above: among the cytokines whose
release was suppressed by the antibody, 1L-18 and TNF-«t
are known to play essential roles in the formation of osteo-
clasts**, In our study, suppression of osteoclast formation
was more obvious with anti-SHPS-1 mAb than with anti-
CD47 mAb (Figure 4), This difference, again, could be
ascribed to the lack of SHPS-1 ligation with the latter anti-
body.

Our results show that the use of anti-SHPS-1 antibody
could be a promising strategy to treat patients with RA.
Although our current results are based on an animal model
of RA, the treatment with the antibody seems attractive
because the antibody could regulate T cell immunity and
osteoclast formation together, both of which are essential in
treating RA*44!, Further studies are awaited o determine
the feasibility of the antibody treatment.
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LIGHT Induces Cell Proliferation and Inflammatory
Responses of Rheumatoid Arthritis Synovial
Fibroblasts via Lymphotoxin B Receptor

SATORU ISHIDA, SHOJI YAMANE, SAORI NAKANO, TOSHIHITO MORI, TAKUO JUJI, NAOSHI FUKUI,

TSUNETOSHI ITOH, TAKAHIRO OCHI, and RYUJI SUZUKI

ABSTRACT. Objective, To investigate the effects of LIGHT (lymphotoxin-like, exhibits inducible expression and

competes with herpes simplex virus glycoprotein D for herpes virus entry mediator, a receptor
expressed by T lymphocytes) on the proliferation and gene of fibroblast-like synovio-
cytes (FLS) from patients with rheumatoid arthritis (RA).

Methods. We measured LIGHT levels in RA synovial fluids (SF) by ELISA, and compared them
with those in osteoarthritis (OA) SF. Levels of LIGHT and its receptors in RA-FLS and synovium
were assessed using real-time quantitative polymerase chain reaction (PCR), RA-FLS proliferation
was examined by a bromodeoxyuridine assay. Expression of intercellular adhesion molecule-1
(ICAM-1) and several chemokines, such as interleukin 8 (IL-8), monocyte chemoattractant protein-
1 (MCP-1), and macrophage inflammatory protein-la (MIP-1a), was examined by real-time quan-
titative PCR, ELISA, and flow cytometry. The effects of LIGHT on nuclear factor-xB (NF-xB) acti-
vation were investigated using i il and Western blotting.

Results. LIGHT was upregulated in both SF and synovium of RA patients compared with OA
patients. Herpes virus entry mediator (HYEM) and lymphotoxin 8 receptor (LTBR), but not LIGHT,
were detected in RA-FLS. LIGHT significantly promoted RA-FLS proliferation and induced expres-
sion of MCP-1, IL-8, MIP-1a, and ICAM-1 by RA-FLS. As well, LTBR small interfering RNA
(siRNA), but not HVEM siRNA, inhibited these effects of LIGHT. LIGHT induced IxBa degrada-
tion and NF-xB translocation, and a NF-xB inhibitor suppressed the effects of LIGHT on RA-FLS.
Conclusion. Our findings suggest that LIGHT signaling via LTBR plays an imporiant role in the
pathogenesis of RA by affecting key processes such as the proliferation and activation of RA-FLS.

|,

Regulation of LIGHT-LTBR signaling may a new therapeutic target for RA treatment.
(J Rheumatol First Release April 15 2008)

Key Indexing Terms:

RHEUMATOID ARTHRITIS INFLAMMATION SYNOVIOCYTES

Rheumatoid arthritis (RA) is a chronic inflammatory disease
characterized by synovial hyperplasia and progressive
destruction of cartilage and bone. Fibroblast-like synovio-
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cytes (FLS), an important component of the synovial lining
in joints, proliferate aggressively to form a pannus causing
irreversible joint damage. In RA synovial lissue, activaled
FLS and infiltrating macrophages and lymphocytes produce
inflammatory cytokines, including tumor necrosis factor-ot
(TNF-u), interleukin 18 (IL-1B), and IL-6, that play impor-
tant roles in the pathogenesis of RAM2 These cytokines
have been shown to not only directly promote FLS prolifer-
ation leading to pannus formation®, but also to induce the
expression of inflammatory cytokines, chemokines, and
adhesion molecules, which further recruit inflammatory
leukocytes and perpetuate inflammatory responses.

LIGHT (lymphotoxin-like, exhibits inducible expression
and competes with herpes simplex virus glycoprotein D for
herpes virus entry mediator, a receptor expressed by T lym-
phocytes) is a recently identified type-2 transmembrane gly-
coprotein of the TNF ligand superfamily (TNFSF14)%,
LIGHT is expressed on activated T lymphocytes*?, mono-
cytesS, granulocytesS, and immature dendritic cells”. LIGHT
signaling is transduced via 2 members of the TNFR family,

Ishida, et al: Synovial activation of LIGHT



herpes virus entry mediator (HVEM, TNFRSF14) and lym-
photoxin B receptor (LTBR, TNFRSF3). HVEM is expressed
prominently on monocytes, dendritic cells, and lympho-
cytes™810, whereas LTER is expressed on many cell types
with the exception of lymphocytes*®!!, LIGHT has been
shown to regulate cell proliferation™*!3 and apoptosis®'*
to induce the secretion of various cytokines, and to augment
the expression of adhesion molecules'2!%17, Recently,
Fava, et al reported that LTBR-Ig protein blocked the induc-
tion of experimental arthritis in mice'8, Moreover, LIGHT
induced the expression of inflammatory cytokines in
macrophages from RA synovial fluid (SF)'®. These studies
suggest that LIGHT may be an important inflammatory
cytokine in the development of RA. However, the effect of
LIGHT on RA-FLS has not yet been analyzed.

Our aim was to clanfy the role of LIGHT in the prolifer-
ation and inflammatory response of RA-FLS. We observed
that the concentrations of LIGHT in both SF and synovium
were higher in patients with RA than in those with
osteoarthritis (OA). In addition, LIGHT signaling via LTER,
but not HVEM, enhanced RA-FLS proliferation and induced
the expression of inflammatory cytokines, chemokines, and
adhesion molecules in RA-FLS through a nuclear factor-xB
(NF-xB)-dependent signal transduction pathway. We suggest
that activation of RA-FLS by LIGHT/LTBR signaling may
play an important role in the pathogenesis of RA.

MATERIALS AND METHODS

Chemicals. Recombinant human LIGHT and alndel-deﬂvod growth factor
{PDGF)-AB were obtained from R&D § (Mi polis, MN, USA).
Monoclonllmbodsu(mﬁb}l;ﬂmhummndnmdﬂ?xbpﬁm
purchased from Sigma-Aldrich (St Louis, MO, USA) and BD Biosciences
{Palo Alto, CA, USA), respectively. The mAb against IxBa was from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Pyrrolidine dithiocarbamate
{PDTC) was purchased from Calbiochem (La Jolla, CA, USA).

Patients and tissue samples. All pnﬂmll with RA fulfilled the 1987
American College of Rh logy (f ly, the American Rheumatism
Association) criteria® for the diagnosis of RA. Patients with RA mnged in
age from 41 to 74 years (mean + SD 66.0 £ 120 yrs). Patients with OA
ranged in age from 39 to 90 years (mean = SD 64.1 = 14.7 yrs). All patients
were women. Synovial tissues were obtained from 27 patients with RA and
11 patients with OA at the time of knee prosthetic replacement surgery. RA-
FLS were established from the synovia of RA patients as described®!, RA
FLS were cultured in Dulbecco’s modified Eagle's medium (DMEM;
Invitrogen, Carisbad, CA, USA) supplemented with 10% fetal call serum,
penicillin, streptomycin, and L-glutamine. RA-FLS from passages 4-9
were used for each SF were obtained by is from 23
RA patients and 10 OA patients and, after centrifugation at 20,000 x g for
10 min, the supernatants were collected and frozen at —B0*C until used. All

were obtained from patients who gave written informed consent,
-:aunimg to lhe pmlcn‘ll qlprmfu! by the institutional review board of the
I Hospital Organi gamihara National Hospital.

LIGHT in synovial fluids, The amount of LIGHT in SF was measured using
an ELISA kit (R&D Sy ) ding to the f s instructions.
The minimum and maximum detection levels of the ELISA were 7.8 pg/mi
and 2000 pg/ml, respectively.

RNA extraction, cDNA synthesis, and real-time quantitative polymerase
chain reaction (PCR) analysis. Total RNA was extracted from synovium
and FLS using an RNeasy Micro kit (Qiagen). cDNA was generated from

RNA using Omniscript Reverse Transcriptase {Qiagen) and used as a tem-
plate for real-time quantitative PCR on a LightCycler (Roche Diagnostics).
PCR was performed using SYBR Premix Ex Taq (Takara). The primers
used for real-time PCR were as follows: for [L.6, 5'-AAG CCA GAG CTG
TGC AGA TGA GTA-3" and 5'-TGT CCT GCA GCC ACT GGT TC-3;
for IL-8, 5"-ACA CTG CGC CAA CAC AGA AAT TA-3" and 5 -TTT GCT
TGA AGT TTC ACT GGC ATC-3"; for granul colony
stimulating factor (GM-CSF), 5'-CAT GAT GGC CAG CCA CTA CAA 3
and 5"-ACT GGC TCC CAG CAG TCA AAG-3"; for monocyte chemoat-
tractant protein-1 (MCP-1), 5"-GCT CAT AGC AGC CAC CTT CAT TC-
3" and 5'-GGA CAC TTG CTG CTG GTG ATT C-3"; for RANTES, 5'-
ACC AGT GGC AAG TGC TCC AACY' and 5'-CTC CCA AGC TAG
GAC AAG AGC AAG-3"; for MIP-la, 5°-TCC GTC ACC TGC TCA
GAATCA-2" and 5'-AGC ACT GGC TGC TCG TCT CA-3'; for vascular
cell adhesion molecule-1 (VCAM-1), 5'-CGT GAT CCT TGG AGC CTC
AAATA-3" and 5".GAC GGA GTC ACC AAT CTG AGC A-3"; for inter-
cellular adhesion molecule-1 (ICAM-1), 5°-CCT GAT GGG CAG TCA
ACAGCT A-3"and 5'-ACA GCT GGC TCC CGT TTC A-3'; for GAPDH,
5'-GCA CCG TCA AGG CTG AGA AC-3" and 5'-ATG GTG GTG AAG
ACG CCA GT-3", for LIGHT, 5'.TCA CGA GGT CAA CCC AGC AG-3’
and 5'-CCC AGC TGC ACCTTG GAG TAG-3"; for HVEM, 5°-TTT GCT
CCA CAG TTG GCC TAA TC-3"and 5"-CAA TGA CTG TGG CCT CAC
CTT C-3°; and for LTBR, 5'-ATG CTG ATG CTG GCC GTT C-3"and 5'-
AGG CTC CCA GCT TCC AGC TA-3".

PCR was p d under the following conditions: initial denaturation
a1 95°C for 10 s, then 40 cycles of 95°C for 5 s and 60°C for 20 5. When
SYBR Green dye was used to monitor PCR, melting curves were routinely
recorded to verify the singularity of the PCR product. In each sample, the
level of cDNA was normalized to the level of GAPDH.

assay. RA-FLS were seeded into a 96-well plate al a density

of 5.0 x 10° cells/well. After 24 h of preculture, the cells were stimulated
for 48 h by the addition of LIGHT or PDGF used as a positive control. A
previous report described stimulation of RA-FLS proliferation by PDGF=,
Bromodeoxyuridine (BrdU) was added for the last 24 h of culture, then
incorporation of Brdll was measured using a cell proliferation ELISA
(Roche Diagnostics) according to the manufacturer's instructions.
Measurement af cytokine and chemokine levels in culture supernatants.
TNF-a, IL-18, IL-6, IL-8, and GM-CSF levels were measured in the super-
natants of RA-FLS cultures using a Human Inflammatory Five-Plex
Antibody bead kit (Biosource, Camarillo, CA, USA) according to the man-

f ‘s instructi on a Lumi 100 instrument (Luminex, Austin,
TX, USA). The levels of MIP- 1o, MIP-18, MCP-1, eotaxin, and RANTES
in the supernatant were measured using @ Human Chemokine Five-Plex
Antibody bead kit (Biosource).
Transfection of RA-FLS with small interfering RNA (sIRNA). All siRNA
were purchased from Qiagen. The sense strand sequences of the RNA
duplexes were as follows: HVEM, 5'-GGC ACU GCC UCA CAG CCA
AdTdT-3"; LTBR, 5'-CAU CUA CAA UGG ACC AGU AdTdT-3°; and
control siRNA 5'-UUC UCC GAA CGU GUC ACG UdTdT-3". The day
before transfection, RA-FLS were sceded into 6-well culture plates at a
density of 4 x 10* cells/well, or 96-well plates at 5 x 10" celly/well, in com-
plete medium without antibiotics. The next day, siRNA (at final concentra-
tion of 50 nM) were introduced into cells using Lipofectamine 2000
(Invitrogen) following the manufacturer’s instructions; 24 h after transfec-
tion, media were replaced with regular culture media. The cells were then
cultured for 96 h before analysis of the gene-silencing effects. mRNA lev-
els were measured by real-time quantitative PCR analysis.
Immunofluorescence assay for NF-xB localization. To examine the nuclear
translocation of NF-xB, RA-FLS were sceded at a density of 5§ x 10°
cells/well in 8-well Lab-Tek chamber slides (Nalgen Nunc International,
Naperville, IL, USA). Cells were stimulated with 10 ng/m| LIGHT for 40
min, washed with cold PBS, and then fixed in PBS with 4% paraformalde-
hyde for 10 min. The cells were permeabilized with PBS and 0.1% Triton-
X100 for 10 min. Ni ific binding was p d with blocking buffer

s
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conlaining 2% goat serum diluted in PBS. The cells were incubated with
mouse monoclonal anti-NF-xB p65 antibody or an isotype control for | h
al room temperature, then with AlexaFluor 488-conjugated goat anti-mouse
antibody for 30 min al room temperature. Slides were coverslipped and
examined using a fluorescence microscope (Olympus, Tokyo, Japan).
Western bloiting analysis. For measurement of IcBa by Western blotting,
RA-FLS at a density of 1.5x 10%well were seeded into 6-well plates in cul-
ture medium for 24 h. After incubation with 10 ng/ml LIGHT for 40 min,
cells were washed twice in ice-cold PBS and lysed in 100 ul of sodium
dodecyl sulfate (SDS) sample buffer (ﬁ?j mM Trs HCI, pH 6.8, 10%
glycerol, 2% SDS, 5% ap I, and 0.001% b phenol blue),
Cell lysates were separated by SDS- pol_!,acrylumdc ;cl elwtmpharw: in
12% polyacrylamide gels, and transfe

(Invitrogen). After blocking, membranes were tncubn.ﬁi with either anti-8-
ectin or anti-IxBa antibody, overmghl al 4°C, and then with secondary anti-
body conjugated to he i P id (Duko},ﬂmomtunpemumfor
1 h. The signals were visualized using ct e reagent (ECL;
Amersham Biosciences, Little Chalfont, UK).

Statistical analysis. Comg of = 3 pop were made using the
Kruskal-Wallis test. Comparisons of 2 independent data sets were by
Mann-Whitney U-test. P values less than 0.05 were considered statistically
significant.

RESULTS

Increased expression of LIGHT in SF of patients with RA. To
examine whether LIGHT is involved in the pathogenesis of
RA, we analyzed the level of LIGHT in SF from 23 RA
paticnts and 10 OA patients by ELISA. SF from OA patients
were used as controls, because they were not available from
healthy individuals. The concentration of LIGHT in SF from
RA patients was significantly higher than in those from OA
patients (Figure 1). The median levels of LIGHT in SF from
RA and OA patients were 108.5 pg/ml and 7.8 pg/ml,
respeclively.

Expression of LIGHT and its receptors in RA synovial tissue
and RA-FLS. Because RA patients had more LIGHT in their
SF than OA patients, we investigated whether LIGHT and
its membrane-bound receptors HVEM and LTBR were
expressed in the RA and OA synovial tissues. Although
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Figure 1. Levels of LIGHT in synovial fluid from RA patients and OA
patients, determined by ELISA. Box plots represent 25th to 75th per-
centiles. Error bars represent 10th to 90th percentiles, Lines inside boxes
represent the median. *p < 0.05.

quantitative real-time PCR analysis revealed that mRNA
expression of LIGHT in synovial tissue was significantly
higher in RA patients than in OA patients (Figure 2A),
HVEM and LTBR levels were not different between RA and
OA patients,

Further, we investigated the mRNA expression of
LIGHT, HVEM, and LTER in RA-FLS by quantitative real-
time PCR. RA-FLS from all 7 patients expressed HVEM
and LTBR mRNA, and the level of LTBR mRNA was sig-
nificantly higher than that of HVEM mRNA, whereas no
LIGHT expression was detected (Figure 2B).

Induction of RA-FLS proliferation by LIGHT. Previous stud-
ies reported that LIGHT induces cell proliferation in T lym-
phocytes-'2 and vascular smooth muscle cells'3. Since the
expression of HVEM and LTBR in RA-FLS had been con-
firmed, we next evaluated the effect of LIGHT on the pro-
liferation of RA-FLS using a BrdU assay. As shown in
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Figure 2. Expression of LIGHT, herpes virus entry mediator (HVEM), and

lymphotoxin B receptor (LTBR) mRNA in synovial tissues and fibroblast-

like synaviocytes (FLS): A. In synovial tissues from RA patients and OA

patients. B. In RA-FLS. Level was evaluated by real-time quantitative

PCR; results are represented as relative ratios to GAPDH levels, *p <0.05,
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Figure 3A, treatment with LIGHT significantly enhanced de
novo DNA synthesis in RA-FLS in a dose-dependent man-
ner. LIGHT showed a stronger growth-promoting activity
than PDGF, at lower concentrations.

To investigate the contributions of HVEM and LTER to
the LIGHT-induced proliferation of RA-FLS, we transfect-
ed RA-FLS with HVEM siRNA or LTBR siRNA.
Quantitative real-time PCR analysis revealed that the
HVEM mRNA level in HVEM siRNA-transfected RA-FLS
was reduced by 75% compared with control siRNA-trans-
fected RA-FLS (Figure 3B). Similarly, treatment of RA-
FLS with LTBR siRNA led to a 75% reduction in the LTBR
mRNA level compared with that in control siRNA-trans-
fected RA-FLS (Figure 3B). Under these conditions,
LIGHT-induced growth of RA-FLS was significantly
decreased by LTBR siRNA, but not by HVEM siRNA, when
compared with RA-FLS transfected with control siRNA
(Figure 3C).
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LIGHT induces expression of proinflammatory cytokines,
chemokines, and adhesion molecules in FLS via LTfR.
Previous studies reported that LIGHT induces secretion of
various cytokines and augments the expression of adhesion
molecules'3!517:1% We examined the effects of LIGHT on
inflammatory cytokine and chemokine production by RA-
FLS. Treatment with LIGHT enhanced both mRNA and pro-
tein expression of IL-8, MCP-1, MIP-1¢t, and RANTES in
RA-FLS, in a dose-dependent manner (Figures 4A, 4B).
LIGHT induced IL-18B, IL-6, and GM-CSF, but not TNF-ct,
eolaxin, or MIP-1B (data not shown). Next, to assess
whether LIGHT can induce the expression of cell-surface
adhesion molecules on RA-FLS, we examined ICAM-1 and
VCAM-1 expression on LIGHT-stimulated RA-FLS.
LIGHT treatment significantly increased the expression of
ICAM-1 mRNA in a dose-dependent manner (Figure 4C).
Flow cytometry analysis revealed the augmented expression
of ICAM-1 protein on the cell surface of RA-FLS stimulat-
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Figwre 3. A. LIGHT induces proliferation of RA-FLS via LTBR. RA-FLS
were stimulated with the indicated concentrations of LIGHT or PDGF for
48 h, and proliferation was determined by BrdU assay. B, RA-FLS were
transfected with control, HVEM, or LTBR siRNA using Lipofectamine
2000, and cultured for 96 h prior to the extraction of total RNA from the
cells. Levels of HVEM and LTBR mRNA were analyzed by real-time
quantitative PCR. C. After transfection of cells with siRNA, cells were
stimulated for 48 h with 10 ng/ml LIGHT. Cell proliferation was deter-
mined by BrdU assay. Values are shown as means + SD per fold change
compared with controls, All analyses were carried out on 5 RA-FLS lines.
*p < 0.05. NT: not treated.
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Figure 4. Upregulation of IL-8, MCP-1, MIP-1a, RANTES, and ICAM-1
expression in RA-FLS by LIGHT. A. RA-FLS were stimulated with the
indicated concentrations of LIGHT for 3 h, and real-lime quantitative PCR
was performed o determine levels of IL-8, MCP-1, MIP-la, and
RANTES mRNA expression. Values arc shown as means = SD per fold
change compared with controls. B. RA-FLS were stimulated with the indi-
cated concentrations of LIGHT for 72 h. Concentrations of IL-8, MCP-1,
MIP-la, and RANTES in cell culture s were determined by
multiplex bead array assays. Values are shown as means = SD pg/ml. C.
RA-FLS were stimulated with the indicated concentrations of LIGHT for
3 h, and real-time quantitative PCR was performed to determine levels of
ICAM-1 mRNA expression, ICAM-1 surface expression on RA-FLS was
detected by flow cytometry after stimulation with 10 ng/ml LIGHT for 24
h. All analyses were carried out on 4 RA-FLS lines; flow cytometry pro-
files of one representative result are shown. *p < 0.05.

ICAM-1

ed with LIGHT (Figure 4C). Similar increases in VCAM-1
mRNA and protein expression were also seen when stimu-
lated with LIGHT (data not shown). Moreover, we investi-
gated whether knockdown of HVEM or LTBR suppressed
this series of LIGHT-induced gene expression in RA-FLS.
Compared with control siRNA, LTBR siRNA, but not
HVEM siRNA, significantly decreased the expression of
IL-8, MCP-1, and ICAM-1 mRNA induced by LIGHT
(Figure 5). Similarly, LTBR siRNA decreased the LIGHT-
induced expression of IL-18B, IL-6, GM-CSF, RANTES, and
MIP-1ct mRNA in FLS (data not shown).

Activation of NF-xB in RA-FLS via LTBR by LIGHT. 1t is
known that activation of NF-xB has a key role in inflamma-
tory disease?. Several studies have shown that LIGHT acti-
vates the transcription factor NF-xB in different cell
types™®132426, To investigate the involvement of NF-xB in
LIGHT-induced gene expression, we examined the effect of
the NF-xB inhibitor PDTC on the expression of 1L.-8, MCP-
I, and ICAM-1 by real-time quantitative PCR. PDTC com.-
pletely abolished the LIGHT-induced expression of IL-8,
MCP-1, and ICAM-1 (Figure 6A). The LIGHT-induced
expression of IL-18, IL-6, GM-CSF, RANTES, and MIP-1 ¢
mRNA in RA-FLS was also inhibited by PDTC treatment
(data not shown). The concentration of PDTC used in these
experiments had no cytotoxic effect, as demonstrated by cell
viability studies using trypan blue exclusion, which showed
that > 95% of cells remained viable over the entire period of
the experiment (data not shown).

In the immunocytofluorescence analysis using anti-NF-
KB p65 mAb, enhanced nuclear translocation of NF-xB p65
was observed in LIGHT-stimulated RA-FLS (Figure 6B).
Further, Western blotting using anti-IxBa mAb showed that
IxBa degradation was induced by LIGHT. and that IxBa
degradation was inhibited by LTBR siRNA, but not by
HVEM siRNA (Figure 6C).

DISCUSSION
We observed that LIGHT, but not HYEM or LTBR, is over-
expressed in the synovial tissues of patients with RA com-
pared with those of patients with OA. The expression of
LIGHT was not detected in RA-FLS, which comprise one of
the major components of the RA synovium. RA synovium is
histologically characterized by prominent infiltration of
macrophages and lymphocytes?”. Although LIGHT has
been supposed to be produced by activated T lymphocytes
in virro*3, a recent study reported that LIGHT was overex-
pressed in CD68-positive macrophages in RA synovial tis-
sue compared with those in OA synovial tissue, and that
expression levels of LIGHT were low in areas rich in lym-
phocytes'?. Thus, macrophages rather than FLS and lym-
phocytes could be the major source of LIGHT in the RA
synovium.

We further demonstrated that in vitro-cultured RA-FLS
express HVEM and LTBR, which implies that RA-FLS are
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