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Objective. Chondromodulin I (ChM-I), a carti-
lage matrix protein, promotes the growth and proteo-
glycan synthesis of chondrocytes. However, it also inhib-
its angiogenesis. Since ChM-I is expressed not only in
cartilage, but also in the thymus, we investigated the
modulation of T cel! function by ChM-I to assess its
therapeutic potential in rheumatoid arthritis (RA).

Methods. 'The localization of ChM-I expression in
mouse thymus tissue was examined by in situ hybrid-
ization. The proliferative response of peripheral blood T
cells and synovial cells obtained from patients with RA
was evaluated by *H-thymidine incorporation assay. The
effects of ChM-I were examined using recombinant
human ChM-I (rHuChM-I), Modulation of the antigen-
specific immune response was evaluated by the recall
response of splenic T cells and the delayed-type hyper-
sensitivity response induced in the ear of mice primed
with ovalbumin (OVA). Antigen-induced arthritis (AIA)
was induced in mice by injecting methylated bovine
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serum albumin into the ankle joints 2 weeks after the
priming.

Results. ChM-I was expressed in the cortex of the
thymus. Recombinant human ChM-I suppressed the
proliferative response of mouse splenic T cells and
human peripheral blood T cells stimulated with anti-
CD3/CD28 antibodies, in a dose-dependent manner.
Production of interleukin-2 was decreased in rHuChM-
I-treated mouse CD4 T cells. Ten micrograms of
rHuChM-I injected intraperitoneally into OVA-primed
mice suppressed the induction of the antigen-specific
immune response. Finally, rHuChM-I suppressed the
development of AIA, and also suppressed the prolifera-
tion of synovial cells prepared frem the joints of patients
with RA,

Conclusion. These results suggest that ChM-I
suppresses T cell responses and synovial cell prolifera-
tion, implying that this cartilage matrix protein has a
therapeutic potential in RA.

Rheumatoid arthritis (RA) is a chronic inflam-
matory autcimmune disease in which massive synovial
cell proliferation with leukocyte infiltration and abnor-
mal capillary growth lead to the development of pannus
and occasionally to disability due to the destruction of
joints and bones. It has been suggested that T cells
contribute to the pathogenesis of RA (1) on the basis of
the massive infiltration of T cells into the synovial tissues
(2), the oligoclonal expansion of T cells in the synovial
fluid and synovial tissue (3-6), and the association
between RA and particular HLA alleles (7,8). It has
been proposed that these clonally expanded T cells play
a role in disease pathogenesis by recognizing some
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arthritic antigens or by supporting synovial inflammation
(3-6,9).

Since the formation of new blood vessels is one of
the carlicst histopathologic findings in RA and appcars
to be required for pannus development (10,11), it has
been proposed that RA might be categorized as an
“angiogenic discase.” Since extension and flexion move-
ments increase intraarticular pressure and collapse the
capillaries, hypoxia and acidosis are induced in inflamed
joints. The persistent growth of the synovial mass cx-
ceeds ncovascularization, resulting in local ischemia
(12). These metabolic demands and the decreased oxy-
gen supply stimulate the production of angiogenic induc-
ers, i.e., cytokines and growth factors such as vascular
endothelial growth factor, basic fibroblast growth factor,
tumor necrosis factor «, interleukin-8 (IL-8), and vascu-
lar cell adhesion molecule 1 (13).

It has therefore been proposed that inhibition of
angiogenesis might be a therapeutic strategy in the
treatment of RA (10). In fact, it has been demonstrated
that treatment with several angiogenesis inhibitors such
as AGM-1470, which is a cyclic peptide antagonist of
integrin avB3 and anti-Flt1, and gene delivery using
angiostatin or endostatin ameliorated arthritis in exper-
imental animal models including collagen-induced ar-
thritis (ClA), adjuvant arthritis, and antigen-induced
arthritis (AIA} (14-19).

Increasing attention has been paid to chondro-
protective and chondroregenerative treatment of arthri-
tis, since it is known that cartilage does not spontane-
ously regenerate. During the progression of arthritis,
cartilage has been shown to be damaged by the invasion
of pannus from the synovium-cartilage junction, by
degradation of the cartilage matrix by IL-1, metallopro-
teinases, and other factors, and by apoptosis of chondro-
cytes (20). Moreover, bony erosion sometimes
progresses without any obvious arthritic inflammation.
Numerous factors have been reported to promote chon-
drogenesis, and a therapy that combines these factors
with antiinflammatory or immunosuppressive agents has
been proposed recently (21).

We previously identified chondromodulin I
(ChM-1) as an angiogenesis inhibitor (22). ChM-L is a
25-kd glycoprotein originally purified from bovine
epiphyseal cartilage on the basis of its promotion of
chondrocyte growth (23). Both ChM-I protein and
ChM-1 messenger RNA are richly expressed in cartilage.
ChM-I has been shown to stimulate the growth, proteo-
glycan synthesis, and colony formation of cultured chon-
drocytes (24). However, it has also been shown to inhibit
DNA synthesis, the proliferation of vascular endothelial

cells, tube morphogenesis, and chorioallantoic membrane
angiogenesis, thereby demonstrating its angiostatic ability
(22,25,26). As confirmation of this ability, ChM-I has bcen
shown to suppress chondrosarcoma growth via angio-
genesis inhibition in vivo (27). Therefore, ChM-1 is thought
to participate in the angiogenic switching of cartilage by
deterring vascular invasion (22,25).

During the biologic characterization of ChM-I, our
Northern blotting analysis revealed ChM-I expression not
only in cartilage, but also in the thymus, suggesting a
correlation of ChM-I with T cell function (26). In the
present study, we found that recombinant human ChM-I
(rHuChM-I) suppressed the T cell proliferative response.
In addition, rHuChM-I was able to inhibit the proliferation
of synovial cells. Finally, rHuChM-I was able to reduce the
severity of AIA. ChM-I therefore appears to act benefi-
cially in the treatment of arthritis in 4 ways: protection of
chondrocytes, inhibition of angiogenesis, prevention of
synovial cell proliferation, and suppression of the immune
system.

MATERIALS AND METHODS

Mice. BALB/c mice and DBA/1 mice were obtained
from SLC (Shizuoka, Japan) and Charles River (Tokyo, Ja-
pan), respectively. DO11.10 transgenic mice whose T cells
express a receptor specific for ovalbumin (OVA) peptide
323-339 (28) were kindly provided by Dr. T. Watanabe (Med-
ical Institute of Bioregulation, Kyushu University, Japan}. The
mice were maintained in a temperature- and light-controlled
environment with free access to food and water under specific
pathogen-free conditions. Female age-matched BALB/c and
DO11.10 mice and male DBA/1 mice were used in the
respective experiments, and all mice were 7-10 weeks old at
the start of each experiment.

Cell lines. RAW264.7 cells were kindly provided by Dr.
Takayanagi (Department of Immunology, University of Tokyo,
Japan). J558L and WEHI-231 cells were kindly provided by
Dr. Tsubata (Medical Research Institute, Tokyo Medical and
Dental University, Japan), and Jurkat cells were purchased
from Riken Bioresource Center (Tsukuba, Ibaraki, Japan).

Preparation of rHuChM-I. Recombinant human
ChM-I was prepared as described previously (26). Briefly, we
subcloned the coding region for the human ChM-I precursor
protein into a pcDNA3 expression vector, repetitively trans-
fected the resulting vector into CHO cells, and then selected
the drug-resistant clone. Qur preliminary experiment indicated
that the recovered rHuChM-I molecules were eluted in the
aggregated forms with an apparent molecular size of >200 kd,
which requires reduction with S-mercaptoethanol in the pres-
ence of 6M urea for dissociation. Therefore, the culture
supernatant was first loaded on a butyl-cellulofine column,
which was then eluted by 6M urea. The eluted materials were
reduced by B-mercaptoethanol at a final concentration of 1
mM. Contaminant proteins were eliminated by successive
chromatography on QAE-toyopearl, butyl-toyopearl, and
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sulfate-cellulofine columns, The purified tHuChM-1 was con-
firmed to have the same biologic activity as the native bovine
ChM-1 on chondrocytes and endothelial cells (26).

RNA in situ hybridization. To synthesize the
digoxigenin-labeled riboprobes, a 0.5-kb polymerase chain
reaction fragment of ChM-I complementary DNA (627-1,163
bp) was inserted into pCRII-TOPO (Invitrogen, Carlsbad,
CA). Linearized DNA was transcribed using T7 and 5P6
polymerases. Thymus tissue was dissected from a 4-week-old
male BALB/c mouse. Tissue was embedded in paraffin, sec-
tioned at 7 pm thickness, and collected on silane-coated glass
slides (Matsunami, Osaka, Japan). After deparaffinization with
xylene, rehydration, and rinsing with (.1M phosphate buffer,
sections were treated with proteinase K (10 pg/ml) in Tris-EDTA
at room temperature for 10 minutes, fixed with 4% paraformal-
dehyde in phosphate buffered saline (PBS), and then treated with
0.2M HCI for 10 minutes. Acetylation of the sections
was performed by incubation for 10 minutes with 0.1M
triethanolamine-HCI, pH 8.0, and 0.25% acetic anhydrate for
10 minutes.

A hybridization mixture (50% formamide, 10 mM
Tris-HCl, pH 7.5, 200 pg/ml transfer RNA, 1X Denhard(’s
solution, 10% dextran sulfate, 600 mM NaCl, 0.25% sodium
dodecyl sulfate, 1 mM EDTA, pH 8.0) was preheated for 10
minutes at 85°C. Ten micrograms of the sense or antisense
RNA probe was added to the hybridization mixture and
denatured by heating at 85°C for 3 minutes, and then applied
to the sections. Hybridization was performed overnight at
50°C. After hybridization, sections were washed with 50%
formamide in 2X saline-sodium citrate at 55°C for 30 minutes
and treated with a solution of 10 mM Tris—=HC, pH 7.5, 0.5M
NaCl, and 1 mM EDTA (TNE) at 37°C. Nonspecific bindings
of the probes were reduced by RNase A treatment (10 pg/ml
in TNE) at 37°C for 30 minutes. Hybridization signals were
visualized by using nitroblue tetrazolium salt and BCIP. The
sections were counterstained with methy! green.

Lymphocyte proliferation assay. Naive T and B cells
were purified with a magnetic cell sorting system (Miltenyi
Biotech, Bergisch Gladbach, Germany), as previously de-
scribed (29,30). Naive T cells were stimulated with 1 pug/ml of
anti-CD3 antibody and 1 pg/ml of anti-CD28 antibody in the
presence of various concentrations of rHuChM-I (from 0 to 1
pM) in RPMI 1640 medium supplemented with 2 mM
L-glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin,
and 10% heat-inactivated fetal calf serum for 24, 48, or 72
hours. Naive B cells were stimulated with 10 pg/ml of lipopoly-
saccharide (LPS) in the presence of various concentrations of
rHuChM-I (from 0 to 1 uM) for 24 hours. Naive OVA T cell
receptor transgenic mouse DO11.10 T cells were cultured at
1 x 1P cellsiwell with irradiated antigen-presenting cells,
various concentrations of OVA peptide (0.01, 0.1, and 1 pM),
and various concentrations of rHuChM-1 (0, 1, 10, and 100
nM) for 24, 48, or 72 hours. This procedure was followed by a
final 4 hours of culture in the presence of 1 pCi of *H-
thymidine per well.

In some experiments, media without 2-mercaptoethanol
contained either E-64 protease inhibitor (100 nM; Calbiochem,
La Jolla, CA), iodoacetamide (50 nM; Sigma, St. Louis, MO),
or N-ethylmaleimide (50 nM; Sigma) (31,32). The incor-
porated radioactivity was counted with a B-scintillation
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counter. The proiiferative response was expressed as the
mean * SD counts per minute of test cultures.

Human peripheral blood T cell and synovial cell
proliferation assays. Human peripheral blood T cells obtained
from healthy volunteers were selected by lymphoprep (Axis
Shield, Oslo, Norway) and stimulated with human anti-CD3
antibodies (0.001, 0.01, and 0.1 pg/ml) in the presence of
rHuChM-I (0, 1, 10, and 100 nM) for 24 hours. Synovial cells
were obtained from the joints of RA patients, who gave their
informed consent, before undergoing total knee arthroplasty
or total hip replacement. Synovial cells (1 X 10* cells per well},
within 4 passages of culture (33), were seeded in culture plates
with various concentrations of rHuChM-I (0, 10, 30, 100, and
300 nM) and cultured for § days. This procedure was followed
by a final 16 hours of culture in the presence of 1 uCi of
*H-thymidine per well. The cells were detached with 50 pl of
0.25% trypsin-0.29%. EDTA, and harvested onto glass-fiber
filters. The incorporation of *H-thymidine was measured by
scintillation counting.

Naive T cells viability assay. Mouse naive T cells {1 X
10° cells per well) were cultured with various concentrations of
rHuChM-1 (0-1 pM) for 24 hours. Viable cells were counted
by trypan blue exclusion.

Evaluvation of IL-2 production. The concentration of
IL-2 was determined in the supernatant from mouse CD4+ T
cells or CD8+ T cells. These T cells were activated with immo-
bilized anti-CD3 (1 pg/ml) + anti-CD28 (1 pg/ml) for 24 hours,
and the IL-2 concentration was dectermined by sandwich enzyme-
linked immunosorbent assay (Genzyme, Cambridge, MA).

Assessment of delayed-type hypersensitivity (DTH).
The evaluation of the DTH response was based on the degree
of ear swelling. BALB/c mice were immunized with 100 ug of
OVA in Freund’s complete adjuvant (CFA) with or without a
concomitant intraperitoneal injection of THUChM-I. DTH was
induced by an injection of 200 pg of OVA into the left ear
pinnae of the mice 14 days after the priming. The right ear
served as an untreated control. Both ear pinnae were mea-
sured immediately before the injection and 24 hours later with
a dial-gauge caliper (Mitsutoyo, Kawasaki, Japan). The mea-
surements were performed in triplicate.

Synovial cells viability assay, Synovial cells (1 x 10°
cells per well) were cultured with various concentrations of
rtHuChM-I (0-1 pdf) for 5 days. Viable cells were counted by
trypan blue exclusion, Each experiment was performed in
triplicate.

MTT assay of synovial cells, MTT is a substrate that
is cleaved by living cells, Since this process requires active
mitochondria and even freshly dead cells do not cleave signif-
icant amounts of MTT, this colorimetric assay is able to
determine the amount of live cells (34,35). Therefore, to
evaluate the proliferation of synovial cells, we conducted an
MTT assay according to the manufacturer’s protocol (Chemi-
con, Temecula, CA). Briefly, synovial cells were seceded in a
96-well microtiter plate (1 X 10° cells/well) and were incubated
in the growth medium in the presence or absence of rHuChM-1
for 5 days. Four hours before the termination of culture, MTT
{5 mg/ml} was added to each well. At the end of the incubation,
100 ul of isoproanol was added to each culture to dissolve the
formazan complex. The optical density at 590 nm was mea-
sured using a 96-well multiscanner. Each experiment was
performed in triplicate.
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Induction of AIA. BALB/c mice were injected intra-
dermally with 100 pg of methylated bovine serum albumin
(mBSA) in CFA at the base of the tail on day 0. Mice received
10 pg of THUChM-I in PBS on day 0 (for the single-injection
protocol) or day 0 to day 3 (for the 3-consecutive-days delivery
protocol), and control mice received PBS alone on day 0 or day
0 to day 3. Fourteen days later, 20 pg mBSA dissolved in 20 u!
of PBS was injected intraarticularly into the left ankle joint.
The right ankle joint was injected with 20 ul of PBS alone as a
negative control. The joint thickness was measured with a dial
gauge caliper, and the net increase in thickness was calculated
(30,36).

Induction of CIA and treatment with rHuChM-1. Male
DBA/1 mice were injected intradermally with 100 pg of bovine
type II collagen (BII; Chondrex, Redmond, WA) in CFA
(Difco, Detroit, MI) at the base of the tail on day 0. A booster
was administered on day 21. The mice were injected intraperi-
toneally with 10 pg of rHuChM-I dissolved in PBS on day O
(for the single-injection protocol) or from day 0 to day 3 (for
the 3-consecutive-days delivery protocol). Control mice were
injected with PBS alone on day 0 or from day 0 to day 3, and
signs of arthritis appeared at around days 25-28, which is
consistent with the findings in previous reports (37-40).

Assessment of CIA. Mice were considered to have
arthritis when significant changes in redness and/or swelling
were noted in the digits or other parts of the paws. Arthritis
was scored using the following scale: 0 = no change; 1 =
redness or mild inflammation; 2 = swelling or inflammation;
3 = severe swelling or severe inflammation; 4 = ankylosis (41).
The scoring was done by 2 independent observers.

Histologic examination. Ankles and knees were fixed
in 10% phosphate-buffered formalin and decalcified. Tissues
were then dehydrated in a gradient of aleohol, and then
paraffin-embedded, sectioned, mounted on glass slides, and
stained with hematoxylin and eosin (30,36). The histopatho-
logic arthritis score of AIA was quantified according to the
method of Brackertz et al (42), based on the degree of synovial
hypertrophy, mononuclear cell infiltration, and pannus forma-
tion. Each section was studied by 3 blinded examiners in the
AlA experiment,

The histopathologic arthritis score of CIA was assessed
according to the method of Hietala et al (43), based on the
degree of synovial hypertrophy, cartilage destruction, and
pannus formation. Each section was studied by 2 blinded
examiners in the CIA experiment. The average scores of each
parameter from 4 joints (rear ankles and knees) in each mouse
were calculated.

Statistical analysis. Statistical significance was deter-
mined by the Student’s unpaired ¢-test. P values of less than
0.05 were considered to indicate a statistically significant
difference. Results are reported as the mean x SD.

RESULTS

ChM-I expression in the cortex of the thymus.
When we previously examined the tissue distribution of
ChM-I in DDY mice by Northern blot analysis, we found
that ChM-I is expressed not only in cartilage, but also in

Figure 1. Expression of chondromodulin I {ChM-1I} mRNA in the
cortex of the thymus of 4-weck-old mice. A, In this thymus section,
which was hybridized with the antiscnse ChM-I cRNA probe, there are
obvious hybridization signals in the cortex. B, In this scmiscrial section,
which was hybridized with the sense probe as a control, no signal was
detected. The sections were counterstained with methyl green, C, The
cortex of mousc thymus tissue is purple stained with hematoxylin and
cosin, Bar = 100 um.

the thymus and the eye (26). In order to further verify
the ChM-I expression in the thymus, we performed in
situ hybridization using BALB/c mice in addition to
DDY mice. We found that ChM-I is expressed in the
cortex, but not in the medulla (Figure 1). The ChM-I-
expressing cells seemed to be thymic stromal cells.
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Figure 2. Suppression of the T cell proliferative response in vitro by
recombinant human chondromodulin 1 (thChM-I). A, Mouse splcnic T
cells (1 % 10%wel) (O) were stimulated with immobilized anti-CD3 {1
pg/mi) + anti-CD28 (10 pg/ml) in the prescnce of varying concentra-
tions (0.1-1,000 nM) of rhChM-I, and culturcd for 24 hours. As a
reference, the growth, in the presence of various concentrations of
thChM-], of various ccll sources derived from mouse blood cells is
shown: 5 X 10* cellsiwell of the RAW264.7 mous¢ macrophage-
derived cell line (W), JS58L mouse mycloma ccll line (&), and
WEHI.231 mouse lymphoma cell linc (#), as well as 10 cellsfwell of
mouse splenic B cclls stimulated with lipopolysaccharide (@). B,
Splenic DO11.10 T cells were stimulated with ovalbumin {OVA)
peptide and irradiated antigen-presenting cells in the presence of
various concentrations of thChM-1. C, Human peripheral blood T cells
(W) were purified by lymphoprep and stimufated with human anti-CD3
antibodies (0.1 wg/ml) in the presence of thChM-1(1, 3, 10, 30, and 100
nM) for 24 hours. As a reference, the growth, in the presence of
rhChM-1, of the Jurkat human T lymphocyte cell line (@) is shown.
Bars in A-C show the mean % SD *H-thymidine incorporation as a
proportion of that in the absence of rhChM-1. D, To demonstrate lack
of toxicity of rhChM-I, mouse T cells were cultured in the absence or
presence of various concentrations of thChM-I. Bars show the mean ®
SD number of live cells,

Suppression of the T cell proliferative response
by rHuChM-I. The thymic expression of ChM-I sug-
gested that ChM-I might be associated with the devel-
opment or function of T cells, Therefore, we examined
the possibility that rHuChM-I modifies the T cell im-
mune response, As shown in Figure 2A, rHuChM-1
suppressed the proliferative response of mouse T cells
stimulated with anti-CD3 + anti-CD28 antibodies. Sim-

SETOGUCHI ET AL

ilarly, rBuChM-I suppressed the antigen-specific prolif-
eration of OVA-stimulated T cells (Figure 2B). These
inhibitions of T cell proliferative response occurred in a
dose-dependent manner, and the maximum inhibition of
76.5% was obtained at an rHuChM-I concentration of
100 nM. This suppressive effect was not due to the
toxicity of tHuChM-I, since incubation with variable
amounts of rtHuChM-1 did not alter the number of live
T cells (Figure 2D).

The proliferation of human peripheral blood T
cells was also inhibited by rHuChM-I in a dose-
dependent manner (Figure 2C). The dose-response
curves revealed that the dose required for 50% inhibi-
tion (IDs,) of the T cell proliferative response was ~3
M for mouse T cells and ~10 nM for human T cells (see
Figures 2A and C}. These 1Dy, values for mouse and
human T cells are fairly consistent with our previous
observation that the IDs; of endothelial cell prolifera-
tion was almost & nM (22). Since mouse and human
ChM-I are 87% similar in their amino acid sequences, it
is possible that human ChM-I can bind the receptor for
mouse ChM-I with almost the same affinity.

Since ChM-I inhibits the spontaneous growth of
endothelial cells, we examined the possibility that
ChM-[ is a general inhibitor of growth. As shown in
Figure 2A, rHuChM-I did not inhibit the spontancous
growth of the RAW264.7 mouse macrophage-derived
cell line, J558L mouse myeloma cell line, or WEHI-231
mouse lymphoma cell ling, and it did not inhibit the
proliferation of mouse splenic B cells stimulated with
LPS. Moreover, tHuChM-I did not inhibit the sponta-
neous proliferation of the Jurkat human T lymphocyte
line, although at higher doses, partial inhibition did
occur (Figure 2C}. Considering that the IDsg is ~3 nM
for mouse T cells, ~10 nM for human T cells, and almost
8 nM for endothelial cells, the dose needed to inhibit
Jurkat proliferation was extremely high, implying that
the suppressive mechanism in Jurkat cells might be
different. These results indicate that rtHuChM-I is not a
general growth inhibitor and that T cell proliferation is
one of the selective targets of rHuChM-1

Furthermore, IL-2 production in the supernatant
was significantly decreased by rHuChM-l in CD4+ T
cells, but not in CD8+ T cells (Figure 3). This result
indicates that the inhibitory mechanism of T cell prolif-
eration involves, at least in part, the suppression of IL-2
production in CD4 T cells, and again supports the idea
that the biclogic effect of rHuChM-I is specific to
certain cell types.
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Figure 3. Rcduction by thChM-I of interleukin-2 (mIL-2) production
from mouse CD4+ T cells. Levels of {L-2 in the supernatant of cither
CD4+ or CD8+ mousc splenic T cells stimulated with anti-CD3 +
anti-CD28 antibodies in the presence of 100 nM of rhChM-T were
cvaluated by enzyme-linked immunosorbent assay. The [L-2 concen-
trations were normalized to the number of live T cells. Bars show the
mcan and SD IL-2 production from 10° T cclls. Sec Figure 2 for other
definitions,

Suppression of the antigen-specific immune re-
sponse in vivo by rHuChM-I. To confirm that
rHuChM-1 is able to suppress an antigen-specific im-
mune response in vivo, we immunized mice with a
nominal antipen, OVA. Splenic T cells from mice
primed with OVA exhibited a decreased recall response
to OVA in vitro when they were injected with rHuChM-1
at the time of their priming (Figure 4A). Ear swelling,
which was induced by OVA injection into the ear of mice
primed with OVA, was diminished in a dose-dependent
manner (Figure 4B) in the mice treated with rHuChM-I
in comparison with untreated control mice. Since the
background level of *H-thymidine incorporation was not
significantly altered between the rHuChM-I-injected
mice and the control mice, rHuChM-I seems to suppress
the immune response to the primed antigen preferen-
tially. These results indicate that ChM-I suppressed the
immune response to the antigen in vivo.

Duration of effect of rHuChM-I on the T cell
proliferative response. The suppressive activity of
rHuChM-I on T cells began to diminish by 48 hours, and
it was completely abrogated by 72 hours in the in vitro
culture experiments (Figure 5). When we repeatedly
added rHuChM-I every 24 hours, the suppression lasted
for at least 4 days. Recently, it was reported that plasma
contains a reductase that can reduce disulfide bonds in
proteins and reduce the average size of von Willebrand
factor secreted by endothelial cells (31,32), Since ChM-1
contains 4 intramolecular disulfide bonds, a feature that

is assumed to be critical for its activity (22,25), we
assumed that the short duration of rHuChM-I activity
might be due to a reduction of disulfide bonds by some
molecules contained in the culture. To verify this hypothe-
sis, we examined the kinetics of the suppressive activity
of tHuChM-1 on T cells in the presence of reductase
inhibitors, Although the reductase inhibitors were not
toxic on T cells, rHuChM-1 was able to retain its
suppressive activity for 72 hours in the presence of
reductase inhibitors (Figure 5). These results suggest
that the short duration of the rHuChM-1 suppressive
activity in vitro might have been due to reductase in the
culture.

Suppression of the proliferation of synovial cells
by rHuChM-I. Since our studies of ChM-I have consis-
tently revealed its potential to ameliorate arthritis, we
decided to further examine the effect of ChM-I on
synovial cell proliferation, which must be controlled to
treat RA. As expected, the incorporation of *H-
thymidine into synovial cells prepared from RA joints
decreased in the presence of rHuChM-1. The maximal
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Figure 4. Supprcession of the T cell response in vivo by thChM-1. A, In
splenocytes primed with OVA, rhChM-I reduced the recall response
against OVA. BALB/c mice were immunized with OVA and intraperi-
toncally (i.p.} injected with rhChM-] at the time of OVA immuniza-
tion. The sccondary proliferative response of the splenocytes was
examined 14 days later, by culturing for 72 hours with various
concentrations of OVA (1, 3, and 10 ug/ml). B, The delayed-type
hypersensitivity response, cvaluated by ear swelling, was suppressed by
thChM-1. Fourteen days after the immunization, 200 pug of OVA was
injected into the left car pinnac of the mice. The right car served as an
untrcated control. Both car pinnac were measured immediately before
and 24 hours after the injection. Bars show the mean % SD of § mice
per group. # = P < 0.05; »* = P < 0.01. See Figure 2 for other
definitions.
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Figure 5. Prescrvation of the suppressive effect of recombinant hu-
man chondromodulin I (rtHuChM-I} on the T cell responsc up to 72
hours by sequential addition of rHuChM-I or by the presence of
reductase jnhibitors. Splenic T cells (1 X 10%Awell) were plated in
96-well plates with 1 pg/ml of anti-CD3 + 10 pg/ml of anti-CD28. The
rHuChM-I was added every 24 hours (adding). Either E-64, iodoac-
etamide (IAM), or N-ethylmalcimide (NEM) was added scparatcly or
mixed (E-64 + IAM + NEM) (mix) at the beginning of the culture.
* = P < 005 » =P <001l

inhibition was 48% at 100 nM of rHuChM-I (Figure 6A).
In order to discern whether the suppression of *H-
thymidine incorporation was simply due to cytotoxicity
of rtHuChM-I, we conducted additional studies involving
direct counting of the live cells and an MTT assay that is
able to determine the amount of live cells. Both studies
confirmed that rHuChM-I suppressed the proliferation
of synovial cells (Figures 6B and C) and that the
decreased *H-thymidine incorporation did not simply
reflect the decreased cell number due to rHuChM-1
cytotoxicity, because the number of cells after the cul-
ture increased compared with that at the start of culture,
even at the 1 pM concentration of rHuChM-1.
Suppression of the development of AIA by
rHuChM-I. We next examined whether rHuChM-I is
able to suppress the induction of experimental arthritis.
We primed BALB/c mice with mBSA so that they would
develop AIA after intraarticular injection of mBSA, and
evaluated the severity of arthritis using the maximum
hind-paw thickness. We injected rHuChM-1 intraperito-
neally at the time of the priming. The rHuChM-I
significantly suppressed the development of AIA. In

SETOGUCHI ET AL

addition, when rHuChM-1 was delivered to the mice for
3 consecutive days, the development of the arthritis
was markedly suppressed (Figure 7A). Histologic exam-
ination of the ankle joints revealed that the number of
inflammatory cells invaded into periarticular soft tissues
and bone marrow in the tarsus was reduced in the
rHuChM-I-treated mice in comparison with the control
mice (Figures 7C and D). The evaluation of histopatho-
logic severity revealed a significant amelioration by
rHuChM-I treatment (P < 0.001) (Figure 7B). These
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Figure 6. Reduction of rhcumatoid arthritis (RA) synovial ccll pro-
lifcration by recombinant human chondremodulin I (rhChM-1). a,
Synovial cells (1 X 10%) from RA patients were plated in 96-well platcs
and incubated with thChM-I (10, 30, and 100 nM) for 5 days, and the
proliferative response was measured by *H-thymidine incorporation. b,
Synovial cells (1 X 10°) from RA patients were plated in 24-well plates
and incubated with rhChM-I (3, 10, 30, 100, 300, and 1,000 nM) for 5
days, and viable cclls were counted by trypan blue exclusion. The arrow
denoting the horizontal line indicates the initial number of cells at
culture start (1 % 10° cells). ¢, Synovial cell proliferation was deter-
mined using MTT assay. Results arc expressed as the percentage of the
vatues detected in cells in the absence of thChM-1. OD = optical
density. Bars show the mean and SD. # = P < 0.05; »+ = P < 0.01.
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Figure 7. Suppression of the devclopment of antigen-induced arthritis (AIA) by thChM-I. A, For
induction of AlA, BALB/c mice were immunized with 100 pg of methylated bovine serum albumin in
Frecund’s complete adjuvant at the basc of the tail. Ten micrograms of thChM-I was intraperitoneally
injected once on the same day or on 3 consceutive days (X3). The control mice received phosphate
buffered saline (PBS} alone. The primed mice were challenged intraarticularly with the antigen on day 0.

Bars show the mean * SD increase in hind-paw

thickness during the course of the discase (n = 10 per

group). B, Histologic examination of the ankle joints. The histopathologic arthritis score for ATA was
assessed by 3 blinded examiners as the extent of synovial hypertrophy, mononuctcar cell infiltration, and
pannus formation. C and D, Massive cell infiltration in the control AIA mice was amcliorated in the
rhChM-I-treated AIA mice, respectively. Sec Figure 6 for other definitions.

results confirmed that rHuChM-I is able to modulate
AlA,

Reduction of incidence of arthritis in CIA by
rHuChM-L In order to further evaluate the effect of
ChM-I on arthritis, we also investigated its ability to
suppress CIA. We injected 10 pg of rHuChM-I (or PBS
for the control) intraperitoneally when we immunized
the mice with BII. While zll the control mice treated
with PBS fully developed CIA, only 60% of the mice
receiving a single injection of 10 pg rHuChM-I devel-
oped the disease (Figure 8A); however, this reduction
was not statistically significant, The incidence of CIA
significantly decreased to 50% in the mice receiving

rHuChM-I injection for 3 consecutive days (P < (1.05).
The mean arthritis score in the group of rHuChM-I-
treated mice also decreased significantly (Figure 8B).
Since the arthritis score in the mice that developed the
disease in spite of rHuChM-I delivery eventually in-
creased to the full value, similar to that in the control
mice, this reduction might simply reflect a decrease in
arthritis development.

The histopathologic examination revealed mas-
sive mononuclear cell infiltration and edema in the
control mice (Figure 8C), whereas both of these features
were suppressed in the rHuChM-I-treated mice (Figure
8D). The grading of histopathologic severity revealed
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Figure 8. Deercased incidence of collagen-induced arthritis (CIA) by trecatment with thChM-1. A, For induction
of CIA, mice were injected intradermally with 100 g of bovine type II collagen in Freund's complete adjuvant at
the basc of the tail on day 0. A booster was administered on day 21. Mice received 10 ug of thChM-1 in phosphate
buifered saline (PBS) on day 0 or from day 0 to day 3 {X3). Control mice reccived PBS instead of thChM-1. Each
group consists of 10 mice. B, For the arthritis score of CIA with or without thChM-I treatment, 2 indcpendent
observers scored the ankle joints on a scale from 0 to 4. € and D, For histopathologic analysis, CIA control mice
and CIA mice trcated with thChM-I were killed on day 50 and their knce joints were scctioned and stained by
hematoxylin and cosin, C, The joints of control mice showed scvere inflammation in the synovium and joint space
with synovial hyperplasia. D, The joints of rhChM-I-trcated mice showed mild inflammation in the synovium. E,
To determine the histopathologic severity of arthritis, the histologic arthritis score of CIA was assessed by 2 blinded
cxaminers as the extent of synovial hypertrophy, cartilage destruction, and pannus formation. The scores of cach
parameter from 4 joints of cach mouse were summed. Values are the mean *+ SD. = P < 0.05. Sce Figure 6 for

other definitions.

that rHuChM-I treatment significantly prevented the
development of CIA (P < 0.05) (Figure 8E}), but that
once the mice developed arthritis in spite of rHuChM-1
delivery, the pathology of the arthritic joints was almost
the same as in the CIA control mice.

Taken together, these results show that
rHuChM-1 suppressed the proliferation of both T cells
and synovial cells. In addition, rHuChM-I suppressed
the development of AIA as well as CIA, although its
effect on the latter was partial.

DISCUSSION

This study revealed 2 novel features of ChM-1,
namely, that ChM-I suppressed both T cell activation
and synovial cell proliferation, These findings combined
with our previous findings (that ChM-I promotes chon-
drocyte growth and inhibits angiogenesis) would suggest
a therapeutic potential for ChM-1 in arthritis.

The therapeutic effect in CIA was partial, and we
were unable to confirm that T cell suppression occurred
in our CIA model. We did not observe a significant
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decrease in the T cell proliferative response against Bl,
although the antibody titer against BII in the mice
treated for 3 consecutive days was slightly decreased
(data not shown). Therefore, we cannot conclude that
ChM-I exerted its therapeutic effect on CIA via the
suppression of the T cell response.

In contrast to the CIA experiments, tHuChM-I
exhibited a distinct suppressive effect on the develop-
ment of AIA. The prevention of T cell priming in vivo
was also confirmed, as shown in Figures 4A and B,
indicating that the therapeutic effect of AIA depends on
T cell suppression. CIA requires a rather longer time
course (almost 40 days) to develop in comparison with
AIA. Therefore, we suspect that the short duration of
the suppressive activity of thChM-I on T cell profifera-
tion, as demonstrated in Figure 5, might have been
related to this discrepancy of the outcome between AlA
and CIA, since the arthritis severity in AIA as well as the
arthritis incidence in CIA decreased more significantly
in the mice receiving rHuChM-I for 3 consecutive days
than in the mice receiving a single injection.

It is possible that some factors expressed or
secreted by activated T cells might have been involved in
decreasing the rHuChM-I activity, since the suppression
of T cells did not last as long as in our previous study
using endothelial cells. In addition, this short duration of
activity might have prevented us from observing chon-
drocyte protective and synovial cell growth retardation
effects, which require a longer period to examine clearly.
In order to dissect those effects, we would have to
deliver THuChM-I more frequently throughout the en-
tire disease course, although at this time we cannot
prepare a sufficient amount of tHuChM-I to conduct
such a study.

In any case, the current form or protocol of
ChM-I delivery might limit its practical use in arthritis in
which activated T cells are involved. The development of
methods to compensate for the short activity of ChM-I,
e.g., the development of a form that is made less
susceptible to reduction or joint expression by using
adenoviral vector, would provide a new innovative ther-
apy not only for RA, but also for other rheumatic
diseases, including osteoarthritis and seronegative
spondylarthropathy. In addition, identification of the
mechanism of ChM-I activity would help in the devel-
opment of a more refined therapy.

To date, no molecule derived from bone or joint
tissues has been shown to modulate the immune re-
sponse. Although the primary role of ChM-I must be
related to its antiangiogenic activity in cartilage, one
other physiologic role of ChM-I might be the control of

T cell positive selection. It is interesting to note that the
effective dosage of ChM-1 is almost the same irrespec-
tive of its various biologic outcomes; that is, the dose
requircd for a 50% effect in chondrocyte growth promo-
tion is between 4-8 nM, while the suppressive IDg,
values are almost 8 nM for endothelial cells (22) and
~3-10 nM for T cells. It seems that the opposite
functions in the different cells share a single type of
receptor. This interesting phenomenon should stimulate
further studies to elucidate its mechanism.

During the inflammatory process or the drastic
pressure change caused by joint movement, the mole-
cules released from damaged joint tissues could be
presented as antigens by synovial cells or dendritic cells.
Once these molecules are recognized by the immune
system, the resulting immune response might contribute
to the exacerbation or initiation of arthritis. In fact, a
number of joint-derived matrix molecules, including
type Il collagen, BjP, YKL-39, YKL-40, matrilin-1,
proteoglycan aggrecan, and p205, have been demon-
strated to be the target of autoreactive T cells and to be
involved in the pathogenesis of not only RA, but also
osteoarthritis and polychondroarthritis (44-50). In addi-
tion, since it is known that the autoreactive immune
response becomes aggressive as the immunologic deter-
minant spreads (51-53), it would be important to pre-
vent the immune system from recognizing new antigens
or additional epitopes. In this context, it is interesting to
note that fetal bone is rich in ChM-1 and the expression
level decreases with age {54), whereas aged cartilage
contains very little ChM-1 and aging increases the sus-
ceptibility to arthritis. It would be interesting to examine
whether ChM-I is able to prevent priming of these
arthritic antigens under physiologic conditions.

The biologic features of ChM-I not only provide
us with a therapeutic strategy, but also contribute new
insights into the relationship between the cartilage ma-
trix and the immune system. Future studies will be
undertaken to clarify the mechanism or factors that
promote the degradation or reduction of ChM-I ¢r the
loss of its activity, thereby contributing to the treatment
of arthritis,
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Abstract

Although a number of studies have revealed that T cells expand clonally in the joints of patients
sutfering from rheumatoid arthritis (RA), the kinetics of T cell clonality in multiple joints of an
individual throughout progression of the disease is not known. By employing a TCR f§ chain gene-
specific RT-PCR and subsequent single-strand conformation polymorphism, which enables us to
monitor T cell clonality, we analyzed transgenic mice (Tg) carrying the human T cell leukemia virus
type | env-pX region. These mice spontaneously develop destructive progressive arthritis similar to
RA as they age. In the early stage, the majority of accumulating T cell clones differed in each of
four affected feet analyzed. However, in the advanced stage, many of the clones were common to
all four feet. The total number of distinct ¢clones gradually decreased as the disease progressed.
When splenocytes from arthritic elder Tg were adoptively transferred into either nude mice or
young Tg, the clones common to all four feet of the donor were detected again in four feet of the
reciplents. These findings suggest that, as arthritis progresses, the T cell clones accumulating in
the arthritic joints are gradually restricted to certain common clonotypes, some of which are

arthrotropic.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
characterized by persistent inflammation of synovium,
destruction of cartilage and bone, and systemic illness.
Based on the association with particular BLA alleles {1-3),
massive infiltration of T cells into the synovial tissues {4y and T
cell oligoclonal expansion in the joints (5), T cells have been
proposed to play an important role in RA pathogenesis: T cells
would initiate or be involved in the inflammatory process by
recognizing some antigens and producing cytokines (5.6),
although this viewpoint has been controversiat (7).

We and others have demonstrated that T cells expand
clonally in the synovium as well as the synovial fluid of RA

patients {5,8-14). Furthermcre, some clones were found to be
common in multiple joints of the same patient (14). These
findings suggest that the oligoclonally accumuiated common T
cell clones are neither transiently nor randemly recruited into the
inflammatory sites, but that they recognize some antigens which
are associated with the pathogenesis of RA inflammation,
Supporting this viewpoint, Mima et al. reported that T cell clones
with an identical Vs CDR3 sequence frequently detected in the
joints of some RA patients induced synovial hyperplasia in
SCID mice when these clones were transferred (15).

In autoimmune disease murine models, it has been demon-
strated that determinant spreading may be necessary for
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132 Clonal restriction during arthritis progression

development of the full autoimmune syndrome (16-20). This
epitepe  spreading occurs in experimental autoimmune
encephalomyelitis, which is initiated by immunization of
autoantigen peptides, as well as in NOD mice, a spontaneous
autoimmune diabetes model. Both models are known 1o be
mediated by T cells. This amplification of the autoimmune
response by recruitment of T cells with additional specificities
would lead to clonality diversification. Recently, it was
reported that a shift towards a high-avidity pathogenic T cell
population may be the key event in the progression of benign
insulitis to overt diabetes in NOCD mice (21). Alternatively, the
clonality of the lesion might be restricted toward T cells which
are able to accumulate preferentially and to surpass cther
clones, because of their advantage to expand clenally
responding to the antigen released from the destroyed
inflamed joint. Whether the clonality in the lesion gontinues to
increase the diversity due to determinant spreading or
decrease the variety is especially important in relation to T
cell clonotype-targeted therapy. If the clonality becomes
restricted, then regulation of a smailler number of clones
should be sufficient to achieve antigen-specific immuno-
therapy. Thus, studies of the dynamics of clonality are of
great significance.

So far, studies of T cell clonality have been performed using
samples from patients with rather advanced disease.
Although information on the dynamics of the clonality during
the disease course from the early to the late stage could
provide more profound insights into the pathogenic clones,
kinetics studies of expanded clones in multiple joints at several
time points throughout the disease course are not realistic,
because of the difficuity of sampling during the long and
heterogeneous clinical time course of RA. It is also difficult to
appreciate and to compare the significance of expanded
clones among patients, since RA patients are diverse and
heterogeneaous in terms of the disease severity, duration and
modification by treatment.

Transgenic mice (Tg} carrying the env-pX regicn of the
human T cell leukemia virus type | (HTLV-) geneme spon-
taneously develop chronic inflammatory arthritis as they age
(22). The histopathologic characteristics of the joints of
arthritic Tg closely resemble those found in patients with RA,
showing proliferation of synovial lining cells, infiltration of
inflammatory cells with lymph follicle-like structures, and
formation of pannus-like granulation tissue with destruction
of cartilage and subchondral bone (23). Genes for inflamma-
tory cytokines, including IL-1a, iL-1B, IL-B, tumor necrosis
factor-a, transforming growth factor-B1, IFN-yand IL-2, as well
as MHC genes are activated in joints. Moreover, these mice
develop autoantibodies against I1gG, type Il collagen and
heat-shock proteins (24). A T cell response to type H collagen
(25) and ioss of T cell tolerance in the periphery are a'sc
demonstrated (26). These pathological features are similar to
those of RA. Therefore, the Tg are suitable for investigating T
cell clonality during the disease ¢course and its contribution to
arthritis.

in the present study, using this spontaneocus RA model
HTLV-l env-pX Tg, we investigated the dynamics of the T cell
clonotype in the affected four feet during the disease
progression. We found clonally expanded T cells, some of
which were common to all four inflamed feet. Surprisingly, as

the disease progressed, the number of common clonotypes
amang the different feet increased, whereas the total number
of clonotypes decreased. Adoptive transfer studies revealed
that these common clonotypes of the donor feet migrated into
the feet of the recipients, whose arthritis was exacerbated by
the transfer. These rasults provide evidence that T cells in the
inflamed joints are rather restricted to certain common
clonotypes.

Methods

Mice

HTLV-I env-pX Tg were backcrossed to BALB/c mice for more
than eight generations. The mice were maintained under
specific pathogen-free conditions in the animai facility of the
University of Tokyo, Graduate School of Medicine. All experi-
ments using animals were performed according to the
guidelines for animal experiments in our institution.

Clinical evaluation

The severity of arthritis was assessed using a clinical scoring
system of 0-3: 0 = normal, 1 = redness and swelling, 2 =
deformity, and 3 = ankylosis (27). Each foot was scored and
the total score was determined; the maximum possible score
per mouse was 12. Tg were divided into three groups by the
arthritis stage: early stage {age: 5-10 weeks; score: 0-3), mid
stage (age: 4-5 months; score: 6-8) and late stage (age: 7-8
months; scare: 10-12).

Analysis of T cell cionality by RT-PCR/single-strand
conformation polymorphism (SSCP)

Joint tissues were obtained from the front and back feet of Tg
after removal of skin and muscle. Total RNA was prepared with
Isagen (Nippon Gene, Tokyo, Japan) and then converted to
cONA with reverse transcriptase (Superscript [l; Gibco/BRL,
Gaithersburg, MD) and random hexamer oligonucleotide
{Gibco/BRL) at 42°C for 2-3 h. PCR was performed with
100-200 ng of cDNA, 50 pmol of each of the 22 Vi primers and
50 prol of a common Cp primer, dNTPs, and 1 U of Taqg
polymerase (Takara, Otsu, Japan) for 35 cycles (94°C for
1 min, 54°C for 2 min and 72°C for 3 min) in a Thermal Cycler
9600 (Perkin-Elmer, Norwalk, CT). The seguences of the Vs
primers were obtained from published data (28). The
sequence of Cp primer was 5-GGCTCAAACAAGGAG-
ACCTIG-3". SSCP analysis was performed as follows. Amp-
lified DNA was diluted (1:2-1:20) with a denaturing solution
(95% formamide, 10 mM EDTA, 0.1% bromophencl blue and
0.1% xylene cyanol), heat denatured at 90°C for 2 min and
electrophoresed on non-denaturing 4% pelyacrylamide gels
containing 10% glycerol. After electrophoresis, the DNA was
transferred onto GeneScreen (NEB, Beverly, MA)} and then
hybridized with a biotinylated internal common Cy oligo-
nuclectide probe (5-AGGATCTGAGAAATGTGA-3). The
bound Cg probe was detected using a Phototope-Star
detection kit (NEB).

The number of T cell clonotypes was calculated by three
researchers independently who did not know the sample
sources.
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Standardization of TCR mARNA

To adjust the amount of TCR mRNA in spleen to that of joint for
SSCP analysis, we conducted real-time quantitative PCR on
the iCycler iQ real-time detection system (Bio-Rad, Hercules,
CA). PCR was performed using QuantiTect SYBR Green PCR
kit (Qiagen, Hilden, Germany) according to the manufacturer's
instructions. For the amplification of the Cp region, 5'-
GGTCTCCTTGTTTGAGCCAT-3 was used as the 8 primer
and 5-ACTGATGTTCTGTGTGACAG-3’ as the 3’ primer. The
housekeeping gene B-actin (5-TCACCCACACTGTGCCC-
ATCTAC-3", 5-ACGATTTCCCTCTCAGCTGTGG-3) was
chosen for internal normalization.

Sequence analysis

TCR Vg genes extracted from SSCP polyacrylamide gels were
re-amplified using the same TCR Vj and Cp primer as primary
PCR. The re-amplified TCR V; gene was subcloned to a
plasmid vector (pGEM-T Easy Vector; Promega, Madisan, Mi).
Nuclectide sequences of the TCR V genes were determined
by the dideoxy method using a 310 Genetic Analyzer (Perkin-
Elmer/Applied Biosystems, Foster, CA).

Adoptive transier experiment

Spleens were removed aseptically from arthritic Tg in the late
stage and control mice. As a control, we used non-arthritic Tg
aged 4-€ weeks which had not developed the arthrits. Single-
cell suspensions were prepared by teasing apart the spleens
in HBSS and pushing them through a metal sieve with a
syringe barrel. After washing with HBSS, 2-5x107 splenic
cells were injected into elther young Tg (6-7 weeks) with the
onset of overt arthritis (the total score was <1-2) or BALB/e
nuinu mice. After 3 weeks, these recipients were sacrificed
and then subjected to RT-PCR/SSCF analysis to examine the

cell clonotypes accumulated in the joints. '

Statistical analysis

Data was analyzed using statistical software (Statcel, Saitama,
Japan} and expressed as the mean * SEM. The rate of
common T cell clonotypes in alf four feet and the arthritis score
were compared by Student's -test, and the total number of T
cell clonotypes by Mann-Whitney's U-test.

Results

Accumulation of T cell clonotypes in arthritic joints of HTLV-
env-pX Tg

Arthritis in the Tg was discerned as swelling and redness of
the footpad, inciuding the ankle. The abnormality began to
occur at age 4-8 weeks and thereafter the grade of arthritis
increased as the animal aged. The clinical score finally
reached the maximum at ~6 menths {Fig. 1). Thus, since the
disease severity was closely related to the age, we divided Tg
into three groups according to their age, i.e. early stage (age:
5-10 weeks; score: 1-3), mid stage (age: 4-5 months; score:
6-8) and late stage (age: 7-8 months; score: 10-12).

We analyzed the T cell clonotypes infiltrating the joints of all
four feet from HTLV-I env-pX Tg at 5 months (the mid stage)
using the TCR/RT-PCR/SSCP method (Fig. 2). While the
spleen exhibited smear patterns indicating a diverse T cell
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Fig. 1. Arthritic score increases with age of HTLV-l env-pX
transgenic mice. The arthritic score starts to increase at age 4-8
weeks and reached the maximum score at ~6 months (n = 64). The
arthritis was divided into three groups {early, mid and late stages}
and five mice {solid circles) in each stage were used for T cell
clonality analysis. £: early stage; M: mid stage; L: late stage.
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Fig. 2. Accumulation ¢f T cell clengtypes in arthritic joints of HTLY-I
env-pX transgenic mice analyzed by the RT-PCR/SSCP method. §:
spteen. J: joint. TCR mRANA of spleen and joint were standardized by
Cp products as described in Methods. The amount of TCR mRNA
from all joints corresponded to ~1/16 of that from spleen. Thus,
SSCP analysis was performed with PCR products using cDNA of
spleen diluted by 1:16.

population consisting of heterogeneous CDR3 regions of TCR,
accumulation of several distinct bands was observed in the
feet. These results indicate that T cells expand oligocionally in
the joints of all four feet, as has been shown for the joints of RA
patients.
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Fig. 3. Comparison of T cell clonotypes in the early, mid and late stages of arthritis. Lanes from 1 ‘o 4 represent the right front foot, left front
foot, right rear foot and left rear foct respectively. E: early stage; M: mid stage; L: late stage. Arrows indicate bands with identical migration in

all four feet.

Table 1. Number of distinct T cell clonotypes accumulated in four feet of Tg in the early, mid and late stages?

Arthritis Vg gene family Mean = SEM Percentage of

stage commen T cell
12 34 51526 7 8182839 10 11 1213 14 15 18 17 18 clonotypes

E - 08 - 07 - ~ Y6 Y10 Q7 Y7 26 07 31205 - 1T UT 2/8 14 17 2/8 1.0202/71+05 14.1

M - 37 - U8 - - 14 3/10 3/6 2/5 3/4 2/8 411 1/5 - 2/T 1110 O/7 2/6 0/2 1/4 1.7 0389+ 06 246

L - 45 - 16 - -~ 3/3 45 3/4 4/5 4/4 5/9 810 2/4 - 206 Y7 37 2/4 3710 1/5 31 = 0.4/59 + 0.5° 525

aT cell clonotypes were analyzed using three mice in each stage. Results are shown as common clonctypesitotal clongtypes per foot (total
number of bands in all four feet detected and the number of bands common to four feet were counted, and then divided by the number of feet

to represent the value per foot). E: early stage; M: mid stage; L: late stage. —: bands were faint or not detected.

5P < 0.05.

The number of common T cell clonotypes increased,
whereas the total number of T cell clonotypes decreased as
the disease advanced

To investigate the change in T cell clonality during the
progression of arthritis, we compared T cell clonotypes in
the early, mid and late stages. The T cell clonotypes which
accurnulated in each joint of the four feet showed different
mobility in the early stage, but they migrated to an identical
position in the late stage (Fig. 3). Bands with the same mobility
on SSCP gels had been demonstrated to possess the same
nucleotide sequences {13,29,30) and we curselves always
confirm this rule by DNA sequencing. Therefore, bands with
identical migration in SSCP represent identical clones.

We counted the total number of T cell clonotypes detectad
in each foot and the number of common clonotypes among the
four feet. The results are summarized in Table 1. The
proportion of T cell clonotypes common to all four feet was
low in each Vj repertaire in the early stage (average 14.1%).
However, it increased during progression of the stage. This
increase during the transition from the early to late stage was
observed in many Vp repertoires (Vg 2 and 6, P < 0.0001; Vg7,
P < 0.001; V8.1 and 8.2, P = 0.001; V8.3, 10, 11 and 15,
P < 0.05). Finally in the late stage, a high rate of >70% was
found for Va2, 6, 7, 8.1, 8.2, 8.3 and 10 {Fig. 4). Of interest, in

contrast to the common clones, the total number of T cell
clonotypes accurmulated in joints decreased as the disease
advanced (P < 0.05) (Table 1). In particular, Va2, 6, 7 and 8.1
are striking, showing that the total number of T cell clonotypes
in the late stage decreased by 40-50% compared with in the
early stage. Taken together, the T cell clonotypes became
identical while reducing their variety during progression of
arthritis.

To examine amino acid sequences of the CDRS3 region in
common T cell clonstypes among four feet, DNA encoding the
Vg genes were collected from SSCP gels and sequenced. As
shown in Table 2, conserved amino acid motifs were found,
€.g. QGW in the CDR3 region of V2 clones, RGTG in V8, and
SXTGG, LTGG, QGA and YRG in V310. In addition, certain
conserved amino acid maotifs, such as RSG in Va2 and Vp8,
DWG in V32 and V10, and 1QG and QGA in V310 and V11,
were observed in the CDR3 region of different V clones. This
sequence nformation implies the possibility that T cell
clonotypes in multiple joints might recognize some common
epitopes on antigens.

The common clones were able to migrate into the joints of
the recipients

In order to investigate the pathological significance of the
common clonotypes in four feet, we conducted an adoptive
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Fig. 4. The rate of common T cell clonotypes in all four feet
increased as HTLV-l env-pX transgenic mice aged. The proportions
of commion T cell clonotypes in all four feet in the early, mid and late
stages are demonstrated. Data given as the percentage of the
number of bands common to all four feet against the total number of
bands in all four feet. Values are expressed as the mean = SEM
{n=5).

transfer experiment. First, splenocytes derived from an
arthritic Tg were transferred into nude mice. The joints of the
feet of the recipients showed just mild swelling transiently.
Nevertheless, clonotype analysis revealed that some common
clones of the donars migrated into the feet of the recipients
(Fig. 5).

Since non-T cell components are considered to be indis-
pensable for inducing the persistent arthritis (31), we selected
young Tg as recipients. In each experiment, splenic cells
either from an arthritic Tg (experimental group) or a non-
arthritic Tg (control group) were transferred into two young Tg
with the onset of arthritis, Three weeks after the transfer, the
arthritis score of the recipients from an arthritic Tg was
significantly higher than that of recipients from non-arthritic Tg
and that of non-treated Tg (Fig. 6). This result suggests that the
progression of arthritis was acceterated by the transfer of
splenocytes from arthritic mice and that the T cells from the
donors were involved in the exacerbation of the arthritis. Three
weeks after the transfer, these recipients were sacrificed and
subjected to T cell clonality analysis. Some identical T cell
clonotypes were detected in the donor and the two recipients,
indicating that these identical T cell clonotypes accumulated
inthe joints of the recipients originated from the donors (Fig. 7).
Since the smear pattern of the clonotype in the spleen of the
recipients suggests that the degree of clonctype expansion is
different between the joints and spleen, and since the
common T cell clonotype between all four feet of the donor
and recipient was not dominant in the spieen, we were able to
rule out the possibility that the clonotype in joints simply
reflects that of the spleen.

To verify that the clonotypes common to the donors and the
recipients possess the identical TCR Vp chain sequences in
transfer experiments, DNA was recovered from the bands with
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Table 2. The TCR VDJ region of common T cell clonotypes
in four feet

Vp N-Dj-N Jp

Va2 CSA oGw EQ Jp26
Vp2 CSA RSGRE DTQ NEY:
Vg2 CSA RGI SNERL Jp1.4
V2 s IGQGW GNTL Js1.3
V2 cs EDWGG AETL Jg2.3
Vg0 CAS - RSGTH SNERL Jp1.4
Vg9 CAS RGTGAN Q Jg2.5
Vg9 CASS RTGRG EQ Jg2.6
Vg9 CASS RDR SDY Jp1.2
Vp2 CASS RGTGQ SYEQ 2.6
Vp10 CASS YQGAL NQCTQ Ji25
V10 CASS VDWGD QDTQ Jp2.5
Va10 CASS SLTGG YEQ Js2.6
V410 CASS SGTGG YEQ J52.6
Vg10 CASS 1QGA NSDY Jg1.2
V410 CASS YRGI EQ Jp26
Vg10 CASS LTGGAD L Jp2.4
Vy10 CASS YRGP NERL Jpl.4
Vg1 CASS LGQT NSDY Jpl.2
AR CASS SQGA EV Jp1.1
Va1 CASS 10G TEV Jp1.1

Underlined letters indicate conserved amino acid motifs.
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Fig. 5. The clonotype commen 1o all four feet of a Tg donor migrated
1o the joints of nude mice. In each experiment, splenocytes from an
arthritic Tg were transferred infe a nude mouse recipient. Nude mice
were sacrificed at 3 weeks after the cell transfer and subjected to T
cell clorotype analysis. Representative Vp paneis from two
independent experiments are demonstrated. S: spleen. Lanes from
1 10 4 represent the right front foot, left front foot, right rear foot and
left rear foot respectively. The commcen clones are indicated by the
arrows. TCR mRNAs of spleen and joint were standardized by Cp
products as described in Methods. The amount of TCR mRNA from
all joints correspended to ~1/10 of that from spleen.

same mobility on SSCP gels and sequences were determined.
Table 3 shows the DNA sequences of SSCP bands from a
donor and recipient, shown by arrows in Figs 5 and 7. As
expected, the sequences were identical between the donor
and recipient. These findings indicate that some of the
commaon clonotypes in four fest of the donor infiltrated again
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Fig. 6. Young Tg developed more severe arthritis after receiving
splenocytes from an arthritic Tg. Splenocyles from an arthritic Tg or
a non-arthritic Tg were transferred 1o young Tg on clinical onset, as
described in Methods. The arthritis score at 3 weeks after cell
transfer was judged. Note that the score of the recipients from an
arthritic Tg (open circles) was significantly higher than that of
recipients from a non-arthritic Tg (sold circlesy and that of the
non-treated Tg {(open squares) (*F < 0.001, "P < 0.0005).

into the joints of the recipient. There were no clear conserved
amino acids among migrated clonotypes in the amino acid
sequences of the CDR3 region.

Discussion

We studied the T cell clonotypic change in arthritic joints of
HTLV-I env-pX Tg during the development of the disease. In
the early stage of the disease, T cell clonotypes diversified
among the feet. On the contrary, in the late stage, most of the
clonotypes were common to all four feet. The total number of
accumulating clones decreased compared with in the early
stage. Thus, the T cell clonotypes became identical and
decreased in variety as the disease progressed. Some of
these common clones remaining in the late stage joints might
ke arthrotropic, since the transfer studies revealed their ability
to migrate into the joints. Due to the restricted availability of
clinical samples, it might have been difficult to know the
dynamic changes of clonality, which are diverse at the initial
stage and finally are restricted to common clonotypes.

Analysis of T cell clonality in the joints of RA patients as well
as in the affected organs of autcimmune disease animal
models demonstrated the presence of common clonotypes
among multiple joints or among different parts of an organ
{13.28). Moreover, the amino acid sequences of TCR Vp
junctional regions of clones which are identical in multiple
joints of a patient were found to be the same as the sequences
of the common clones of different patients (14). Considering
that CDR3 interacts with the peptides presented by MHC
molecules (32-34), these identical clones might recognize
certain common antigens which are involved in the patho-
genesis of RA. Our identification of common clonotypes in the
four arthritic feet and some conserved CDR3 motifs among
them is consistent with these previous findings.

vVl VB9
DRIK2 B RY RD?
SNSRERY R

DRI 1D RE RD

SSXRLRLRI

Vg
DRIR2 D Rl R2
SSSRLRLRIL

VEnu
DRIR2 D R! R2
SSSRERLRIL

Fig. 7. The clonotype common to all four feet of an arhritic Tg donor
migrated to the joints of young Tg recipients. Two young Tg were
used as recipients in a transfer experiment. Recipients were
sacrificed at 3 weeks after cell transfer and subiected to T cell
clonality analysis. D: dener; R1: recipient 1; R2: recipient 2; S
spleen; R: right rear foot; L: left rear foot. Arrows indicate common T
cell clonotypes among feet of the dongr and two recipients. The
amount of TCR mRNA from all joints corresponded to ~1/8 of that
from spleen.

In our present study of HTLV-l env-pX Tg, the accumulation
of common clonotypes was distinct after the mid stage,
whereas in the early stage it was not so pronounced. How can
this change in clonality during disease progression be
explained?

Several studies have implicated epitope spreading in the
pathogenesis of autoimmune diseases (16-20). Disease
progression is associated with a shifting of T cell autoreactivity
from primary initiating self-antigenic determinants to defined
cascades of secondary determinants that sustain the self-
recognition involved in disease perpetuation. Intramolecular
as well as intermolecular epitope spreading could presumably
occur by antigen presentation of autoantigens derived from
destroyed tissues (35-37). As recruitment of T cells specific
for additional determinants continues, T cell ¢lonality should
become diversified. In our experiment, the early stage might fit
the epitope-spreading model. The recruitment of T cells with
cther specificity proceeded independently in each joint. Since
the time of cnset of the arthritis is different among the four feet,
it is also possible that the degree of autoimmune response
propagation differs in each foot, resulting in the accumulation
of different clones in each joint. The autoantigens driving the
autoimrmune response in each joint may differ in this stage.
However, epitope spreading may not explain the T cell
behavior in our arthritis model throughout the entire course
of the disease, since the total number of T cell clones
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Table 3. The TCR VDJ region of T cell clonotypes common to donor and recipient in the transfer experiments?
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Vs N-Dp-N Jp
(A
Exp. 1
Vp8.2 TGTGCCAGC GGTGATTCCGGGACAG CAARCTCCGACTAC Jpl.2
cC A S G D S & T A N s D ¥
Vp10 TGTGCCAGCAGC TTACTGGGGGGGCGT AGTGCAGARACGCTG Jp2.3
C A 8 s L L G G R S A ETL
TGTGCCAGCAGC TTGGGGACT AGTGCAGARACGCTG Jp2.3
C A s s L G T S A E T L
Exp. 2
Vp8.1 TGTGCCAGCAG CCGACAGTTT TCCAACGAARGRTTA Jal.4
C A s s R Q@ F § N E R L
V8 TGTGCTAGCAGT AGACAGGGG TATGAACAG Jp2.6
cC A S S R Q G Y E Q
(B)
Vp2 TGCAGTG CTCAGGGGTGG GAACAG Jp2.6
c s A g G W E Q
Vi8 TGTGCTAGCAGT AGAACAGGGAGAGGT GAACAG Jp2.6
cC A § S R T G R G E Q
TGTGCTAGCAG GGGCACAGGGGCAA ACACCCAG Jp2.5
cC A s RG T G A XN T Q
Vp10 TGTGCCAGCAGC TACCAGGGGGCACTT AACCAAGACACCCAG Jg2.5
cC A s 8 Y Q 6 A L N 0 DT Q
Vi TGTGCAAGCAGT ATACAGGGR ACAGAAGTC Jpl.1
C A 5 S I QG T E V

aThe similar electrophoretic mobility bands in donor and recipient indicated by arrows in Figs 5 and 7 were cut out and subcloned after PCR

amplification, Their sequences were determined. {A) Transfer experiment in nude mice. (B) Transfer experiment in young Tg.

decreased and the identity of clonality increased with disease
progression.

It is shown that the TCR repertoire of memory cells which
expand selectively during the recall response are rather
restricted (38). Thus, such clones might be increasing while
an autoantigen repetitively stimulates and drives the
(pathogenic) immune response. Adding to this, some auto-
reactive T cell clones might be inactivated or deleted by
regulatory mechanisms. Therefore, we may reason that the
number of accumulating clones in the lesion of an autoimmune
disease might gradually decrease, leaving clones which are
able to expand more efficiently or are less susceptible to
cell death.

Alternatively, the clonal restriction in the joints might reflect
avidity maturation of a T cell poputation. Amrani et al. demon-
strated that a shift towards a high-avidity pathogenic T cell
population may be the key event in the progression of benign
insulitis to overt diabetes using NOD mice (21). Applying this
hypothesis, we tend to prefer that some of the remaining
common clonotypes have an advantage in clonal expansion
due to their higher avidity for certain autoantigens and are
related 1o the inflammation of the joints. However, it is too early
to conclude that the remaining common clonotypes are
pathogenic, since other clones might aiso be involved in the
exacerbation of young Tg arthritis after the transfer.

Nevertheless, some of them are at least arthrotropic since
they migrated to the joints of the recipients, implying that they
recognize a certain autoantigen in the joint. Since it has indeed
been demonstrated that dominant T cell clones in Tg
recognize collagen type Il (25), Tax and Env of the pX
products (39), it would be of great interest to investigate
whether these commoen clones respend to those antigens.

Taken together, during the perpetuation of arthritis, T cell
clonality decreased in variety and was restricted to the clones,
some of which are arthrotropic and might be related to the
pathogenesis of arthritis. This ‘clonal restriction’ phenomena
should be verified in other autcimmune diseases and its
madels to develop antigen-specific immunotherapy targeting
certain common T cell clonotypes.

Acknowledgements

This work was supponrted by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science and
Technolegy, and Grants from the Ministry of Health, Labor and
Welfare. )

Abbreviations

HTLV-1 human T cell leukemia virus type |

RA rheumnatoid arthritis

SSCP single-strand conformation polymorphism
Tg transgenic mouse

References

1 Nepom, G. T., Byers, P, Seyfried, C., Healay, L. A,, Wilske, K. R.,
Stage, D. and Nepom, B. §. 1989, HLA genes associated with
rheumatoid arthritis: identification of susceptibility alleles using
specific oligonuclectide probes. Arthritis Rheum. 32:15.

2 Weyand, C. M., McCarthy, T. G. and Goronzy, J. J. 1995,
Correlation  between disease phenotype and genetic
heterogeneity in rheumatoid arthritis. J. Clin. Invest. 95:2120.

3 Weyand, C. M. and Goronzy, J. J. 1999. HLA polymorphisms and
T cells in rheumatoid arthritis. /nt. Rev. Immunol. 18:37.

4 Van Boxel, J. A. and Paget, 8. A. 1975, Predominantly T-cell

—=276 —



138 Clonal restriction during arthritis progression

infiltrate in rheumatoid synovial membranes. N. Engl. J. Med.
293:517.

5 Goronzy, J. J. and Weyand, C. M. 1995. T cells in rheumatoid
arthritis. Paradigms and facts. Rheum. Dis. Clin. North Am.
21:655.

6 Panayi, G. S., Lanchbury, J. 8. and Kingsley, G. H. 1992, The
importance of the T cell in initiating and maintaining the chronic
synovitis of rheumatoid arthritis. Arthritis Rheum. 35:729.

7 Gary, 8. F. and Nathan, J. 2. 2002. How important are T cells in
chronic rheumatoid synovitis? 1. T cell-independent mechanisms
from beginning to end. Arthritis Rheum. 46:298.

8 Stamenkovic, 1., Stegagno, M., Wright, K. A, Krane, S. M,
Amento, E. P., Celvin, R. B., Duguesoy, R. J. and Kurnick, J. T.
1988. Clonal dominance among T-lymphocyie infiltrates in
arthritis. Proc. Natl Acad. Sci. USA 85:1179

9 Paliard, X., West, 8. G, Lafferty, J. A., Clements, J. 8., Kappler,
J. W., Marrack, P. and Kotzin, B. L. 1991. Evidence for the effects
of a superantigen in rheumatoid arthritis. Science 253:3258.

10 Struyk, L., Hawes, G. E., Chatila, M. K., Breedveld, F. C., Kurnick,
J. T. and van den Elsen, P. J. 1995, T cell receptors in rheumatoic
arthritis. Arthritis Rheum, 38:577.

11 Gonzalez-Quintial, R., Baccala, R., Pope, R. M. and
Theofilopoulos, A, N, 19386. Identification of clonally expanded T
cells in rheumatoid arthritis using a sequence envichment
nuclease assay. J. Ciin. Invest. 97:1335.

12 Yamamoto, K., Sakoda, H., Nakajima, T., Kate, T., Okubo, M.,
Dohi, M., Mizushima, Y., lto, K. and Nishioka, K. 1992.
Accumulation of multiple T cell clonotypes in the syrovial lesions
of patients with rheumatoid arthritls revealed by a novel clonality
analysis. Int. Immunol. 4:1219.

13 Ikeda, Y., Masuko, K., Nakai, Y., Kate, T., Hasunuma, T., Yoshino,
S., Mizushima, Y., Nishioka, K. and Yamamoto, K. 1996. High
frequencies of identical T cell clonctypes in synovial tissues of
rheunatoid arthritis patients suggest the occurrence of common
antigen-driven immune responsas, Arthritis Rheumn. 39:446.

14 Kurokawa, M., Kato, T., Masuko-Hongo, K., Ueda, S., Kobata, T.,
Okubo, M., Nishimaki, T., Akaza, T., Yoshino, S., Kasukawa, R.,
Nisrioka, K. and Yamamoto, K. 1999. Characterization of T cell
clonotypes that accumulated in multiple joints of patients with
rhesmatoid arthritis. Ann. Rheum. Dis. 58:546. :

15 Mima, T., Ohshima, S., Sasai, M., Nishioka, K., Shimizu, M.,
Murata, N., Yasunami, R., Matsuno, H., Suemura, M., Kishimote, T,
and Saeki, Y. 1899. Dominant and shared T cell receptor & chain
variable regions of T cells inducing synovial hyperplasia in
rheumatoid arthritis. Biochem. Biophys. Res. Cormmun. 263:172.

16 Lehmann, P. V., Forsthuber, T., Miller, A. and Sercarz, E, E. 1992,
Spreading of T cell autoimmunity to ¢ryptic determinants of an
autoantigen. Nature 358:155.

17 Lehmann, P. V., Sercarz, E. E., Forsthuber, T, Dayan, C. M. and
Gammon, G. 1993. Determinant spreading and the dynamics of
the autoimmune T cell repertoire. immuncl. Today 14:203.

18 McRae, B. L., Vanderlugt, C. L., DalCanto, M. C. and Miller, 5. D.
1995. Functional evidence for epitope spreading in the relapsing
pathology of experimental autoimmune encephalomyelitis. J. Exp.
Med. 182:75.

19 Tuohy, V. K., Yu, M., Yin, L, Kawczak, J. A, Johnson, J. M.,
Mathisen, P. M., Walnstock-Guttman, B. and Kinkel, R. P. 1998.
The epitope spreading cascade during progression of
experimental autoimmune encephalomyelitis and  multiple
sclerosis. fmmunol Aev. 164:93.

20 Kaufman, D. L., Clare-Salzler, M., Tian, J., Forsthuber, T., Ting,
G. S., Robinson, P., Atkinson, M. A, Sercarz, E. E., Tobin, A. J.
and Lehmann, P. V. 1993. Spontaneous loss of T cell tolerance to
glutamic acid decarboxylase in muring insulin-dependent
diabetes. Nature 366:69.

21 Amrani, A., Verdaguer, J., Serra, P., Taluro, S., Tan, R. and
Santamaria, P. 2000. Progression of autoimmune diabetes driven
by avidity maturation: of a T cell population, Nature 406:739.

22 |lwakura, Y., Tosu, M., Yoshida, E.. Takiguchi, M., Sato, K.,
Kitajima, |.. Nishioka, K., Yamamoto, K., Takeda, T., Hatanaka, M.,
Yamamoto, H. and Sekiguchi, T. 1991. Induction of inflammatory

— 277 —

23

24

25

26

27

28

29

30

31

32

33

34

35
36

37

38

39

arthropathy resembling rheumatoid arthritis in mice transgenic for
HTLV-l. Science 253:1026.

Yamamoto, H., Sekiguchi, T., tagzki, K., Saljo, S. and Iwakura, Y.
1993. Inflammatery polyarthritis in mice transgenic for human T
cell leukemia virus type 1. Arthritis Rheum, 361612,

lwakura, Y., Saijo, S., Kioka, Y., Nakayama-Yamada, J., tagaki,
K., Tosu, M., Asano, M., Kanai, Y. and Kakimoto, K. 1995.
Autocimmunity induction by human T cell leukemia virus type 1 in
transgenic mice that develop chronic inflammatory arthrepathy
resembling rheumatoid arthritis In humans. J. Immunol. 155:1588.
Kotani, M., Tagawa, Y. and lwakura, Y. 1999. Involvement of
autcimmunity against type Il collagen in the development of
arthritis in mice transgenic for the human T cell leukemia virus type
| tax gene. Eur. J. Immunol 29:54.

Kishi, S., Saijo, S., Aral, M., Karasawa, S., Ueda, S., Kannagi, M.,
lwakura, Y., Fujii, M. and Ycnehara, 8. 1997. Resistance to fas-
mediated apoptosis cf peripheral T cells in human T lymphocylte
virus type | {HTLV-l) transgenic mice with autcimmune
arthropathy. J. Exp. Med. 186:57.

Osman, G. E, Toda, M., Kanagawa, O. and Hood, L. E. 1993.
Characterization of the T cell receptor reperioire causing collagen
arthritis in mice. J. Exp. Med. 177:387.

Komagata, Y., Masuko, K., Tashiro, F., Kato, T., Ikuta, K.,
Nishicka, K., lto, K., Miyazaki, J. and Yamamocio, K. 19¢8.
Clonal prevalence of T cells intiltrating inle the pancreas of
prediabetic non-obese diabetic mice. int. Immunol. 8:807.
Okubo, M., Kurgkawa, M., Ohto, H., Nishimaki, T., Nishioka, K.,
Kasukawa, R. and Yamamcto, K. 1994, Clonotype analysis of
peripheral blood T cells and autoantigen-reactive T cells from
patients with mixed connective tissue disease. J. Immunol
153:3784.

Yamamoto, K., Masuko, K., Takahashi, S., lkeda, Y., Kate, T,
Mizushima, Y., Hayashi, K. and Nishioka, K. 1995. Accumulation
of distinct T cell clonotypes in human selid tumors. J. immuno!.
154:1804.

Saijo, S., Kotani, M., Habu, K., Ishiisuka, C., Yamamoto, H.,
Sekiguchi, T. and lwakura, Y. 1999. Bone marrow-derived cells
are respensible for the development of actcimmune arthritis in
human T cell leukemia virus type |-ransgenic mousetransgenic
mice and those of normal mice can suppress the disease.
J. Immunol. 163:5700. .
Garboczi, D. N., Ghosh, P., Utz, U., Fan, Q. R., Biddison, W. E.
and Wiley, D. C, 1996. Structure of the complex between human T
cell receptor, viral peptide and HLA-A2. Nature 384:134.
Dessen, A., Lawrence, C. M., Cupo, S., Zzaller, B. M. and Wiley, D.
C. 1997. X-ray crystal structure of HLA-DR4 (DRAT0101,
DRB1-0401) complexed with a peptide from human collagen .
immunity 7:473.

Garcia, K. C., Degano, M., Stanfield, R. L., Brunmark, A., Jackson,
M. R., Peterson, P. A., Teyton, L. and Wilson, . A. 1886. An opT
cell receptor structure at 2.5 A and its orientation in the TCR-MHC
complex. Science 274:209.

Craft, J. and Fatenejad, $. 1997. Seli antigens and epitope
spreading in systemic autoimmunity. Arthritis Rheum. 40:1374,
McCluskey, J., Farris, A. D., Keech, C. L., Purcell, A. W,
Rischmueller, M., Kinoshita, G., Reynolds, P. and Gorden, T. P.
1998. Determinant spreading: lessons from animal models and
human disease. Immunol. Rev. 164:209.

Mamula, M. J. 1998. Epitope spreading: the role of self peptides
and autcantigen processing by B lymphocytes. immunol. Fev.
164:231.

McHeyzer-Williams, L. J., Panus, J. F., Mikszta, J. A and
McHeyzer-Wiliams, M. G. 1999. Evclution of antigen-specific T
cell receptors in vivo: preimmune and antigen-driven selection of
preferred complementarity-determining region 3 (CDR3) motifs.
J. Exp. Med. 189:1823.

Fujisawa, K., Okamoto, K., Asahara. H., Hasunuma, T., Kebata, T.,
Kato, T., Sumida, T. and Nishioka, K. 1828. Evidence for
autoantigens of Enw/Tax proteins in hurman T cell leukemia virus
type | Env-pX transgenic mice. Arthritis Rheumn. 41:101.



