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Abstract Rheumatoid arthritis (RA) is a chronic inflamma-
tory disease that is associated with joint destruction. Ima-
tinib mesylate (imatinib) is an inhibitor that specifically
targets a set of protein tyrosine kinase, such as abl, c-kit,
and platelet-derived growth factor receptor (PDGFR) and
it is widely used to treat chronic myeloid leukemia (CML).
The purpose of the present study is to determine whether
imatinib can provide benefit in the arthritis induced by anti-
collagen type II antibody (CAIA) in mice, a model that
provides an opportunity to study the effector inflammatory
phase of arthritis without involving the priming phase of
the immune responses. Mice treated with intraperitoneal
administration of imatinib (1 or 10mg/kg) prior to the
development of CAIA displayed significant reductions in
the severity of CAIA as assessed by arthritis score, histol-
ogy, and synovial PDGF and vascular endothelial growth
factor expression. In addition, treatment of the mice that
had developed CAIA with intraperitoneal administration
of imatinib (1 or 10mg/kg) inhibited the progression of
arthritis as assessed by those parameters. These results
suggest that imatinib prevents and treats CAIA. Imatinib
may thus have both a preventive and therapeutic potential
for the joint inflammation at the effector stage of RA.

Key words Anti-collagen type II antibody-induced arthritis
(CATA) - Imatinib mesylate - Rheumatoid arthritis

K. Koyama - K. Hatsushika - T. Ando - M. Sakuma - M. Wako -
A. Nakao

Department of Immunology, Faculty of Medicine, University of
Yamanashi, Yamanashi, Japan

K. Koyama (P<) - H. Haro - H. Sugiyama - Y. Hamada

Department of Orthopaedic Surgery, Faculty of Medicine, University
of Yamanashi, 1110 Shimokato, Chuo, Yamanashi 409-3898, Japan
Tel. +81-55-273-6752; Fax +81-55-273-9542

e-mail: vesupanomusuko@yahoo.co.jp

R. Kato
Department of Human Pathology, Faculty of Medicine, University of
Yamanashi, Yamanashi, Japan

H. Ogawa - A. Nakao
Atopy Research Center, Juntendo University School of Medicine,
Tokyo, Japan

Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease
that primarily affects the synovial tissue in multiple joints
associated with autoantibody production such as anti-
collagen type II antibody (OMIM #180300). Rheumatoid
arthritis synovial tissue is characterized by synovial hyper-
plasia with an increased number of synovial fibroblasts and
infiltrating inflammatory cells consisting predominantly of
macrophages and lymphocytes.'”

Imatinib mesylate (imatinib) is a signal transduction
inhibitor that specifically targets protein tyrosine kinases
such as abl, c-Kit, and platelet-derived growth factor recep-
tor (PDGFR), and it is widely used to treat chronic myeloid
leukemia (CML) and c-kit-positive gastrointestinal stromal
tumors.”* Recent case reports describe severe RA patients
treated with imatinib, who show marked improvement in
the joint pain, disease activity, and serum C-reactive protein
(CRP) levels.™ Consistent with these clinical findings, in
vitro studies showed that imatinib inhibited platelet-derived
growth factor (PDGF)-stimulated proliferation of rheuma-
toid synovial fibroblasts.”® Furthermore, Ando et al. recently
showed that imatinib inhibited osteoclastogenesis and joint
destruction, but not the joint inflammation, in a rat model
of collagen-induced arthritis (CIA).”

In the current study, we aimed to determine whether
imatinib can inhibit joint inflammation using a mouse model
of anti-collagen type II antibody-induced arthritis (CAIA),
a representative model for the effector inflammatory phase
of RA."" Our results suggest that imatinib has both pre-
ventive and therapeutic effects on CAIA, suggesting that
imatinib may be useful for the prevention and treatment of
the effector phase of RA.

Materials and methods
Reagents

Imatinib mesylate (STI571: Gleevec) capsules were from
Novartis Pharma (Basel, Switzerland). The contents of one
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capsule were dissolved in 10 ml of phosphate-buffered saline
(PBS), centrifuged, filtered, and used as 100mg/ml stock
solution.

Induction of arthritis

Female 4-5-week-old BALB/c mice were purchased from
SLC (Tokyo, Japan) and kept under specific pathogen-free
conditions. The arthritogenic anti-collagen type II mono-
clonal antibody (mAb) cocktail obtained from Chondrex
(Seattle, WA, USA) contains four mAbs (F10, A2, D8, and
D1) in equal amounts. To establish anti-collagen type II
antibody-induced arthritis," the mice were intravenously
injected with 2mg per mouse of anti-collagen type II mAb
cocktail (day 1) and 3 days later (day 4) with 50ug per
mouse of lipopolysaccharide (LPS) (Chondrex). For the
CAIA prevention studies, imatinib (1 or 10mg/kg per
mouse) or a control vehicle (PBS) were intraperitoneally
administered on day 5 and thereafter every day until sacri-
fice. For the CAIA treatment studies, imatinib (1 or 10mg/
kg per mouse) or a control vehicle (PBS) were intraperito-
neally administered into the mice that had already devel-
oped arthritis on day 7 (average arthritis score of 12) and
thereafter every day until sacrifice. The animal experiments
were approved by the Institutional Review Board of the
University of Yamanashi.

Clinical evaluation of arthritis

Starting on day 1 after mAb injection, the mice were blindly
inspected for disease progression. The clinical severity of
the disease was scored using a scoring system based on the
number of inflamed joints in forepaws, hindpaws, and
ankles, inflammation being defined by swelling: 0, normal,
1, slight swelling; 2, mild swelling; 3, moderate swelling; and
4, severe swelling. All paws and ankles were graded, thus
resulting in a maximal clinical score of 24 per mouse, and
then were expressed as the mean arthritic index on a given
day.

Histology

The hind paws (torsocrural joint) were removed postmor-
tem on day 10 (for prevention studies) or day 12 (for treat-
ment studies) after mAb injection, fixed, and decalcified.
The decalcified paws were embedded in paraffin, sectioned,
and stained with hematoxylin—eosin or toluidine blue for
evaluation of mast cells. For immunohistochemistry, the
paws were immediately dissected and frozen in OCT com-
pound in liquid nitrogen. The samples were stored at —80°C
until cryosectioning. The sections were stained with anti-
PDGF-A and -VEGF (vascular endothelial growth factor)
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) through the use of peroxidase-based Vectastain ABC
kits with DAB substrate (Vector Laboratories, Burlingame,
CA, USA).

307
Data analysis
The data are summarized as the mean + SD. The unpaired

Student’s t-test was used for the statistical analysis of the
results. P < 0.05 was considered to be significant.

Results

To determine the effects of imatinib on arthritis, we used a
mouse model of arthritis which was developed by the injec-
tion of monoclonal antibodies (mAbs) against type II col-
lagen followed by the subsequent injection of bacterial LPS
to reduce the threshold of the arthritogenic dose of mAbs
and the required number of mAb clone (collagen type 11
antibody-induced arthritis; CAIA)."” The development of
this arthritis model, in particular in the early phase, is inde-
pendent of T cells and B cells'""” and it is dependent on
interleukin (IL)-1B and tumor necrosis factor (TNF)-o.,"”
with neutrophils and macrophages being the major media-
tor of this inflammation.'"’ Therefore, the CAIA model pro-
vides an opportunity to study the effector inflammatory
phase of RA without involving the priming phase of the
immune responses. Wild-type mice receiving control PBS
developed the arthritis after the injection of anti-type II
collagen mAbs (day 1) plus LPS, beginning on day 5 after
the administration of the mAbs, with subsequent increasing
severity of inflammation until day 10 (Fig. 1A,B).

For the CAIA prevention studies, mice received ima-
tinib (1mg/kg, 10mg/kg) or control vehicle (PBS) on day
5 prior to the development of CAIA and thereafter every
day. The mice receiving imatinib (1 or 10mg/kg) did not
show any clinical manifestations of arthritis as judged by
the clinical scoring (Fig. 1A,B). Consistent with the clinical
findings, a histological examination of the hind paws on
day 10 showed a significantly reduced cellular infiltration
and synovial hyperplasia in the mice receiving 1 mg/kg and
10mg/kg imatinib (Fig. 1C). The expression of PDGF-A
and VEGF in the synovial tissue was up-regulated after
the induction of arthritis, which was reduced by the pre-
ventive treatment with both 1 mg/kg and 10mg/kg imatinib
(Fig. 1D). Thus, imatinib effectively prevented the devel-
opment of arthritis induced by anti-collagen type II
antibody.

To determine the therapeutic effects of imatinib on the
established arthritis, imatinib (1 mg/kg) was intraperitone-
ally injected into the mice with a peak of arthritis (day 7)
and thereafter every day. The mice treated with PBS begin-
ning from day 7 showed persistent arthritis at least until day
12 whereas in the mice receiving imatinib (1 mg/kg), the
arthritis improved from day 7 and thereafter as measured
by the clinical scoring (Fig. 2A,B). A histological examina-
tion of the hind paws on day 12 also showed a significantly
reduced cellular infiltration and synovial hyperplasia in the
mice receiving 1 mg/kg imatinib (Fig. 2C). The expression
of PDGF-A and VEGF in the synovial tissue was up-
regulated after the induction of arthritis, which was reduced
by the therapeutic treatment with 1mg/kg imatinib (Fig.
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Fig. 1A-D. Imatinib mesylate A
prevented the development of
arthritis induced by anti-
collagen type II antibody in
mice. The mice were
intraperitoneally injected with
2mg per mouse of anti-collagen
type II monoclonal antibody

(mAD) cocktail (day 1) and 3 PBS Imatinb1
days later (day 4) with 50ug per
mouse of lipopolysaccharide B
(LPS). Imatinib mesylate (1 mg 2
and 10mg/kg per mouse) or a ——  control
control vehicle (phosphate- 2 N
—#—  |matinib 1

buffered saline; PBS) were
intraperitoneally administered
on day 5 and thereafter every
day. A Representative
photographs showing the fore
and hind paws of the mice
treated or untreated with Al
imatinib mesylate (1 mg/kg and T2 3 4 5 %
10mg/kg per mouse) on day 10.
B Clinical scoring measured
during the course of study.
Values represent the mean = SD
of three mice per group. *P <
0.05 compared with
corresponding control. Similar
results were obtained from at
least three independent
experiments. C A histological
examination of the hind paws
(torsocrural joint) of the mice
treated or untreated with
imatinib mesylate (10 mg/kg per
mouse) on day 10.
Representative photographs of
hematoxylin—eosin staining are
shown. D Immunohistochemical
examination of the hind paws
(torsocrural joint) of the mice
treated or untreated with
imatinib mesylate (10 mg/kg per
mouse) on day 10.
Representative photographs of
immunohistochemical staining
with anti-VEGF (left panels)
and anti-PDGF-A (right panels)
antibodies are shown. Please
note that the intensity of the
positive staining (brown area) in
the synovial tissue decreased
after the treatment of imatinib.
PBS, phosphate-buffered saline;
PDGF, platelet-derived growth
factor; VEGF, vascular
endothelial growth factor; ST,
synovial tissue

@

Imatinib 10

arthritis score
>

PBS

PBS

2D). Thus, imatinib effectively reversed the established
arthritis induced by anti-collagen type II antibody.
Because imatinib was shown to inhibit signaling path-
ways predominantly in mast cells'* and mast cells are sug-
gested to contribute to the RA pathgenesis,"” we examined
the presence of mast cells in synovial tissue of the CAIA
model. Toluidine blue staining revealed that mast cells were
hardly observed in the normal joint tissue whereas mast

day1

day10

Imatinib10

PBS Imatinib

PDGF

Imatinib

VEGF

Imatinib

cells were significantly present in the synovial tissue after
the induction of arthritis (Fig. 3 and data not shown).

Discussion

Although the etiology of RA remains unknown, macro-
phages, B cells, mast cells, and synovial fibroblasts become



Fig. 2A-D. Imatinib mesylate
reversed the established arthritis
induced by anti-collagen type II
antibody in mice. The mice were
intraperitoneally injected with
2mg per mouse of ant-collagen
type II mAb cocktail (day 1) and
3 days later (day 4) with 50ug
per mouse of LPS. Imatinib
mesylate (1 mg and 10mg/kg per
mouse) or a control vehicle
(PBS) were intraperitoneally
administered on day 7 and B
thereafter every day. A
Representative photographs
showing the fore and hind paws
of the mice treated or untreated
with imatinib mesylate (1 mg/kg
and 10mg/kg per mouse) on day
12. B Clinical scoring measured

)
@

—e—control

Y
S

—#—|matinib

arthritis score
&

=)

during the course of study. 5
Values represent the mean = SD
of three mice per group. *P < 0

0.05 compared with
corresponding control. Similar
results were obtained from at
least three independent
experiments. C A histological
examination of the hind paws
(torsocrural joint) of the mice
treated or untreated with
imatinib mesylate (10 mg/kg per
mouse) on day 12.
Representative photographs of
hematoxylin—eosin staining are
shown. D Immunohistochemical
examination of the hind paws
(torsocrural joint) of the mice
treated or untreated with
imatinib mesylate (10 mg/kg per
mouse) on day 12.
Representative photographs of
immunohistochemical staining
with anti-VEGF (left panels) and
anti-PDGF-A (right panels)
antibodies are shown. Please
note that the intensity of the
positive staining (brown area) in
the synovial tissue (S7)
decreased after the treatment of
imatinib

PBS

activated in and contribute to synovial inflammation and
joint destruction.'” Recent studies have shown that imatinib
inhibits multiple signaling pathways implicated in RA
pathogenesis in vitro, including mast cell c-Kit signaling and
TNF-o release, macrophage c-Fms activation and cytokine
production, and synovial fibroblast PDGFR signaling and
proliferation.””"* These cellular responses are also involved
in the development of CAIA." Thus, it is most likely that
imatinib prevents and treats CAIA by inhibiting these sig-
naling pathways that drive synovial inflammation.

A
PBS

Imatinib
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Platelet-derived growth factor and VEGF are overex-
pressed in RA synovial tissue.” " In addition, PDGF is a
potent stimulator of synovial hyperplasia in RA'*' and the
inhibition of VEGF signaling also suppressed acute arthritis
in an animal model.""* Our findings that imatinib inhibited
synovial PDGF and VEGF expression in CAIA (Figs. 1D
and 2D) thus also support the notion that imatinib may be
useful for the treatment of RA.

Ando et al. recently showed that imatinib inhibited
osteoclastogenesis and joint destruction, but not the joint
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Fig. 3. Toluidine blue staining of the synovial tissue of anti-collagen
type II antibody-induced arthritis. The mice were intraperitoneally
injected with 2mg per mouse of ant-collagen type II mAb cocktail (day
1) and 3 days later (day 4) with 50 g per mouse of LPS. The hind paws
(torsocrural joint) were removed postmortem on day 10, fixed, and
decalcified. The decalcified paws were embedded in paraffin, sectioned,
and stained with toluidine blue for evaluation of mast cells. Represen-
tative photographs are shown. Arrows indicate positive staining (mast
cells)

inflammation, in a rat model of collagen-induced arthritis
(CIA).’ In contrast, most recently, Paniagua et al. reported
that imatinib efficiently reduced synovitis as well as pannus
formation and joint erosion in mouse CIA." The discrep-
ancy between the two studies might be due to the usage of
different species. In the current study, we used CAIA model
that develops joint inflammation independent of T cells and
B cells. This model has advantage over CIA model in that
we can evaluate the effects of imatinib on T-cell- and B-cell-
independent effector inflammatory phase of RA. There-
fore, our results suggest that imatinib can prevent and treat
inflammation at the effector stage of RA.

It is not yet clear whether mast cells contribute to the
development of CAIA.The current findings that the number
of mast cells increased after the induction of CAIA (Fig. 3)
and imatinib efficiently prevented and treated CAIA may
suggest that mast cells are also an important component
involved in the CAIA model. This point will be investigated
in our future studies.

In summary, we demonstrate that imatinib efficiently
prevents and treats CAIA, a representative model for
inflammatory phase of RA. Our results thus suggest that
imatinib may have beneficial effects not only on joint
destruction but also for joint inflammation in RA.
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