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Correlation between AREG and YEGF expression levels. (A) The VEGF mRNA expression levels in synovia from 10
RA patients and 6 OA patients were measured by real-time PCR, and are shown by box-plots (left). Significant differences from
unstimulated cells are shown by asterisks (*P < 0.05). The correlation between the mRNA levels of VEGF and AREG Is shown
by a distribution chart (right). The linear regression coefficient (R?) is 0.496 and the correlation coefficient (p) Is 0.700 (P =
0.0067). (B) The concentrations of VEGF in synovial fluids from 7 RA patients and 6 OA patients were measured by ELISA, and
are shown by box-plots (left). Significant differences from unstimulated cells are shown by asterisks (*P < 0.05). The correlation
between the protein concentrations of VEGF and AREG is shown by a distribution chart (right), in which R2is 0.577 and p is

0.772 (P = 0.0075).

upregulated, similar to AREG and EREG whose aug-
mented expressions were reported in our previous study.
Although there was no significant difference between the
levels of HB-EGF in the RA and OA samples, its high cor-
relations with AREG and EREG (p = 0.788, P = 0.0008 and
p = 0.823, P = 0.0005, respectively) imply that HB-EGF
may be upregulated in RA. Although EGF and TGFa were
also upregulated in RA, their expression levels showed no
correlations with those of other members. These resulis
suggest that AREG, EREG and HB-EGF may be regulated
by a common expression-controlling system.

In RA-PBMCs, AREG and HB-EGF were significantly
upregulated, and their expression levels were comelated
with each other (p = 0.600, P = 0.0305). Among the seven
EGF family members examined, only AREG expression
was augmented in all three tissues tested in the present
study. To confirm which lineage of blood cells expresses
AREG, PBMCs were further separated into monocyte-, T
lymphocyte- and B lymphocyte-rich fractions. None of
these fractions was enriched in AREG-expressing cells in
healthy controls or RA patients. In our recent report, we
speculated that bone marrow-derived abnormal mono-
cytes expressing AREG may migrate via the blood circula-
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tion, and bring about disease in synovia and/or other
tissues they infiltrated [25). Although our present findings
strongly support that hypothesis, the abnormal cells
expressing AREG among RA-PBMCs were not restricted to
monocytes. We conclude that they are mononuclear leu-
kocytes and not of a particular lineage.

Herceptin, a specific inhibitor of ErbB2, was reported to
suppress the proliferation of RA-FLS, but not OA-FLS, and
augmented expression of ErbB2 was considered to be a
major contributor to the autonomous proliferation of RA-
FLS [16]. In the present study, EGFR and ErbB2 were
found to be predominantly expressed in synovial tissues
and culred FLS, with no differences between their
expression levels in RA and OA. Furthermore, the expres-
sion levels of ADAM10 and ADAM17, which are also
important for the functions of EGF-like growth factors,
showed no differences between RA and OA. On the other
hand, the mRNA and protein levels of AREG were upreg-
ulated in RA synovial tissues. Furthermore, recombinant
human AREG enhanced the proliferation of FLS in a dose-
dependent manner. In our study, differences were
detected for EGF-like growth factors between RA and OA
synovia, but not for their receptors or sheddases. AREG
induces tyrosine phosphorylation of EGFR and transduces
a stronger signal when bound to EGFR/ErbB2 heterodim-
ers [15]. It has been reported that synovitis with granulo-
matous hyperplasia occurs in AREG transgenic mice [35].
These findings suggest that overexpression of AREG may
promote the proliferation of synoviocytes in affected
joints of RA patients. We investigated whether recom-
binant AREG induced the expression of PDGF and bFGF,
which are well-known growth factors for hyperplastic pro-
liferation of RA-FLS. We found that AREG had no effects
on the expression of these factors, suggesting that AREG
did not stimulate RA-FLS to proliferate via these growth
factors. However, AREG stimulated RA-FLS to express
VEGF, an angiogenic factor involved in synovial hyperpla-
s1a.

A large number of repons have shown that RA-FLS pro-
duce proinflammatory cytokines when stimulated by var-
ious stimuli [36,37]. In addition, we previously reported
that RA-FLS produce proinflammatory cytokines, such as
IL-6, IL-8, GM-CSF, 1L-1f and/or TNFa, when co-cultured
with monocytes or lymphocytes [32,33]. Our analyses of
cytokine preduction in the present study revealed that
AREG enhanced the production of several proinflamma-
tory cytokines (IL-6, IL-8 and GM-CSF) and VEGF in RA-
FLS. Since they were suppressed by an EGFR tyrosine
kinase inhibitor, the AREG-dependent induction of these
cytokines seemed to occur via activation of EGFR/ErbB2.
Interestingly, AREG downregulated the expression of
ADAMI10 and ADAM17 in a dose-dependent manner.
These results suggest the presence of negative feedback
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regulation of ADAMs via AREG/EGFR signaling. To assess
the involvement of AREG in the elevated expression of
VEGF in affected joints of RA patients, the correlations
between their mRNA levels and protein levels in synovial
fluid samples were analyzed, and good correlations were
found for both the mRNA levels (p = 0.700, P = 0.0067)
and protein levels (p = 0.772, P = 0.0075). There have
been very few reports about cytokine induction by AREG
to date. The present results suggest that the increased level
of AREG may be involved in the upregulation of VEGF in
RA joints, and demonstrate, for the first time, that AREG
stimulates RA-FLS to produce proinflammatory cytokines,
including angiogenic factors. IL-8 has been reported to be
an angiogenic factor as well as a chemoattractant factor
[38,39). Although several studies have recently shown
that AREG plays important roles in hyperplasia or angio-
genesis of skin diseases or tumors [40-43], the role of
AREG in RA pathology remains unknown. Ma et al. spec-
ulated on the involvement of AREG in the angiogenesis of
tumors [40]. Although it is known that EGF and TGFa are
potent angiogenic mediators [44,45], the proangiogenic
activity of AREG has not been directly determined to date.
Its induction of angiogenic factors, such as IL-8 and VEGF,
strongly suggests that AREG may be involved in the angio-
genesis of synovial hyperplasia in affected joints of RA
patients.

Myeloid cells expressing abnormal cell surface markers
have been observed in RA bone marrow [18,19] and
reported to be comrelated with the disease severity [20-23].
Consistent with these reports, the present study revealed
that several EGF-like growth factors were upregulated in
RA bone marrow cells, suggesting that the onset and/or
progression of chronic synovitis may be influenced by
alterations to the bone marrow in RA patients.

Conclusion

Among the seven EGF-like growth factors, AREG was
upregulated in synovial tissues of RA patients. Recom-
binant human AREG stimulated RA-FLS to proliferate and
produce several proinflammatory cytokines, including
angiogenic factors. These results suggest that the elevated
expression of AREG in synovial tissues may be involved in
RA pathology containing synovial hyperplasia. AREG-
expressing cells were observed in both the blood and bone
marrow of RA patients as well as in RA synovial tissues.
Abnormal leukocytes may lead to the upregulated expres-
sion of AREG in affected joints of RA patients.
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Abstract

SKG mice, a newly established model of rheumatold arthritis (RA), spontaneously develop
autoimmune arthritis accompanying extra-articular manifestations, such as Interstitial pneumonitis.
To examine possible roles of T cells for mediating this systemic autoimmunity, we generated T cell
clones from arthritic joints of SKG mice. Two distinct CD8* clones were established and both showed
in vitro autoreactivity by killing syngeneic synovial cells and a variety of MHC-matched cell lines.
Transfer of each clone to histocompatible athymic nude mice elicited joint swelling and histologically
evident synovitis accompanying the destruction of adjacent cartilage and bone. Notably, the transfer
also produced diffuse severe interstitial pneumonitis, Clone-specific TCR gene messages in the
inflamed Joints and lungs of the recipients gradually diminished, becoming hardly detectable in 6-11
months; yet, arthritis and pneumonitls continued to progress. Thus, the same CD8" T cell clones from
arthritic lesions of SKG mice can elicit both synovitis and pneumonitis, which chronically progress
and apparently become less T cell dependent in a later phase. The results provide clues to our
understanding of how self-reactive T cells cause both articular and extra-articular lesions In RA as

a systemic autoimmune disease.

Introduction

Rheumatoid arthritis (RA) Is a chronic inflammatory disease
of unknown etiology that primarily affects the synovial mem-
branes of multiple joints (1, 2). A cardinal feature of joint
inflammation in RA is proliferative inflammation of the syno-
vium, |.e. synovitis, which leads to the destruction of adjacent
cartilage and bone. In addition, RA frequently accompanies
exira-articular manifestations, for example the development
of rheumatoid factors, rheumatic nodules, vasculitis and inter-
stitial lung disease (ILD). Recent studies with high-resolution
Imaging have indeed revealed a high prevalence of ILD in

patients with RA (3-6). RA s thus a systemic diseasa; yet,
the immunological basis of this systemic autoimmunity Is
poorly understood.

T cells appear 1o play a key role in the development of RA
as suggested by the infiltration of T cells. especially CD4”
T cells, into the synovial tissue of RA (7-9) and the association
of genetic susceplibiiity to RA with particular alleles of HLA-
DA (10, 11). On the other hand, there is evidence in humans
and animal models that stimulated synoviocytes, composed
of macrophage-like and fibroblast-ike synovial cells, can
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themselves mediate joint destruction in a T cell-ndependent
manner (12, 13). A key issue in elucidating the pathogenetic
machanism of RA is, therefore, to determine how self-reactive
T cells contribute to the initiation and progression of synovitis
and possibly extra-articular lesions such as ILD.

The SKG strain of mice spontaneously develops T cell-
mediated chronic autoimmune arthritis (14-16). The sirain
possesses a mutation in the gene encoding a Src homology
2 domain of the {-associated protein of 70 kDa (ZAP-70),
a kay signal transduction molecule in Tcells (17, 18). Impaired
signal transduction through SKG ZAP-70 results in thymic
positive selection and failure in negative selection of highly
sel-reactive T cells that include potentially arthritogenic
T cells (14). The SKG arthritis progresses chronically, starting
from small joints of the digits and symmetrically progressing
to larger joints, such as the wrists and ankles. Histologically,
affected joints show hyperplasia of synoviocytes, inflamma-
tory cell infiltration, pannus formation and destruction of
cartilage and bone, eventually leading to joint deformity. As
extra-articular lesions, they develop interstiial prneumonitis,
dermatitis. necrobiotic nodules akin to rheumatic nodules in
RA and systemic vasculitides. Serologically, they spontana-
ously develop lgM-type rheumatoid factors, auto-antibodies
against type |l collagen and antibodies cross-reactive with
Mycobacterium tuberculosis heat shock pratein (hsp) 70. IL-1,
tumor necrosis factor (TNF)-, IL-6 or IL-17 deficiency inhibits
the development of arthritis in SKG mice (15, 19), similar 1o
the effects of anti-cylokine therapies in RA (20, 21). Thus,
auloimmune disease in SKG mice closely resembles RA in
clinical and immunopathological characteristics. In addition,
considering recent findings thal genetic polymorphism of a sig-
naling molecule at a TCR proximal step involving ZAP-70 sig-
nificantly contributes to the susceptibility to RA and other
autoimmune diseases (22, 23), SKG mice can be a suitable
madel for elucidating how a T cell-intrinsic anomaly contributes
1o the development of RA as a systemic autoimmune diseasa.

In this study, we have attempted to determine the rale of
T cells in SKG autoimmune disease by establishing T call
clones from their arthritic lesions. We have established two
distinct CD8" clones and show that both of them have the
potential to induce not only arthriis bul also pneumonitis.
This indicates that inflammation in both the joints and the
lung can be mediated, at least in part, by common autoreac-
tive T cell clones in SKG mice. In addition, by adoptively
transferring these T call clones o normal mice, we show that
autoreactive T cells are able to initiate arthritis; yet, the arthri-
tis can progress apparently in a T cell-independent manner
in a later phase. These findings contribute to our under-
standing of how T cells cause chronic arthritis and ILD in RA.

Materlals and methods

Mice

SKG and {SKG x BALBJ/c)F, mice (14) were maintained in
the animal facility of Kyoto University under a microbially
conventional condition. Female C.B-17 SCID mice (Clea
Japan, Tokyo, Japan), DBA/1J, BALB/c and BALB/c-nu/nu
mice (Charles River Japan, Kanagawa, Japan) were main-
tained under specific pathogen-free conditions at Kyoto

Uriversity or Discavery Research Laboratories of Shicnogi &
Co., Ltd. All experiments were approved by the Animal
Care and Use Committee at Kyolo University and Shionogi &
Co., Lid.

Culture medium

The culture medium for SKG T cell lines and clones was AIM-V
supplemented with 20% RPMI-1640, 1 mM sodium pyruvate,
50 uM 2-mercaptoethanol (ME), 2 mM L-glutamine, x1 peni-
cillin/streptomysin (Gibco BRL, Gaithersburg, MD, USA),
10% heat-inactivated FCS (Hyclone, Logan, UT, USA), 10%
rat -STIM™ with Con A (Becton Dickinson, Frankiin Lakes,
NJ, USA), 100 U/ml of recombinant mouse IL-2 (Genzyme,
Cambridge, MA) and 5 pg/ml of Con A (Sigma, St Louis,
MO, USA).

Establishment of T cell clones from arthritic joints of SKG mice

To establish T cell lines, severely swollen joints of SKG mice
were aseptically excised, finely minced and cultured until
clusters of mononuclear cells were confirmed in bulk culture.
Qutgrown T cells were cloned in 96-well microplates by us-
ing SKG synovial cells (1 % 10%) as feeder cells. Synovial
cells were prepared as previously described (16). Briefly,
synovial tissues from wrist and ankle joints were digested
with 400 Mand! U/ml of Liberase Brendzyme Il (Roche) in
RPMI-1640 medium for 1 h at 37°C; digested cells were fil-
trated through a nylon mesh to prepare single-cell suspen-
sions. A typical composition of the synoviocyte preparation
was ~10% CD11b* monocyte/macrophages, ~20% Gr-1*
granulocytes, ~1% T cells and other cells. Several days later
non-adherent cells wers removed by washing the plates with
culture mediumn. T cells that had outgrown from the bulk cul-
ture of synovial cells were dispensed at 1, 5, 20 or 50 cells
per well and apparently single colonies were propagated in
the culture medium described above. Clonality of each cell
was confirmed by microplate hybridization assay (MHA)
(24) and sequence analysis of TCR, Established T cell clones
were maintained without feeder cells. Dengus 2F7 and 3F2
T cell clones, established by immunization of BALB/c mice
with the N53 peptide of dengue virus, were kindly provided
by Dr H. Masaki (Kinki University), All cultures were per-
formed in a humidified atmosphere of 7.5% CO;z at 37°C.

Cytokina detection

Cytokine production by T cell clones were analyzed by ELISA.
T cell ciones wera stimulated with 10 ng/ml of phorbol
myristate acetate (PMA) (Wako Chemicals USA, Inc.,
Richmond, VA, USA) and 0.4 pg/ml of lonomycin (Calbio-
chem, Darmstad!, Germany) in culture medium at 1 x 10°
cells/ml for 16 h. The supernatants were assayed for various
cytokines using specific ELISA kits (Endogen, Woburn, MA,
LUSA, and Axis-Shield, Oslo, Norway) according to the manu-
facturer's protocol. Cytokine mRNA levels In the joints and
lungs of clone recipiant mice were analyzed by quantitative
PCR as described previously (25).

MHA for TCR AV and BV family and sequence analysis

MHA, cONA synthesis and PCR amplifications of TCR of each
Teell clone were performed as described previously (24), The



PCR products cloned into a pGEM-T Easy vector (Promega,
Madison, WI, USA) were analyzed for TCR sequences using
CEQ DTCS-Quick Start Kit according to the manufacturer's
protocol (Beckman Coulter Inc., Fullerton, CA, USA).

5'Cr release cytotoxicity assay

BALB/3T3 fibroblast line (H-2%), J774 macrophage line (H-2°),
pB15 mastocytoma line (H-2%), EL4 lymphoma line (H-2°),
1929 fibroblast line (H-2") obtained from Dainippon Sumitormo
Pharma (Osaka, Japan) and synovial cells of SKG mice
(H-2%) were used as target cells. Synovial cells (1 x 10%)
were seaeded in 96-well flat-bottom plates with 40 Ujwell of
IFN-y for 2 days and radiolabeled with 2.5 puCiwell of
Na3'CrOs (Daiichi Radioisotope Laboratories, Lid, Tokyo,
Japan) for 2 h. Other target cells (3 X 10% were radiolabeled
with 20 pCi of Na3'CrO, for 2 h and seeded in 96-well
round-bottorn plates at 1 x 10* cells per well. Effector cells
(4 % 10°) were added in each well in triplicate and incubated
for 8 h. Relalive cylotoxicity was calculated as follows from
the radioactivity released in the culture supernatant; percent
specific lysis = 100(experimental — spontaneous)/(maximal —
spontaneous) counts per minute. Maximal lysis and spontane-
ous release were determined from target cells incubated
with surfactant X7 (Flow Laboratories, ICN Biomedicals, Inc..
Aurora, OH, USA) or without affector cells, respectively.

Adoptive transfer

Spleen T cells from SKG mice or (SKG x BALB/c)F, mice
and each SKG T cell clones (1 x 107) were intravenously
transterred to C.B-17 SCID mice (8 weeks) or BALB/c-nu/nu
mice (6 weeks), respectively. Control dengue 2F7 and 3F2
clone were collected 10-14 days after in vitro stimulation
with specific peptide-pulsed irradiated (33 Gray) BALB/c
spleen cells and transferred as described above. Severity of
arthritis was scored weekly as previously described (14).

Clinical assessment of arthritis

Joint swelling was monitored by inspection and scored as
follows: 0, no Joint swelling; 0.1, swelling of one finger joint;
0.5, mild swelling of wrist or ankle and 1.0, severe swelling
of wrist or ankle. Scores for all fingers and loes, wrists and
ankles were totalled for each mouse (14).

Histological assessment of interstitial pneumonitis

Interstitial pneumonitis was evaluated microscopically depend-
ing on diffusely affected area: -, normal histology; +, 10-30%:
++, 30-680%; +++, >60% of the sections of the lungs showed
pneumonitis.

Histology and immunochistochemistry

Tissues were fixed in 10% neutral formalin, paraffin embedded
and stained with Haematoxylin & Eosin (H&E). Joints were ad-
ditionally decalcified for 3 weeks in 10% EDTA in PBS before
staining. For immunohistochemistry of joints, deparaffinized
sections were incubated with 20% normal rabbit serum
(Dako, Hamburg, Germany) in PBS for 15 min to block non-
specific binding, primary rat anti-Ly-6G mAb (Gr-1, RBE-BCS;
BD PharMingen) with appropriate dilutions overnight at 4°C,
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biotinylated polyclonal rabbit anti-rat antibody (Dako) and
HRP-conjugated streptavidin (Dako). The sfides were devel-
oped using diaminobenzidene (Elite Kit; Vector, Buriingame,
CA. USA) and counterstained with Mayer's hematoxylin.

For immunohistochemistry of lungs, tissues were fixed
in 4% phosphate-buffered PFA (pH 7.4) and embedded in
Tissue-Tek OCT compound (Ted Pella, Inc., Redding, CA,
USA). Cryostat sections were stained with rat mAbs to
mouse CD4 (H129.19), CDBa (53-6.7), CD45R/B220 (RA3-
6B2), Ly-8G (RB6-8C5) (BD PharMingen) and F4/80 (Cl:
A3-1) (CALTAG Laboratories, Buringame, CA, USA) with
appropriate dilutions followed by incubation with bictinylated
secondary antibodies and HRP-conjugated streptavidin. The
slides were developed as described above.

Southern blot analysis

The persistence of transferred clones in the recipients was
assessed by Southern blot analysis. Two micrograms of total
RMNA of each lissue was treated with DNasel and reverse Iran-
scribed using Superscript Il (Invitrogen, Carlsbad, CA, USA).
Nested PCRs were performed as described previously (24) to
amplify TCR B chain of 35S or dengue 2F7 with the primers
specific for V, J and C region. Ten microliters of the PCR prod-
ucts were separated on 2% agarose gel, transferred onto
Hybond-N+ membranes (Amersham Biosciences, Piscalaway,
NJ, USA) according to the manufacturer's instructions. The
membranes were prehybridized overnight with PerfectHyb
(TOYOBO CO., Ltd, Osaka, Japan) at 54°C and hybridized
with the third complementarity-determining region (CDR3)-
specific probes labeled with *P-deoxyadenocsine triphosphate
for 3 h at 54°C. The membranes were washed in X2 standard
saline citrate (3SC) and 0.1% SDS at room temperature and
%0.2 SSC and 0.1% SDS at 37°C. ANA extracts of 35S and
dengue 2F7 clones, diluted to 1% of concentration with RNA of
L9 cells, were used as positive controls. The detection limits of
35S and dengue 2F7 were compared using the serial dilution
of positive contrals and bath systems detected the RNA extract
corresponding to the amount of one cell.

The sequences of PCR primers and probes are as follows;
358: first PCR (BVBS3-1: 5'-ATA TGG TGC TGG CAA CCT
TC-3' and MCB1: 5'-AGG ATT GTG CCA GAA GGT AG-3'),
second PCR (BVBS3-2: 5'-ACC AGA ACA ACG CAA GAA
GAC T-3' and MCB2: 5'-TTG TAG GCC TGA GGG TCC-3'),
third PCR (BV833-3: 5'-TTC CTC CTG CTG GAA TTG GC-
3' and BJ1.5: 5'-TAG AAC AGA GAT CGA GTC CC-3') and
probe (5'-AGT GGG ACA GGG GGC AAC CA-3'). Dengue
2F7: first PCR (BVBS1-1: 5'-CCC AAA GTC CAA GAA GCA
AG-3' and MCB1), second PCR (BVBS1-2: 5-GTA CAA
GGC CTC CAG ACC AA-3' and MCB2), third PCR (BV8S1-
3: 5.-TGG CTT CCC TTT CTC AGA CA-3' and BJ2.7:
5'-AAG GAG ACC TTG GGT GGA GT-3') and probe (5'-
TGC CAC CAA CGA CAA CTC CT-3).

Results
Induction of arthritis and Iinterstitial pneumonitis in SCID mice
by the transfer of SKG splenic T cells

In our conventional housing environment, SKG mice started
Io develop arthritis around 2 months of age and
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histologically evident mild interstitial pneumonitis around 6
months of age (14). To determine the role of T cells in SKG
mouse autoimmunity, we transterred splenic T cells from 3-
month-old arthritic SKG mice (without histologically evident
pneumonitis or colitis) to T/B-cell-deficient C.B-17 SCID
mice, which are histocompatible with SKG mice on the
BALB/c background (14). Within 2 maonths after transfer, the
recipient developed arthritis (14) and mild but histologically
evident interstitial pneumoenitis (Table 1, Fig. 1); they also de-
veloped mild colilis (data not shown). Similar cell transfer
from non-arthritic heterozygotes of the SKG mutation failed
to induce such lesions in the recipients, Age-matched SCID
mice similarly maintained in our facility did not develop these
lesions histologically (data not shown). The resuits thus indi-
cale that SKG T cells are able to adoptively transfer arthritis
and also have a potential to induce interstitial pneumonitis
and colitis when transferred to SCID mice

Establishment of T cell clones from arthritic joints

To analyze the mechanism of such T cell-mediated inflamma-
tory lissue damage in multiple organs, we altempled to
establish T cell clones from arthritic joints of SKG mice, as
described in Materials and methods. Twa T cell clones, des-
ignated 355 and 73S, were astablished in separate experi-
ments. The clones were maintained and expanded with
culture medium containing IL-2 and Con A (see Malerials
and methods). CD8" CTL clones specific for dengue virus
NS3 protein were used as control.

Cytotiuorometric analyses revealed thal the 35S and 73S
clones were CD8*, Both expressed a and B chains of the
TCR, and the expression level of the TCR on 35S was
slightly lower than normal (Fig. 2). In response to in vilro
PMA and ionomycin stimulation, 35S and 73S produced
IFN-y but no detectable amount of TNF-, IL-4, IL-5, IL-6,
IL-10 or IL-17 by ELISA (Table 2).

Clonality of each T cell line was confirmed by MHA (24)
(data not shown) and sequence analysis of the TCR a« and p
chains with determination of the amino acid sequences of
the TCRs (Table 3). Interestingly, these T cell clones shared
in comman the BVBS3 TCR VB subfamily, yet, the CDR3
sequences of the TCR B chains were different (26-29).

Table 1. Induction of arthritis, interstitial pneumonitis and
colitis in SCID mice by the transfer of SKG splenic T cells

Spleen cell donar Reciplents  Arthritis  Interstitial Colitis
pneumonitis
SKG ++ (4.6)
++ (4.0)
++(4.0)

++(3.0)
(SKG x BALBJ/c)F, -

P+ +17
e+ + +

B Q0P = b LD PO -

Cells (1 x 107) of T cells prepared from spleens of indicated mice
were Inravenously transferred to 8-week-old SCID mice. The severity
of arthritls, Interstital pneumonitls and colltis In these mice was
histologically assessed 2 months later.

Autoreactivity of T cell clones

In 5'Cr release cytotoxicity assay to determine cylotoxic ac-
tivity of the SKG clones against syngeneic synovial cells,
35S and 73S lysed SKG synovial cells prepared by crude
collagenase digestion of inflamed synovium (44.0 and 16.3%
of specific lysis, respectively, at a high 40:1 ratio), while con-
trol dengue 2F7 clone did not (Fig. 3A). 35S lysed not only
syngeneic synovial cells but also MHC-matched cell lines,
such as BALB/c-derived 3T3 cells, macrophage-iike J774
cells and DBA/2 (H-2°)-derived PB15 cells, whereas the clone
failed to lyse allogenic EL-4 (H-2°) lymphoid or L8929 (H-2¥) fi-
broblast cell line (Fig. 3B). Thus, 355 appears to recognize
a ubiquitous self-peptide in an MHC-restricted manner. These

.B
.

Fig. 1. Arthritis and pneumonitis in SCID mice transferred with Tcells
from SKG mice. Histology of a joint (A) and lung (C) of a SCID mouse
T cell transferred from (SKG x BALB/c)F, mouse. Arthritis (B) and
interstitial pnaumonitis (D) in a SCID mouse T cell transferred from
a SKG mouse. HAE staining (A and B, x100; C and D, %x50).

bbb
b

Fig. 2. Expression leveis of CD4, CD8 and aff TCR on 35S, 73S and
dengue 2F7 clones



functional characteristics, together with cell surface and cylo-
kine-secreting profiles, indicate that 35S and 73S are CTL
and that they bear self-reactive specificity.

Induction of synovitis in BALB/c nude mice by adoptive
transfer of T cell clonss

To examine possible arthritogenicity of the T cell clones, they
were transferred to BALB/c nude mice once, and the degree
of joint swelling of each recipient mouse was assessed once
a week for 12 months (Fig. 4). Transfer of 355 and 73S

Table 2. Cytokine production (ng/ml) of T cell clones derived
from SKG joints and control clones

TNF-2 IFN-y L4 L5 IL-10 L6 IL17
358 002 180 003 <002 <004 02 <00
738 0.02 B0 003 <002 12 <005 <001
Dengue 2F7 0.2 10 ND ND <004 <005 <001
Dengus 3F2 0.02 20 ND ND <0.04 <005 <001

Culture supemnatant of activated cells by PMA and ionomyein for 16 h
were assayed by ELISA. ND, not dene.

Table 3. COR3 sequences of the TCR a and i chain used by
the SKG T cell clones

TCH a chains
AV

v N J Ad
358 36 CAVT §D SGTYQRF 13
735 351 CAASM AR NSGTYQRF 13
Dengue 2F7 252/7 CAA NOQGGRALIF 15
Dengue 3F2 2S52/T CAA SGRD YANKMIF 47
TCR B chains

v N-D-N  J BJ
358 BS3 CASSG TGG NQAPLF 1.5
735 BS3 CASSG WGD AEQFF 21
Dengue 2F7 B8S1 CAT NDN SYEQYE 27
Dengue 3F2 BS2 CASE TR EQYF 28

The amino acid sequences of the V, D and J regions of the TCR were
determined according to the nucleotide sequences. AV and BV gene
families were assigned according to Arden et &/, (26). AJ genes were
numbered according o Koop et al. (27). BJ genes were assigned
according to Malissen et al. (28) and Gascoigne ef al. (29).

A w0 B s
34 3 60
2 2
€ 3 %m
21 £ 20
0355 735 deague 07 58
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clones induced joint swelling with incidences of 57.1%
(4 out of 7 mice) and 42.9% (3 out of 7 mice), respactively,
during the observation period; synovitis was histologically
evident in 71.4% (5 out of 7 mice) in each transfer (Table 4,
Fig. 5). Once joint swelling started in one joint following cell
transfer, it slowly progressed with remissions and exacerba-
tions, leading to swelling of other joints in a symmetrical
fashion (Figs 4 and 5A-D). Two mice showed progressive
debilitation to death without an apparent cause, although
one of them showed dermatitis; with debilitation, joint swell-
ing somehow remitled in these mice.

Histologically, swollen joints showed marked synovial and
peri-articular inflammation when examined 6-12 months after
cell transfer (Fig. 5E and F). The inflammation accompanied
a marked proliferation of synovial lining calls, infiltration of in-
llammatory cells into subsynovial tissue and joint cavity and
aclive angiogenesis, pannus eroded the adjacent cartilage
and bone (Fig. 5F). Gr-1-positive neutrophils were abundant
among the infiltrating cells, as observed in the arthritic
lesions of SKG mica (14, 15), whereas few T cells infiltrated
into the inflammation sites (Fig. 5G and H).

In accordance with the appearance of multinuclear calls at
the interface between profiferaling synoviocytes and bone, many
tartrate-resistant acid phosphatase-positive osteoclasts were
observed in the inflamed joints (Fig. 6A-D). Safranin-O staining
revealed a decrease in proteoglycan In the articular cartilage
matrix of severely affected joints (Fig. 6E and F). Notably, Gr-
1-positive cells, mainly neutrophils, also increased in the bone
marrow (BM) of the affected recipients (Fig. 6G and H).

A high level of circulating rheumatoid factors was delected
in one mouse out of seven recipients of the 35S clone and in
none of the recipients of other clones (data not shown).

Some of the swollen joints following transfer of 358 CD8*
clones exhibited higher expression levels of IL-17 mRNA
assessed by quantitative reverse transcription (RT)-PCR than
those from mice transferred with control CD8" clones (Sup-
plementary Figure 1A, available at International Immunology
Online), despite thal 35S failed to produce IL-17 upon in vitro
stimulation.

Taken together, the CD8* T cell clones prepared from ar-
thritic lesions of SKG mice were able to induce arhritis in
athymic nude recipients, leading to the destruction of the
surrounding cartilage and the bone.

dengue 2F7

Fig. 3. In vitro self-reactivity of SKG T cell clones. (A) CTL activity of SKG Tcell clones against SKG synovial cells. CTL ciones specific for dengue
virus NS3 protein, dengue 2F7, was used as control. IFN-y-ireated target cells were *'Cr labeled In adherent condition and Incubated with
effector calls for 8 h (E:Tratio = 40). (B) CTL activity of SKG Tcell clones against various types of cell lines (E:T ratio = 40). CTL activity of dengue
2F7 clone was also analyzed against H-2 cells pulsed with a specific peptide (E-Tratio = 10). All assays were conducted in triplicata with 8 h of
incubation. The mean and standard deviation of three indepandent experiments are shown in each bar.
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Induction of interstitial pneumonitis in BALB/c nude mice by
the transfer of T cell clones

Notably, histologically evident severe alveolitis and diffuse
interstitial pneumonitis also developed in all the recipients of
355 and 735 but not in those recipients of dengue 2F7 and
3F2 clones (Table 4 and Fig. 7A-D). Some recipients of 3558
and 73S developed only pneumonitis without histologically
evident synovitis. No histologically apparent inflammation was
observed in other tissues/organs including the liver and the
colon in any of these recipient mice (data not shown). The dif-
fuse pulmonary lesions (Fig. 7A and B) comprised thickening
of the alveclar walls, and perivascular and peribronchiolar in-
filtration by Inflammatory cells (Fig. 7C and D). Immunohisto-
chemical analysis of the 73S recipients 6 months after cell
transfer revealed the infiltration of a large number of granulo-
cytes as Gr-17 cells (Fig. 7E). macrophages as F4/80" cells

o 3 6
Months alter transfer

Fig. 4. Time course of joint swelling In the recipient mice of SKG Tcall
clonas, 355 (A) and 73S (B). Score for all paws were totalized lor sach

mouse. +, Sacrificed at the Indicated time poinis; *. the mouse
developed dermatitis al 5 months after transfer.

Months after transfer

(Fig. 7F) and B cells as B220" cells (Fig. 7G) into the alveolar
walls and spaces and also the perivascular and peribronchio-
lar area where only a small number of CD8* T cells were
detected, which might be transferred 1o CD8* clones or de-
rived from nude mice (30) (Fig. 7H). CD4* T cells were occa-
sionally found in the lesions and could be those derived from
endogenaus T cells that might develop extrathymically in aged
nude mice (Fig. 71) (30).

The pulmonary tissues with severe interstitial pneumonitis
following COB* clone transfer exhibited higher expression
levels of IL-17 mRNA by guantitative R-PCR compared with
the mice transferred with control CD8* clones (Supplementary
Figure 1B, available at International Immunology Online).

Thus, the SKG arthritogenic T cell clones are abie to induce
interstitial pneumonitis when transterred to athyric nude mice.

Detection of transferred clones in recipient mice

Since Tcells were hardly detected by immunohistochemistry at
the site of synovitis or pneumonitis 6 months after clone transfer
(data not shown and see above), the persistence of transferred
clones in the recipients was assessed by RT-PCR amplification
of TCR p chain gene and Southern blot analysis of the producls
with a CDR3 sequence-specific probe. We adopted this
method to avoid detecting nude mouse-derived cligocional en-
dogenous T cells that may expand with aging (see above) (30-
32). For example, a clone-specific TCR message of the 355
clone was detected in the majority of recipient spleens 1
month after transfer but not in the spleens examined 6
months later (Fig. 8). As shown in Fig. 9, the messages were

Table 4. Development of arthrilis and interstitial pneumonitis in BALB/c nude mice transferred with T cell clones

Clone Individual raciplents Macroscopically evident arthritis Histological analysis
Onset (months) Sacrifice (months) Clinical score® Synaovitis” Interstitial pneumenitis®
358 1 5 10 3.7 e +
2 6 " 3.2 -+ ++
3 7 i1 16 -+ et
4 10 12 20 ++ B
5 - 9 0 + +
6 - 12 0 —_ St
7 - 12 0 — —t
738 1 25 [ 2.8 ++ -+
2 35 6 35 -+ +
3 5 ] 33 ++ ++
4 - 8 0 + -+
5 - 8 0 + G
] - 12 [¢] - ++
T - 12 0 - ++
Dengue 2F7 1 - 9 0 — —
2 - a ] — —
3 - 9 0 - —
4 - 9 0 - .
5 - 12 1] — =
6 - 12 0 — —
7 - 12 1] — e
Dengue 3F2 1 - 12 0 - —
2 = 12 0 — o

Six-week-old BALB/c nude mice wers Intravenously Injectad with 1 % 107 cells of ach clone. The incidence of joint swelling of the reciplent mice
was examined weekly. Mice were sacrificed 6-12 months after cell transfer.

"Maximum clinical score of arthrilis.

., Without change; +, microscopically observed synovitis without joint swelling; ++. macroscopically obvious joint swelling.
©~, Normal histology; +, 10-30%; ++, 30-80%; +++. >80% of the sections of the lungs showed pneumonitis (Fig. 7).
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Fig. 5. Arthritis In athymic nude mice transferred with SKG T cell clones (A-D) Macroscopic views ol a forepaw (A) and a hind paw (C) of
a reciplent of control dengue 2F7 and a forepaw (B) and a hindpaw (D) of a recipient of 355. (E-H) Histology of the joints of recipienis of contral
dengue 2F7 (E) or 355 (F). Proliferation of the synovial lining cells, srosive destruction of cartilage and bone and infiltration of inflammatory cells is
noted in a oint of a 35S recipient (F) (H&E staining, %40). (G) Gr-1-positive cells were abundant among the infilrating cells in a joint of 355
recipient mousse (%200). High-magnitication view (% 1000) of the synovial lesion in 35S transferrad mouse, showing that most of the Infiltrating
cells are granulocytes or monocytes (H) (H&E staining). (A, C and E) 12 months after transfer. (8, D and F-H) 10 months after transfer

detected in every tested tissue with high frequency for the
first 3 months after cell transfer; the detection rate became
lower with time; clone-specific TCR signals were not detected
in most tissues examined at 6-11 months after transfer, ime-
spective of the swelling of the joints and the presence of inter-

stitial pneumonitis by histological examination. These findings
collectively indicate that the T cell clones initiate arthritis but
the progression and persistence of the disease may not re-
quira the expansion of the clones even if a small number of
them might persist in the joints and the lung.
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Fig. 8. Bone and cartilage destruction in athymic nude mice transterred with SKG T cell ciones. High magnification of HAE-stained sactions of
a nude mouse recipient of dengue 2F7 (A) or 355 (B), showing bone erosion by pannus and BM activation (%400). Multinuclear cells
(osteociasts) (arrow) are also observed. Tartrate-resistant acid phosphatase-positive cells (ostecclasts) are detectad In a 355 reciplent (D) but
not in a 2F7 reciplent (C) (% 400). By Salranin-O staining, proteoglycan stained red decreases in the articular cartilage matrix of a reciplant of 355
(F) but not in a recipient of 2F7 (E) (% 100). By immunohistochemistry, Gr-1-positive cells increasa in the BM of a 35S recipient (H) but not in & 2F7
recipient (G) (x200). (A, C, E and G) 12 months after transfer; (B, D, F and H) 10 months after transfer.

Discussion exhibited in vitro autoreactivity against not only synoviocytes
; . ot but also a variety of MHC-malched cell lines and eliciled

In this study, we have established two distinct CD8* T cell i . e

clones from arthritic lesions of SKG mice. Interestingly, both both arthritis and Interstitial pneumonitis when transferred to
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Fig. 7. Interstitial preumonitis induced by the transter of SKG T cell clones, (A-D) H&E-stained sections of the lungs of the recipients of contrel
dengue 2F7 clone (A) or 73S clone (B-D) (A-B, x100). Lower (C, x10) and higher (D, x400) magnification of tha lung of 735 clone reciplent
show thickening of alveclar walls diffusely in the lung. (E-J) Serial sections of a lung of a 73S recipient mouse were stained for Ly-6G (Gr-1) (E),
F4/80 (F), B220/CD45R (G), CD8a (H) or CD4 (1), with staining control (J) (x400). Typically positive cells in these stainings are arrowed. (A-J)
6 months after transfer.
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PC __lwk Imo NC
—
rc Imo 6mo  NC
1
Fig. 8. Detection of a clone-specific TCR message of 355 clone in
spleens by RT-PCR ampilification and Southem blot analysis. After
transfar of 1 x 107 clone cells to BALB/c nude mice, RNA was
extracted from spleens at indicated days. PC, positive control (RNA
from 358 clone diluted 10 1%); NC, negative control (RNA from

a B-month-old non-treated BALB/c athymic nude mouse). The
separate lanas represent individual mice.
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Months after transfer

Fig. 9. Detection of TCR mRNA of the transferred clones in recipient
BALB/c nude mice. 3585 (A) or dengue 2F7 (B) in the recipients ware
detected by Southern bilot analysis using primers and probes specific
for TCR V and J region and CDR3 sequences of each clone. All mice
with at least one positive signal out of four joints were considered 1o
be positive. (A) n= 3 at 1 week; n = 6 at 1 month; n = 8 at 3 months:
n =2 al 6 months; n = 2 at 10-11 months. (B) n = 2 in every group. No
signal was detected in control 6- or 11-maonth old BALB/c nude mice
in each Southern biot analysis (data not shown),

histocompatible T cell-deficient mice. Furthermore, the ar-
thritic and pulmonary lesions chronically progressed irre-
spective of the decline in the number of transferred T cell
clones to hardly detectable levels in either lesion.

Our previous study showed that bulk CD4* T cells alone
from arthritic SKG mice were able to transfer the diseasa o
athymic nude mice, whereas bulk CD8" T cells alone were
not and that abundant CD4" T cells and only a small number
of CD8" T cells were found by immunohistochemistry in the

arthritic subsynovial tissue of arthritic SKG mice (14). These
apparently opposing results with CD8* T cell clones versus
bulk CD8" T cells indicate that potentially arthritogenic CD8”
Tcells are present in SKG mice and may usually need CD4"
T cell help for induction of arthritis; yet, they are potentially
able to mediate arthritis without CD4" T cell help if they are
strongly activated, clonally expanded to a large number or
possibly selected for stronger self-reaclivity during in vitro
culture. It remains lo be delermined how CDB" clones elicit
proliferalive synovitis rather than cytotoxic killing of certain
cellular elements in the joint. One possibility is that these
CD8" clones, which exert in vitro killing activity at a high
T celltarget cell ratio, might also be able to stimulate syno-
viocytes through secreting cytokines, It is of interest in this
regard that the joints and the lungs with severe pneumonitis
in some recipients of the CD8* clones showed aclive tran-
scription of IL-17 mRANA (Supplementary Figure 1, available
al International Immunology Onling). Although the CD8"
clones did not produce delectable amounts of IL-17 by
in vitro stimulation, they might produce the cytokine in the
joints or interact with nude mouse-derived o/fi or y/5 T cells
and stimulate them to secrete IL-17 (33, 34). It is of note that
a large number of Gr-1" mature neutrophils exuded Into the
joint fluid and infiltrated into the subsynovial tissue of the re-
cipient nude mice, as in the arthritic lesions of SKG mice
(14). BM of the clone recipients also showed an increase in
the number of Gr-1* mature neutrophils. It remains to be de-
termined how CD8" T cells mediate arthritis and pneumonitis
in SKG mice by recruiting other cellular elements including
neutrophils, how they Increase neutrophils in the BM and
whether IL-17, which is capable of recruiling neutrophils, is
Involved in these processes (35, 36).

It also needs further investigation whether |FN-y secreted
by the ransferred CDB" clones or their killing activity could
contribute to the development of synovitis, IFN-y may acti-
vate synoviocyles direclly or indirectly through activating
macrophages, facilitating synoviocyte proliferation. It might
up-regulate the expression of MHC class | in synovial cells, ren-
dering them susceptible to cytotoxic activity of CD8* T cells.
With these apparently opposing activities of arthritogenic
CD8* T cells (i.e. kiling versus proliferation of synoviocytes),
they mediate proliferative synovitis rather than synoviocyte
destruction presumably because synoviocytes might be more
sensitive in vivo to the stimulatory effect than the cytotaxicity
(see Discussion below).

The CDB8* clones exhibited in vitro cytotoxic activity
against not only syngeneic synovial cells but also a variety
of MHC-matched lymphold and non-lymphold cell lines. Al-
though their precise antigen specificities need to be deter-
mined, this finding suggests that these clones may
recognize a ubiquitous self-antigen (for example, ubiquitous
cellular protein such as hsp complexed with MHC or the
MHC molecule itself) expressed in the joint and lung and
other tissues, rather than a common self-antigen exclusively
expressed in the joint and lung. If this is the case, how are
the joint and the lung selectively affected by these T call
clones? For the following reasons, one could attribute this
to unique characteristics of the synoviocytes, and possibly
the alveolar macrophage, as the target of this autoimmunity.
Compared with other tissue cells. the synoviocytes are



highly sensitive to pro-inflammalory cytokines, for example
systemic overproduction of transgenic TNF-a or IL-1 almost
exclusively produces chronic arthritis even in mice deficient
of both T and B ceils (37-39); similarly, systemic deficiency
of the IL-1R antagonist, and resulting overproduction of IL-1,
or systemic alteration of signal ransduction via IL-6 receptor
results in predominant development of arthritis with no in-
flammatory damage to other tissues (40, 41). These findings
collectively indicate that synoviocytes are much more sensi-
tive to the SKG self-reactive T cell clones (at least 1o those
secreting pro-inflammatory cytokines) than other tissue cells,
even if the common self-antigens recognized by the clones
are ubiquitously expressed. In addition, synoviocytes are
unique in that they are the target cells and also the media-
tors of autoimmunity, i.e. upon stimulation (e.g. by cylokines
or via cell contact stimulation by seli-reactive T cells), they
proliferate and secrete pro-inflammatory cytokines (e.qg. IL-1,
IL-8 and TNF-a) and other inflammatory substances (matrix
metalloproteinases and prostaglandins), mediating inflam-
mation and tissue damage (42). It is fikely that the cells
composing the alveolar walls, in particular the alveolar
macrophages, are sensitive and responsive to T cell self-
reactivity in a similar manner as synoviocytes and that
excessively and chronically activaled macrophages might
mediate alveolitis and interstitial inflammation. A similar mech-
anism might also be responsible for the development of coli-
tis in SKG mica (Table 1).

We do not assert, however, that SKG arthritis and pneu-
monitis are solely mediated by T cells recognizing a ubiqul-
tous common self-antigen. We have previously shown that
SKG mice spontaneously produce IgG isotype auto-antibody
specific for joint-rich type Il collagen or igG antibody cross-
reactive with hsp-70 of Tuberculosis bacilli (14). This indi-
cates that helper CD4* T cells that specifically react with
thesa self-anligens may also be induced in SKG mice either
primarily or secondarily to joint damage. Moreover, we have
recently shown that some self-reactive T cells in SKG mice
may not be arthritogenic bul can polyclonally slimulate
antigen-presenting cells in the spleen and lymph nodes to
secrete IL-6 and other cytokines, which in turn facilitate dif-
ferentiation of potentially arthritogenic salf-reactive T cells to
Ta17 effector T cells that mediate synovitis (19). In addition
to our current approach to the characterization of antigen
specificity of SKG autoimmune T cells by preparing T cell
clonas, efforts are being made to further characterize infil-
trating T cells in situ at a single-cell level by amplifying their
TCR message.

Tracing the fate of transferred T cell clones revealed that
clone-specific TCR gene messages gradually diminished
not only in the inflamed joints and the lungs but also in the
regional lymph nodes and spleens of the recipients, becom-
ing hardly detectable in 6-11 months; yet, inflammation in
the joints and the lung continued to progress and severe ar-
thritis and pneumonitis were apparent even 12 months after
clone transfer. Thus, initial triggering of synovilis requires
arthritogenic T cells; yet, synovitis apparently becomes less
T cell dependent in a later phase, albeit it chronically pro-
gressas with the formation of pannus destroying adjacent
cartilage and bone. as in human RA (2), This may correlate
with the findings in humans that T cell-targeted mAb therapy
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is not much efficacious in the treatment of RA at a chronic
siage (43). Further characterization of each stage of disease
development in SKG mice will contribute to our understanding
of the cellular and molecular basis of the T cell-depandant
and -independent phases of disease progression in the joints
and alsa in the lung in RA.

in conclusion, we have shown that CD8" T cell clones
established from arthritogenic lesions of SKG mice are
capable of mediating not only arthritis but also interstitial
pneumanitis immunopathologically resembling ILD in RA. This
provides a possible common pathogenetic basis between ar-
thritls and ILD in RA. The etiology of RA is largely obscure at
present (1, 2). Yet, there are recent findings thal genetic
polymarphism of the PTPN22-encoded lymphoid tyrosine
phosphatase, which alters signal transduction at a TCR
proximal step involving ZAP-70, contributes significantly
(second only to MHC polymorphism) to the susceptibility to
RA and other autoimmune diseases (22, 23, 44, 45). The
polymorphism might be responsible for thymic generation of
arthritogenic and other self-reactive T cells. Further elucida-
tion of the mechanism by which such autoreactive T calls
are generated and activated in SKG mice, and characteriza-
tion of putative ubiquitous self-antigen recognized by
self-reactive T cells capable of mediating arthritis and pneu-
monitis, would facilitate our understanding of the eticlogy
and the pathogenelic mechanism of RA as a systemic
autoimmune disease. This should help devising preventive
or curative measures for the disease.
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Online.
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Introduction

Summary

Formation of osteoclasts and consequent joint destruction are hallmarks
of rheumatoid arthritis (RA). Here we show that LIGHT, a member of
the tumour necrosis factor (TNF) superfamily, induced the differentiation
into tartrate-resistant acid phosphatase (TRAP)-positive multinucleated
cells (MNCs) of CD14* monocytes cocultured with nurse-like cells iso-
lated from RA synovium, but not of freshly isolated CD14" monocytes.
Receptor activator of nuclear factor-xB ligand (RANKL) enhanced this
LIGHT-induced generation of TRAP-positive MNCs, The MNCs showed
the phenotypical and functional characteristics of osteoclasts; they showed
the expression of osteoclast markers such as cathepsin K, actin-ring for-
mation, and the ability to resorb bone. Moreover, the MNCs expressed
both matrix metalloproteinase 9 (MMP-9) and MMP-12, but the latter
was not expressed in osteoclasts induced from CD14" monocytes by
RANKL. I histochemical analysis showed that the MMP-12-produc-
ing MNCs were present in the erosive areas of joints in RA, but not in
the affected joints of osteoarthritic patients. These findings suggested that
LIGHT might be involved in the progression of inflammatory bone
destruction in RA, and that osteoclast progenitors might become compe-
tent for LIGHT-mediated osteoclastogenesis via interactions with synovio-
cyte-like nurse-like cells.

Keywords: differentiation; LIGHT/TNFSF14; monocyte; osteoclast; rheu-
matoid arthritis

would lead to diseases accompanied by local bone
destruction. Rheumatoid arthritis (RA) is a chronic

Osteoclasts are large, tartrate-resistant acid phosphatase
(TRAP)-positive multinucleated cells (MNCs). Receptor
activator of nuclear factor-xB ligand (RANKL) is a key
regulator of osteoclast differentiation from haematopoietic
precursors of the monocyte/macrophage lineage. Although
osteoclasts have an essential role in physiological bone
remodelling, increases in their number and activity,

inflammatory disease characterized by arthritis affecting
multiple joints and the progressive destruction of cartilage
and bone.* Osteoclasts are important contributors to the
joint destruction in RA. Inflammatory cytokines, such as
tumour necrosis factor-a (TNF-a) and interleukin-1
(IL-1), which are upregulated in RA synovial tissues, are
known to induce the differentiation and activation of

Abbreviations: CTX-1, type I collagen C-telopeptide; HVEM, herpes virus entry mediator; LTPR, lymphotoxin P recepror; MMP,

matrix metalloproteinase; MNCs, multinucleated cells; NLCs, nurse-like cells; OA, osteoarthritis; RA, rheumatoid arthritis;
RANKL, receptor activator of nuclear factor-xB ligand; TRAP, tartrate-resistant acid phosphatase.
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osteoclasts.™® Invasive synovial tissue at sites of bone
destruction, also termed pannus, plays important roles in
osteoclastic bone resorption.™

We previously established nurse-like cells (NLCs) from
the synavial tissues of RA patients.'® Although having the
same appearance as fibroblast-like synoviocytes, NLCs
have a number of distinct activities that could contribute
to rheumatoid inflammation.'™" Among these are their
ability to promote antibody production by B cells, the
capacity to protect lymphocytes from apoptosis, and the
ability to secrete large amounts of cytokines and chemo-
kines such as IL-6 and IL-8 that could promote the accu-
mulation and activation of lymphocytes and monocytes.
However, fibroblast-like synoviocytes from patients with
osteoarthritis (OA) hardly show any such activities.'®'®
Therefare, to distinguish them from general fibroblast-like
synoviocytes, we have defined synovial NLCs as those
that go through the active cell population from the RA
synovium. The NLCs promote the survival of peripheral
blood monacytes via macrophage colony-stimulating fac-
tor (M-CSF) production.'®” Monocytes cocultured with
NLCs for 4 weeks possessed TRAP activity and differen-
tiated into osteoclasts in response to some cytokines,
including RANKL." These reports have suggested that
NLCs might be involved in RA-induced bone destruction
by maintaining osteoclast precursors in areas of progres-
sive synovial expansion.

LIGHT, which is homologous to lymphotoxin, exhibits
inducible expression, and competes with herpes simplex
virus glycoprotein D for herpes virus entry mediator, a
receptor expressed by T lymphocytes, was recently identi-
fied as a type 2 transmembrane glycoprotein of the TNF
ligand superfamily (TNFSF14).'* LIGHT is expressed on
activated T lymphocytes,"™'® monocytes,” granulocytes®
and immature dendritic cells?' LIGHT signalling is
transduced via two members of the TNFR family, herpes
virus entry mediator (HVEM, TNFRSFI14) and lympho-
toxin B receptor (LTPR, TNFRSF3), The HVEM is
expressed prominently on monocytes, dendritic cells and
lymphocytes,'”**~** whereas LTPR is expressed on many
cell types with the exception of lymphocytes,'20%
LIGHT has been shown to regulate cell prolifera-
tion*"***” and apoptosis,™™** to induce the secretion of
various cytokines, and to augment the expression of
adhesion molecules.***~*! Recently, Kim er al. reported
that LIGHT was overexpressed in the synovial tissue of
RA patients and that it induced the production of
chemokines, cytokines and matrix metalloproteinase 9
(MMP-9] from macrophages in synovial fluid.** More-
over, LIGHT contributes to the survival and activation
of synovial fibroblasts in RA.**** These studies have sug-
gested that LIGHT may be an important inflammatory
cytokine in the development of RA. However, the roles
of LIGHT in the bone destruction in RA have not yet
been elucidated.

In this study, we compared the abilities to differentiate
into osteoclasts in response to LIGHT, between fresh
CD14" monocytes and CD14" monocytes cocultured with
NLCs, We found that LIGHT induced osteoclast differen-
tiation from CD14" monocytes cocultured with NLCs,
but not from freshly isolated CD14" monocytes. Further-
more, LIGHT-induced osteoclasts express MMP-12,
which was not expressed in osteoclasts induced by
RANKL, and the MMP-12-expressing osteoclasts were
observed at the erosive areas in the subchondral bones of
RA patients, but not in those of OA patients. These find-
ings suggest that CD14" monocytes gain the ability to dif-
ferentiate into osteoclasts in response to LIGHT through
their interactions with NLCs, and that LIGHT plays a
critical role in the inflammatory joint destruction in RA.

Materials and methods

Cells and cultures

Nurse-like cells were established from synovial tissues
obtained from RA patients, as described previously."
NLCs were cultured in Dulbecco’s modified Eagle's mini-
mum essential medium (Invitrogen Life Technologies,
Carlsbad, CA) supplemented with 10% fetal calf serum
(FCS). The NLCs from passages 4-9 were used for each
experiment. Mononuclear cells were collected from the
venous blood of healthy volunteers and CDI14" mono-
cytes were prepared by further separation using anti-
CDI14 antibody-coated beads, as described previously.'®
CD14" monocytes (2.0 x 10° cells/well) were cocultured
with NLCs (2:0 x 10° cells/well) in six-well plates. Half of
the medium was replaced every 3 days with fresh med-
ium. After coculture for 4 weeks, floating or weakly
adherent monocytes were harvested as NLC-supported
CD14" monocytes (NCD14* monocytes) by gently wash-
ing the culture with fresh medium. Over 97% of NCD14'
monocytes were TRAP positive, and their purity was con-
firmed cytochemically, as reported previously.'® All
human specimens were obtained with written informed
consent according to the study protocol, which was
approved by the review board of the Sagamihara National
Hospital.

Osteoclast formation assay

In the presence of 25 ng/ml recombinant human M-CSF
(R&D Systems, Minneapolis, MN), freshly isolated CD14*
monocytes (1-0 x 10° cells/well) and NCD14* monocytes
(20 x 10° cells/well) were cultured in 96-well plates in
a-minimum essential medium (Invitrogen) supplemented
with 10% FCS. As indicated, the cells were further stimu-
lated with 40 ng/ml recombinant human RANKL {Pepro-
tech, London, UK) and/or various concentrations of
recombinant human LIGHT (R&D Systems). After vari-

2 © 2008 The Authors Journal compilation @ 2008 Blackwell Publishing Ltd, Immunology



ous periods of time, as indicated in the Results, cells were
fixed and stained for TRAP using a TRAP staining kit
(Wako, Osaka, Japan). Osteoclasts were identified as
TRAP-positive MNCs (more than five nude).
AlexaFluor546-conjugated phalloidin was used to stain for
F-actin (Invitrogen).

Bone resorption assay

In the presence of 25 ng/ml M-CSF, NCD14" monocytes
were cultured on cortical bone slices in a-minimum
essential medium supplemented with 10% FCS and fur-
ther stimulated with 40 ng/ml RANKL and/or 100 ng/ml
LIGHT. After 21 days, the bone slices were stained with
Mayer's haematoxylin solution to detect resorption pits.
The concentration of the type I collagen C-telopeptide
(CTX-I) in the culture supernatant was quantified using
the CrossLaps for Culture kit (Nordic Biosciences Diag-
nostics, Herlev, Denmark), according to the manufac-
turer’s instructions.

Quantitative polymerase chain reaction analysis

Total RNA was prepared using an RNeasy Micro kit
(Qiagen, Tokyo, Japan) and complementary DNA (cDNA)
was generated from the RNA using Omniscript Reverse
Transcriptase  (Qiagen) following the manufacturer's
instructions. The ¢cDNA was used as a template for real-
time quantitative polymerase chain reaction (PCR) in a
LightCycler (Roche Diagnostics, Tokyo, Japan). The PCR
was performed using SYBR Premix Ex Taq (Takara, Kyoto,
Japan). The PCR primers used in this study were as follows:
for NFATcl, 5'-TACCAGGTGCACCGCATCA-3' and 5'-
TTTCAGGATTCCGGCACAGTC-3"; for TRAP, 5'-TGCA
GATCCTGGGTGCAGAC-Y and 5-GAGTATGCAATC
TGGGCAGAGACA-3; for cathepsin K, 5-AGCT
GCAATAGCGATAATCTGAACC-3 and 5-CGTTGTTC
TTATTTCGAGCCATGA-3'; for carbonic anhydrase I, 5'-
GCGACCATGTCCCATCACTG-Y and 5'-TGGCTGTAT
GAGTGTCGATGTCAA-3; for gyceraldehyde 3-phosphate
dehydrogenase (GAPDH), 5'-GCACCGTCAAGGCTGAG
AAC-3' and 5-ATGGTGGTGAAGACGCCAGT-3'; for
LIGHT, 5'-TCACGAGGTCAACCCAGCAG-3 and 5-CC
CAGCTGCACCTTGGAGTAG-3; for HVEM, 5-TTTG
CTCCACAGTTGGCCTAATC-3' and 5-CAATGACTGT
GGCCTCACCTTC-3; for LTPR, 5-ATGCTGATGCTG-
GCCGTTC-3' and 5'-AGGCTCCCAGCTTCCAGCTA-3;
for RANK, 5'-TTGTGCCGCCTAAGTGGA-3' and 5'-ACC
ACCTTGATCTGGGTAGCACATA-3; for MMP-9, 5'-AC
CTCGAACTTTGACAGCGACA-3' and 5'-GATGCCATTC
ACGTCGTCCTTA-3; for MMP-12, 5-TTGATGGCAAA
GGTGGAATCCTA-3' and 5'-AGGAATGGCCAATCTCGT
GAAC-¥. The PCR was performed under the following
conditions: initial denaturation at 95° for 10 seconds,
then 40 cycles of 95° for 5 seconds and 60° for 20

Involvement of LIGHT in the bone destruction in RA

seconds. SYBR green dye was used to detect amplified
products and melting curves were routinely recorded to
verify the singularity of the PCR product. In each sample,
the level of cDNA was normalized based on the expres-
sion level of GAPDH.

Immunohistochemical and TRAP staining of tissue
samiples

Affected knee joints were resected during joint replace-
ment surgery from five RA and three OA patients who
had given written informed consent. Serial sections of the
decalcified and paraffin-embedded subchondral bone were
dewaxed and reacted with anti-human MMP-12 mono-
clonal antibody (clone 4D2, R&D Systems). Sections were
then reacted with anti-mouse immunoglobulin G-horse-
radish peroxidase conjugate, chromogenic substrate and
hydrogen peroxide. The neighbouring sections of those
stained with anti-MMP-12 were subjected to staining with
second antibody alone as a negative control or with
TRAP staining as described above.

Statistical analysis

All data are expressed as means + SD. A non-paired Stu-
dent's t-test was used for comparison, using the sTaTviEw
program (Abacus Concepts, Berkeley, CA). P < 0-05 was
considered to be statistically significant.

Results

LIGHT induces the differentiation of NCD14"
monocytes into TRAP-positive MNCs

To investigate whether or not LIGHT is involved in local
bone destruction, we examined the effects of LIGHT on
osteoclastogenesis using established osteoclast precursors
(NCDI14" monocytes) in addition to freshly prepared
CDI4" monocytes, as described in the Marterials and
mietheds section.

In the presence of M-CSF, CD14" or NCD14" mono-
cytes were cultured for 6 days with RANKL and/or LIGHT.
As shown in Fig. l{ab), M-CSF alone did not induce
TRAP-positive MNCs from either type of monocytes.
CD14" monocytes were differentiated into TRAP-positive
MNCs by RANKL, but not by LIGHT. The combination of
RANKL and LIGHT had little effect on MNC formation.
Conversely, NCD14" monocytes were strongly differenti-
ated into TRAP-positive MNCs when treated with LIGHT.
Although RANKL had only a slight effect on NCD14'
monocytes, the combination with LIGHT enhanced the
formation of TRAP-positive MNCs more than LIGHT
alone (Fig. 1b). The LIGHT-induced formation of MNCs
was time dependent (4-8 days, Fig. 1c), and dose depen-
dent (1-100 ng/ml, data not shown). Freshly isolated
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Figure 1. LIGHT induces the differentiation of
NCDI4" monocytes into tartrate-resistant acid
phosphatase (TRAP)-positive multinucleated
cells (MNCs). (a, b) In the presence of 25 ng/ml
macrophage colony-stimulating factor (M-CSF;
M), CDI4" or NCDI4" monocytes were
cultured for 6 days with 40 ng/ml receptor

) 2000 (€) 2000 & activator of nuclear factor-kB ligand (RANKL;
[:l cot4 M +R), 100 ng/ml LIGHT (M+L), or

- NCD14* 40 ng/ml RANKL plus 100 ng/ml LIGHT

E 1500 L (M +L+R) *P<00! versus M-CSF alone.

g #P < 001 versus NCD14™ monocytes stimu-
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CD14" monocytes, however, did not differentiate into
TRAP-pusitive MNCs, even after stimulation with 100 ng/
ml LIGHT for 14 days (data not shown). When cultured
with M-CSF for 4 weeks, CD14” monocytes could not dif-
ferentiate into TRAP-positive MNCs in the presence of
RANKL or LIGHT (data not shown).

Increased HVEM messenger RNA expression in
NCD14" monocytes

Next, to clarify the reason for the difference in the effi-
ciency of LIGHT-induced TRAP-positive MNC formation
between NCD14" and CD14" monocytes, we analysed the
messenger RNA (mRNA) expression of the LIGHT recep-
tors, HVEM and LTPR, in both groups of monocytes.
Quantitative real-time PCR analysis revealed that while
the mRNA expression level of LTPR was not different
between groups of monocytes, the level of HVEM mRNA
was significantly higher in NCD14" monocytes than in
CD14" monocytes (Fig, 2). Unexpectedly, the level of
RANK mRNA in NCD14' monocytes was higher than
that in CD14" monocytes (Fig. 2),

Analysis of the molecular phenotype of
LIGHT-induced TRAP-positive MNCs derived from
NCD14" monocytes

Furthermore, we investigated the mRNA expression of
major osteoclast markers, such as nuclear factor of acti-
vated T cells (NFATc1), TRAP, cathepsin K (CTSK) and

lated with M-CSF plus LIGHT. (¢) CD14" or
NCD14" monocytes were cultured for the indi-
cated periods in the presence of 25 ng/ml
M-CSF plus 100 ng/ml LIGHT, Cultured cells
were fixed and stained for TRAP. The number
of TRAP-positive MNCs was  counted.
*P < 001 versus CDI4" monocytes. Represen-
tative results of at least three independent sets
of similar experiments are shown as means +
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Figure 2. Expression of herpes virus entry mediator (HVEM), lym-
photaxin [ receptor (LTPR) and receplor activator of nuclear facior-
kB (RANK) messenger RNA (mRNA) on CDI4* and NCDI4*
monocytes. Total RNA was extracted from CD14* and NCD14'
monocytes and the mRNA expression levels of HVEM, LTPR and
RANK were analysed 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 experi-
ments. *P < 001 versus CD14* monocytes.,

carbonic anhydrase II (CAll), in LIGHT-induced TRAP-
positive MNCs derived from NCDI4" monocytes, using
quantitative real-time PCR analysis. In comparison with
the control (M-CSF alone), the expression levels of all
four genes were upregulated in TRAP-positive MNCs
induced to differentiate by LIGHT for 6 days (Fig. 3a).
The combination of LIGHT and RANKL stimulated their
expression to a similar or slightly larger extent than
LIGHT alone. When NCDI14" monocytes are stimulated
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