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Abstract
Background: Knock-in mice (gp130F759) with a Y759F point mutation in gp130, a signal
transducing receptor subunit shared by members of the IL-6 cytokine family, show sustained
activation of STAT3, enhanced acute-phase or immune responses, and autoimmune arthritis. We
conducted a detailed analysis of collagen-induced arthritis (CIA) in gp130F759 with a DBA/1J
background (D/J.gp130F759).
Methods: We backcrossed gp130F759 to C57BL/6 and DBA/1J, and compared the pathologic
changes, including occurrence of arthritis, in the two distinct genetic backgrounds. We analyzed
CIA in D/J.gp130F759 and investigated the effects of methotrexate (MTX) on CIA.
Results: C57BL/6 background gp130F759 mice, but not D/J.gp130F759, spontaneously developed
polyarthritis and glomerulonephritis. On the other hand, keratitis of the eyes only developed in D/
J.gp130F759, indicating the influence of genetic background on disease development in gp130F759
mice. Resistance of the DBA/1J background against spontaneous arthritis urged us to examine CIA
in D/J.gp130F759. CIA in D/J.gp130F759 was more severe, with greater bone destruction, than the
control mice. After collagen immunization, splenomegaly and serum levels of rheumatoid factor and
anti-DNA antibody were augmented in D/J.gp130F759. Bio-Plex analysis of serum cytokines
revealed increased IL-12p40 and PDGF-BB before immunization, and increased levels of IFN-γ, IL17, TNF-α, IL-9, and MIP-1β 8 days after the booster dose. IL-6 and PDGF-BB in D/J.gp130F759
showed distinct kinetics from the other cytokines; higher levels were observed after arthritis
development. MTX partially attenuated the development of arthritis and inhibited bone destruction
in D/J.gp130F759, with reduction of anti-type II collagen antibody levels, suggesting that MTX
mainly affects antigen-specific immune responses in CIA.
Conclusion: The Tyr-759 point mutation of the IL-6 family cytokine receptor subunit, gp130,
caused autoimmune disease, and this was also influenced by the genetic background. CIA in D/
J.gp130F759 is useful for evaluating drugs in a relatively short period because sustained activation
of STAT3 may enhance the disease symptoms.
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Background
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by progressive chronic inflammation of
multiple joints, resulting in joint destruction. Several
characteristics of RA, such as hyper-γ-globulinemia,
autoantibody production, genetic linkage with the HLADR locus, and infiltration of T-cells and plasma cells into
the synovium, have suggested that immunologic disorders have crucial roles in the pathogenesis of this disease
[1]. RA is a polygenic disease caused by immunologic disorders that develop from the synergistic actions of genetic
and environmental factors. Clinical and experimental
studies have revealed the pivotal roles for inflammatory
cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6, in the pathophysiology of RA [2].
Success achieved in the blockade of TNF-α in RA and IL-6
in juvenile RA exemplifies the feasibility and potential
therapeutic application of antagonizing cytokine signaling [3].
IL-6 is a pleiotropic cytokine that regulates various biologic functions, such as the development of the nervous
and hematopoietic systems, acute-phase responses,
inflammation, and immune responses [4]. A causative
role for IL-6 in autoimmune disease was first recognized
by the observation that the autoimmune symptoms of
patients with cardiac myxomas, such as hyper-γ-globulinemia and autoantibody production, disappeared with
resection of the tumor that produced IL-6 [5]. Furthermore, a high concentration of IL-6 exists in the synovial
fluid and sera of RA patients [6]. Studies using IL-6 knockout mice revealed that IL-6 is involved in the severity and
progress of experimentally-induced arthritis [7-9]. Clinical trials of a humanized anti-IL-6Rα monoclonal antibody (MRA) have provided evidence supporting the
crucial roles for IL-6 in RA pathophysiology [3].
The IL-6 receptor comprises two molecules, IL-6 receptor
α-chain and gp130, which is shared among the receptors
for the IL-6 cytokine family. Ligand binding of gp130 activates two major signal-transduction pathways (the STAT3mediated signal and the SHP-2/Gab/MAPK signal) in a
manner dependent on the YXXQ motif and tyrosine (Y)
759 of gp130, respectively [10,11].
To clarify the roles of SHP-2- and STAT3-mediated signaltransduction pathways in vivo, we generated a series of
knock-in mouse lines in which the gp130-mediated
STAT3 or SHP-2 signals were selectively disrupted. This
was achieved by mutating the tyrosine residues of all the
YXXQ motifs or Y759 to phenylalanine (gp130FXXQ/FXXQ
and gp130F759/F759 mice, respectively [the latter is hereafter
abbreviated gp130F759]). Analyses of these mice indicated that SHP-2-mediated or Y759-dependent signals
negatively regulate the biological responses elicited by the
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STAT3-mediated signals in vivo, and that the balance of
positive and negative signals generated through gp130 is
skewed or shifted to positive STAT3 signaling in
gp130F759 [12]. Importantly, gp130F759 in the mixed
background with 129 and C57BL/6 spontaneously
develop a RA-like autoimmune disease in old age [13].
gp130F759 shows severe immunologic abnormalities,
including autoantibody production, increased memory/
activated T-cells, impaired thymic negative selection, and
peripheral clonal deletion. Development of RA-like disease is entirely dependent on mature lymphocytes, but
abnormally enhanced homeostatic proliferation of CD4
T-cells is caused by augmented production of IL-7 by nonhematopoietic stromal cells through a STAT3-dependent
process [14]. However, the 129/C57BL/6 mixed background gp130F759 mice were not suitable for drug evaluation due to the late onset (approximately 1 year). We,
therefore, backcrossed gp130F759 to DBA/1J, which is
known to develop arthritis by immunization of heterologous type II collagen, with the expectation of an earlier
development of spontaneous arthritis.
Here, we report the histopathologic abnormalities in two
genetic backgrounds of gp130F759, and analyze collageninduced arthritis (CIA) in gp130F759 with a DBA/1J background for the development of a model for drug evaluation.

Methods
Animals
Experimental procedures were conducted with the
approval of the Santen Animal Experimental Ethics Committee.

gp130F759/F759 knock-in mice were backcrossed to C57BL/
6 or DBA/1J eight times (Japan SLC Inc., Hamamatsu,
Japan), hereafter abbreviated B6.gp130F759 and D/
J.gp130F759, respectively. In all studies, we used wildtype mice (Japan SLC Inc.) as controls. Mice were housed
in a specific pathogen-free animal facility at the Research
and Development Center of Santen Pharmaceutical Company Limited. A 12-h light/dark cycle was maintained in a
room at 23 ± 1°C. Mice had free access to food and water.
Organ analysis
Mice were sacrificed at 12 months for the comparative
study of mice with two genetic backgrounds. Eyes, limbs,
spleen, thymus, mesenteric lymph nodes, lungs, and kidneys were histologically-examined. The weights of the
spleen and thymus were recorded. For the study of CIA,
mice were sacrificed at the end of the experimental period
(day 56) by exsanguination. After measuring the weights
of the spleen and thymus, the organs were fixed in 10%
neutral buffered formalin solution. After fixation, the
joints were decalcified in 10% ethylenediaminetetraace-
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tate solution for 3 weeks. Paraffin-embedded samples
were sectioned and stained with hematoxylin and eosin.
Sections were examined under light microscopy.
CIA
CIA was induced in D/J.gp130F759 and wild-type mice
according to the method described previously [15]. We
previously reported that arthritis in D/J.gp130F759 mice
was more severe than in control mice when the interval
immunization of bovine type II collagen was 3 weeks
[16]. In this study, we chose an interval immunization
protocol of 2 weeks to develop arthritis in a shorter
period. Mice were injected intradermally into the base of
the tail with 200 μg of bovine type II collagen emulsified
in Freund's complete adjuvant (FCA). Two weeks after the
initial injection, a booster injection of 200 μg of bovine
type II collagen emulsified in FCA was administered intradermally into the base of the tail. The activity of clinical
arthritis was evaluated twice a week from the first immunization (day 0) until day 56. The severity of clinical
arthritis in the limbs was scored as 0 (no arthritis), 1
(swelling of one digit), 2 (swelling of two or more digits),
3 (swelling of the paw), and 4 (swelling of the paw and
changes in the bone). The arthritic score was the sum of
the scores of all involved joints. The joints were processed
for histologic analysis at the end of the experimental
period (56 days). Proliferation of synovial cells, joint
destruction, and lymphocyte infiltration into the synovial
lining were blindly evaluated. The histopathologic scores
of the hind paw were graded on the basis of the changes
to the intact joints, as described previously [17]: 0 (negative), 1 (very slight: slight change in a few joints, no
change in many joints), 2 (slight: moderate change in few
joints, no change or slight change in many joints), 3
(moderate: severe or moderate change in many joints,
slight change in a few joints), and 4 (severe: severe change
in every joint).

For drug evaluations, methotrexate (MTX; Sigma, St.
Louis, MO, USA) at 0.2 mg/kg was administered p.o. once
daily from the first immunization until day 42, and the
activity of clinical arthritis was evaluated. At the end of the
experimental period (42 days), the joints were processed
for histologic examination. Proliferation of synovial cells,
joint destruction, and lymphocyte infiltration into the
synovial lining were blindly evaluated.
IL-2 production in lymph node cells
Mice were sacrificed 14 days after the first immunization.
The inguinal lymph nodes were removed, and single-cell
suspensions were prepared in complete medium
(RPMI1640 supplemented with 1% autologous mouse
serum, 5 × 10-5 M 2-mercaptoethanol, 100 units/mL penicillin, and 100 μg/mL streptomycin). Lymph node cells
(4 × 106 cells/mL) with 200 μL of complete medium were
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cultured in the presence or absence of 5 μg/mL of bovine
type II collagen or 1 μg/mL of concanavalin-A for 2 days.
Thereafter, supernatants were collected for measurement
of IL-2 production.
Detection of cytokines, autoantibodies, and cartilage
oligomeric matrix protein (COMP)
Serum cytokines were measured using the Bio-Plex suspension array system (Biorad, Hercules, CA, USA). Mouse
IL-7, rheumatoid factor (RF) for mouse immunoglobulin
(Ig) of IgM classes, and anti-ssDNA antibodies were measured using a commercial ELISA kit (R&D Systems, Minneapolis, MN, USA; Shibayagi, Gunma, Japan). Levels of
anti-type II collagen antibody were measured by ELISA
using a mouse IgG anti-type II collagen antibody assay kit
(Chondrex, Redmond, WA, USA). COMP levels were
measured using a commercial ELISA kit (AnaMar Medical,
Göteborg, Sweden).
Statistical analyses
Results were evaluated by Student's t-test (EXSAS; Arm,
Osaka, Japan).

Results
Abnormalities in gp130F759 knock-in mice with distinct
genetic backgrounds
Abnormalities in gp130F759 mice with the C57BL/6 or
DBA/1J background are shown in Tables 1 &2. The characteristic abnormalities of B6.gp130F759 mice in both
sexes were polyarthritis and hyperplasia of the spleen and
lymph node. Glomerulonephritis only developed in
females. These abnormalities were not observed in the
DBA/1J background. D/J.gp130F759 mice were resistant
to spontaneous polyarthritis, even though DBA/1J-background mice were known to develop CIA. Cellular infiltration in the lung and hypertrophy of the thymus were
observed in both backgrounds. On the other hand, keratitis developed with a much higher prevalence in the DBA/
1J background. These results indicated that the pathologic
changes caused by the Y759F point mutation of gp130
were affected by the genetic background of the mice.
CIA in DBA/1J background gp130F759 mice
We attempted to induce CIA in DBA/1J background
knock-in mice to determine if the point mutation affected
the prevalence or course of CIA because D/J.gp130F759
mice did not develop spontaneous arthritis up to 4
months of observation (data not shown). The severity of
polyarthritis in D/J.gp130F759 mice was higher than that
in wild-type mice (Fig. 1). The prevalence of polyarthritis
at day 56 was 100% in D/J.gp130F759 and wild-type
mice. The degree of arthritis in gp130F759 mice was more
severe in the hind limbs than in the forelimbs. Therefore,
we examined the histologic changes in the hind limbs,
such as proliferation of the synovial cells, joint destruc-
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Table 1: Histopathological analysis of gp130F759 mice (12 months) Male

C57BL/6
Findings

DBA/1J

Wild

F759

Wild

F759

Joint (lower extremity); Synovial cell proliferation

0/5

5/5

0/5

0/5

Kidney; Glomerulonephritis

0/5

0/5

0/5

0/5

Eye; Keratitis

0/5

0/5

1/5

4/5

Lung; Cellular infiltration

0/5

5/5

0/5

3/5

Spleen; Hyperplasia, plasma cell

0/5

5/5

0/5

0/5

Thymus; Hypertrophy/hyperplasia, medulla

0/5

5/5

0/5

2/5

Lymph node (mesenteric); Hyperplasia, plasma cell

0/5

4/5

0/5

0/5

tion, and lymphocyte infiltration into the synovial lining
(Table 3). The histologic analysis showed that the severity
of arthritis was greater with high bone destruction in
gp130F759 mice than in wild-type mice. The histopathologic grades of gp130F759 mice tended to converge at 2 or
3, whereas those of wild-type mice diverged from 0–4.
Before immunization, spleen weights in D/J.gp130F759
mice were approximately 1.3-times higher than the control mice. After immunization, the weights increased
approximately 1.8-times compared to the controls (Fig.
2). Before immunization, the serum level of RF was a little
higher in gp130F759 mice with little differences between
males and females, which did not change significantly by
collagen immunization (Fig. 3). The serum level of antissDNA antibody was higher in gp130F759 mice before

and after immunization (Fig. 4). The level of anti-type II
collagen antibody, which was scarcely detected before
immunization, was lower in gp130F759 mice, even after
immunization, with little differences between males and
females (Fig. 5).
Bio-Plex analysis of serum cytokines revealed that nonstimulated female D/J.gp130F759 mice showed significantly increased levels of IL-12(p40) and platelet-derived
growth factor-BB (PDGF-BB; Fig. 6). On day 22, 8 days
after the second immunization, the serum levels of TNFα, interferon (IFN)-γ, IL-17, IL-9, and macrophage inflammatory protein (MIP)-1β were significantly higher in
female D/J.gp130F759 mice, all of which returned to
basal levels comparable with those of wild-type mice on
day 56. Levels of IL-6 and PDGF-BB on day 56 further

Table 2: Histopathological analysis of gp130F759 mice (12 months) Female

C57BL/6
Findings

DBA/1J

Wild

F759

Wild

F759

Joint (lower extremity); Synovial cell proliferation

0/5

5/5

2/5

0/5

Kidney; Glomerulonephritis

0/5

2/5

0/5

0/5

Eye; Keratitis

0/5

1/5

0/5

3/5

Lung; Cellular infiltration

3/5

3/5

1/5

1/5

Spleen; Hyperplasia, plasma cell

0/5

5/5

0/5

0/5

Thymus; Hypertrophy/hyperplasia, medulla

0/5

5/5

0/5

4/5

Lymph node (mesenteric); Hyperplasia, plasma cell

2/5

5/5

0/5

0/5
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Table 3: Destructive arthritis developed in CIA in DBA/1J gp130F759 mice

Day 56

Male

Female

Grade

Wlid
20*

F759
16*

Wild
20*

F759
14*

Proliferation of the synovial lining cells

0
1
2
3
4

7
1
3
7
2

0
1
3
10
2

8
4
2
4
2

1
0
1
11
1

Destruction of the articular cartilage/bone

0
1
2
3
4

9
0
4
7
0

3
0
0
8
5

14
1
2
2
1

1
0
0
13
0

Inflammatory cell infiltration, rich in neutrophils

0
1
2
3
4

10
1
1
5
3

3
0
11
2
0

12
2
2
3
1

1
1
6
5
1

All data refer to the number of limbs with the finding in the group.
*Total number of limbs in the group
Grade of change: 0, negative; 1, very slight; 2, slight; 3, moderate; 4, severe.

(b) Female

(a) Male
16

16

Wild (n=10)
F759 (n=8)

Arthritis score

14
12

* **

**

* *

14

10

8

8

6

6

4

4

2

2

0

0
20

40

* ** **

12

10

0

Wild (n=10)
F759 (n=7)

60

**

**

**
**

0

20

40

60

Days after first immunization

immunization
Severe
Figure
arthritis
1
developed in gp130F759 mice by collagen
Severe arthritis developed in gp130F759 mice by collagen immunization. D/J.gp130F759 and wild-type mice
were injected intradermally with collagen emulsified in FCA
on day 0 and day 14. Values are expressed as mean ± standard error of 7 to 10 animals. *P < 0.05, **P < 0.01 versus
wild-type mice by Student's t-test.

IL-2 production in lymph node cells
IL-2 production in lymph node cells of female D/
J.gp130F759 mice stimulated by collagen and concanavalin-A was slightly higher than in control mice (Fig. 7). In
addition, spontaneous IL-2 production in lymph node
cells of D/J.gp130F759 mice was also slightly higher than
in the control mice. Lymphocyte proliferation in
gp130F759 mice and the control mice was similar in both
backgrounds (data not shown). These results suggest that
Spleen weight (mg/g body weight)

increased in female D/J.gp130F759 mice, whereas levels
declined or were unchanged in wild-type mice. Serum IL7 was not detectable in CIA mice by ELISA (sensitivity, 10
pg/mL). On days 0 and 56, cytokine data in male and
female mice were almost identical (data not shown). We
did not conduct the cytokine analysis of male serum on
day 22.

(b) Non-immunized

(a) Collagen-immunized
14

14

**

**

12

12

10

10

8

8

6

6

4

4

2

2

0

Wild
Male

F759

Wild

F759

Female

0

**

Wild
Male

*

F759

Wild

F759

Female

Figure 2splenomegaly in CIA of D/J.gp130F759 mice
Marked
Marked splenomegaly in CIA of D/J.gp130F759 mice.
Values are expressed as mean ± standard error of 7 to 10
animals of collagen-immunized mice on day 56 (a) and 3 to 4
animals of non-immunized mice (b). *P < 0.05, **P < 0.01 versus wild-type mice by Student's t-test.
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(a) Collagen-immunized

RF-IgM (U/mL)

30

*

(b) Non-immunized
30

*

25

25

20

20

15

15

10

10

5

5

0

Wild

F759

Male

Wild

F759
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0

Female

**

Wild

F759

Male

Wild

F759

Female

Figure 3 serum
Increased
J.gp130F759
micelevels of rheumatoid factor in CIA of D/
Increased serum levels of rheumatoid factor in CIA
of D/J.gp130F759 mice. Values are expressed as mean ±
standard error of 7 to 10 animals of collagen-immunized
mice on day 56 (a) and 3 to 4 animals of non-immunized mice
(b). *P < 0.05, **P < 0.01 versus wild-type mice by Student's
t-test.
the Y759F mutation of gp130 scarcely affected T-cell
immune responses in CIA.
Effects of MTX on CIA in DBA/1J background gp130F759/
F759 knock-in mice
We investigated the effects of MTX on CIA in DBA/1J background male gp130F759 mice to determine if this model
would be useful for drug evaluation. Severe polyarthritis
was observed in the vehicle-treated group, but MTX (0.2
mg/kg/day) partially attenuated it (Fig. 8a). MTX also
delayed the onset of polyarthritis (Fig. 8b). Histologic
analysis showed that severe arthritis with high bone
destruction was observed in the vehicle-treated group,
which was inhibited by MTX (Table 4). The COMP data
also supported these findings in the histopathologic anal-

Anti-collagen antibody (x105 U/mL)
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7

*

6
5
4
3
2
1
0

Wild

(a) Collagen-immunized




IL-12p40









**




100

80

80

60

60

40

Concentration (pg/ml)

Anti-ssDNA (U/mL)

100

40

20
0



*

20
Wild
Male

F759

Wild

F759

Female

0

Wild
Male

F759

Wild

F759

Female

Figure 4 serum
Increased
J.gp130F759
micelevels of anti-ssDNA antibody in CIA of D/
Increased serum levels of anti-ssDNA antibody in
CIA of D/J.gp130F759 mice. Values are expressed as
mean ± standard error of 7 to 10 animals of collagen-immunized mice on day 56 (a) and 3 to 4 animals of non-immunized mice (b). *P < 0.05, **P < 0.01 versus wild-type mice by
Student's t-test.

Female

ysis. The increased serum level of COMP in the vehicletreated group at the end of the experimental period was
nearly suppressed by treatment with MTX (Fig. 9a). MTX

(b) Non-immunized

**

F759

Figurelevels
Serum
J.gp130F759
5 mice
of anti-collagen
on day 56 antibody in CIA of D/
Serum levels of anti-collagen antibody in CIA of D/
J.gp130F759 mice on day 56. Values are expressed as
mean ± standard error of 7 to 10 animals on day 56. *P <
0.05 versus wild-type mice by Student's t-test.

120

*

Wild

Male



120

F759

















0

22

IFN-

*

0

IL-17

22

56













*

**

**
0

56

(x103)

TNF

*
22

56

*

22

56

*



*
0

22

56




*
0

22

56

MIP-1

**
D/J.gp130F759
D/J.WT

**




0





56

**
*





22

PDGF-BB

IL-6

IL-9



0










0

22

56

Day

Figurecytokines
Serum
J.gp130F759
6 micethat
(female)
showed different responses in D/
Serum cytokines that showed different responses in
D/J.gp130F759 mice (female). Serum cytokine levels
were measured by Bio-Plex system. Values are expressed as
mean ± standard error of 7 to 10 animals. *P < 0.05, **P <
0.01 versus wild-type mice at same day by Student's t-test.

Page 6 of 10
(page number not for citation purposes)

Supernatant concentration (ng/mL)

BMC Musculoskeletal Disorders 2009, 10:23

http://www.biomedcentral.com/1471-2474/10/23

This abnormality may be an important requisite for the
development of spontaneous arthritis.

IL-2
3

** ##
**

2

1

#

**
0 Spon ConA

Wild

CII

**
##

Spon ConA CII

F759

Figure
(female)
IL-2 production
7by collagen
in lymph
and concanavalin
node cells ofAD/J.gp130F759
stimulation mice
IL-2 production in lymph node cells of D/J.gp130F759
mice (female) by collagen and concanavalin A stimulation. Values are expressed as mean ± standard error of 12
samples. **P < 0.01 versus non-treated group (Spon) by Student's t-test. #P < 0.05, ## P < 0.01 versus same condition
group of wild type mice-derived lymph node cells by Student's t-test.

also attenuated the anti-type II collagen antibody level,
which was increased by collagen immunization (Fig. 9b).
Despite histologic improvement, MTX scarcely affected
the serum level of anti-ssDNA antibody, RF, MIP-1β, TNFα, IL-6, IL-9, IL-17, and IFN-γ at the end of the experimental period (data not shown).

Discussion
Many abnormalities were shown in B6.gp130F759 mice
at 12 months of age. Characteristic abnormalities in
C57BL/6 background knock-in mice were not only spontaneous polyarthritis, but also glomerulonephritis (only
in females). Spontaneous arthritis did not develop in the
DBA/1J background, indicating that the genetic background of DBA/1J is resistant to spontaneous arthritis
caused by the Y759F mutation of gp130. On the other
hand, keratitis was characteristic in D/J.gp130F759 mice.
These different abnormalities between mice with two
backgrounds may have been caused by differences in their
H-2 haplotype (C57BL/6; b, DBA/1J; q). Thymic hyperplasia was observed in both backgrounds, but splenic
hyperplasia only occurred in the C57BL/6 background.

We tried to induce CIA in DBA/1J background knock-in
mice resistant to spontaneous polyarthritis. The severity of
polyarthritis in gp130F759 mice was greater in wild-type
mice when the 2-week interval immunization protocol
was followed, which was similar to our previous study
results involving a 3-week interval immunization protocol [16]. In the 2-week interval immunization protocol,
the development of arthritis was observed more rapidly
than in the 3-week interval immunization protocol. To
achieve a score of 10, it takes almost 50 days from the first
immunization by the 3-week interval immunization protocol [16], but it takes only 40 days by the 2-week interval
immunization protocol. The severity of arthritis in
gp130F759 mice was greater than in the control mice.
From cytokine analysis, the high level of IL-6 in serum was
maintained in gp130F759 mice after the second immunization. Serum levels of IL-6 are also correlated with clinical indices of disease activity in RA [18], and high levels of
IL-6 may trigger a positive-feedback loop of gp130 signaling. Serum levels of PDGF-BB, one of the angiogenesis factors produced mainly by macrophages, was also elevated.
It has been reported that PDGF and the PDGF receptor are
overexpressed in RA synovial tissue, and PDGF is a potent
stimulator of synovial hyperplasia in RA [19-21]. The
tyrosine kinase inhibitor, imatinib, attenuates PDGF
receptor signaling in fibroblast-like synoviocytes, and
potently prevents and treats murine CIA [22]. PDGF-BB
induces IL-6 production in osteoblasts [23]. These findings suggest that a high level of PDGF-BB in the serum of
gp130F759 mice may be involved in angiogenesis and
synovial hyperplasia. Further studies to clarify the mechanisms for sustained elevation of IL-6 and PDGF-BB need
to be conducted in the future.
In gp130F759 mice with CIA, the serum levels of TNF-α,
IL-9, IL-17, IFN-γ, and MIP-1β were elevated 8 days after
the second immunization. TNF-α has an important role in
RA [2], particularly growth of synovial fibroblasts. IFN-γ
has long been known to be a critical T-helper (Th)1
cytokine in the initiation and perpetuation of inflammation and autoimmune disease [24]. It has been reported
that anti-IFN-γ-treated RA patients demonstrate significant clinical improvement [25]. IL-9 is considered to a
Th2 cytokine, and has been shown to act on many cell
types, including T cells, B cells, mast cells, eosinophils,
and neutrophils [26]. IL-9 relates to survival of T cells and
antibody production from B cells, and also induces IL-6
secretion from bone marrow-derived mast cells. However,
the pathologic role of IL-9 in RA is unknown.
Elevation of IL-17 in gp130F759 mice [16] may be produced by IL-17-producing helper T-cells (Th17). STAT3,
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Table 4: Methotrexate attenuated CIA in gp130F759 mice (male, histopathological analysis)

Day 42
Grade

Vehicle
24*

MTX
22*

Proliferation of the synovial lining cells

0
1
2
3
4

7
0
12
5
0

16
0
3
3
0

Destruction of the articular cartilage/bone

0
1
2
3
4

6
0
3
15
0

16
0
2
4
0

Inflammatory cell infiltration, rich in neutrophils

0
1
2
3
4

5
0
4
11
4

15
0
1
6
0

All data refer to the number of limbs with the finding in the group.
*Total number of limbs in the group
Grade of change: 0, negative; 1, very slight; 2, slight; 3, moderate; 4, severe.

MIP-1β is a member of the CC chemokine subfamily, and
has been shown to signal mainly through CCR5 [29]. It
has been demonstrated that monocytes produce high
amounts of MIP-1β when stimulated with IL-7 [30]. We
(b)

(a)

Arthritis score

10

aa
aa
aa

8
aa

6
aa

**

aa

4

**
** **

2

a

*

0
0

10

20

** **
30

40

100
90
80
70
60
50
40
30
20
10
0

(a)

Vehicle-treated group
MTX-treated group

6
aa

50

5

COMP ( U/L)

Non-Immnized group
Vehicle-treated group
MTX-treated group

Incidence(%)

12

reported that autoimmune disease in gp130 mutant mice
is caused by increased homeostatic proliferation of CD4+
T-cells, which is due to elevated production of IL-7 by
non-hematopoietic cells as a result of IL-6 family
cytokine-gp130-STAT3 signaling [14]. The high level of
MIP-1β may therefore be due to elevated production of IL7 in the micro-environment, although it could not be
detected in the serum by ELISA. It has been reported that
MIP-1β expression in RA synovial fluid is elevated, and
MIP-1β may participate in the selective recruitment of
CCR5+CXCR3+ T-cells to the inflamed synovium [31]. Bao

4

*

3
2
1

0

10

20

30

40

Days after first immunization

Figure 8(b) in attenuated
Methotrexate
arthritis
gp130F759 CIA
mice(a),
(male)
and delayed the onset of
Methotrexate attenuated CIA (a), and delayed the
onset of arthritis (b) in gp130F759 mice (male). Values
are expressed as mean ± standard error of 11 to 12 animals.
*P < 0.05, **P < 0.01 versus vehicle-treated group by Student's t-test. aP < 0.05, aaP < 0.01 versus Non-immunized
group by Student's t-test.

0

NI

Vehicle

MTX

Anti-collagen antibody (x105 U/mL)

activated by IL-6 and IL-23, has a critical role in Th17
development [16,27]. CIA is reported to be a Th17dependent autoimmune disease [28]. The development of
Th17 in gp130F759 mice may, therefore, contribute to
augmentation of the inflammatory response in CIA.

(b)
5
aa

4
3
2

**
1
0
NI

Vehicle

MTX

Figure
Methotrexate
and
anti-collagen
9
attenuated
antibodythe
levels
increase
(b) in of
theCOMP
serumlevels
on day
(a)42
Methotrexate attenuated the increase of COMP levels (a) and anti-collagen antibody levels (b) in the
serum on day 42. Values are expressed as mean ± standard
error of 11 to 12 animals. *P < 0.05, **P < 0.01 versus vehicle-treated group by Student's t-test. aaP < 0.01 versus Nonimmunized group (NI) by Student's t-test.
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et al. [32] reported that CCR5 knockout mice show a significant reduction in the prevalence of CIA after collagenimmunization as compared with wild-type mice. Elevated
MIP-1β in gp130F759 mice may partially contribute to
arthritis.
RF and anti-DNA antibody levels were higher in
gp130F759 mice, but anti-type II collagen antibody level
was slightly lower. IL-2 production in lymph node cells of
collagen-immunized D/J.gp130F759 mice stimulated by
collagen was slightly higher than that of the control mice.
These results suggest that immune reactions in
gp130F759 mice and the control mice against heterologous collagen have slightly different properties. However,
antigen-specific immune responses were not as highly
augmented in gp130F759 from the present data. Therefore, the augmentation of arthritis in gp130F759 mice
may be due to the increased response of inflammation or
innate immunity. Further studies to clarify the relation
between the augmentation of arthritis in gp130F759 mice
and the humoral or cellular immunity need to be conducted in the future.
We investigated the effects of MTX, which is widely used
for RA treatment, on this model. It has been reported that
MTX ameliorates T-cell-dependent autoimmune arthritis
(including CIA), but not antibody- or fibroblast-induced
arthritis [33]. In CIA in D/J.gp130F759 mice, MTX attenuated arthritis development and inhibited bone destruction. MTX also attenuated elevation of anti-type II
collagen antibody. Svensson et al. [34] reported that Bcell-deficient mice did not develop CIA. Attenuation of
anti-type II collagen antibody level may, therefore, be one
of the mechanisms for the efficacy of MTX on CIA in D/
J.gp130F759 mice. It is intriguing that MTX attenuated
arthritis with reduction of anti-type II collagen antibody,
which is not enhanced in D/J.gp130F759 mice. We could
not detect significant decreases in the serum level of antissDNA antibody, RF, MIP-1β, TNF-α, IL-6, IL-9, IL-17, and
IFN-γ in the MTX-treated group at the end of the experimental period, but all factors tended to decrease in the
MTX-treated group. It has been reported that MTX modulates cytokine production by T-cells and macrophages in
murine CIA [35]. The immunosuppressive mechanism of
MTX by cytokine modulation may be important for its
clinical usefulness. We therefore consider that CIA in D/
J.gp130F759 mice in a 2-week interval immunization protocol is useful for drug evaluation in a relatively short
period because sustained activation of STAT3 may
enhance the disease symptoms. Recently, JAK1/2 inhibitor acting on IL-6-induced STAT3 phosphorylation demonstrated clinical activity in RA [36]. Genetic factors
contribute to the anti-inflammatory efficacy of MTX, and
DBA/1J mice are resistant to MTX [37]. Further studies

http://www.biomedcentral.com/1471-2474/10/23

may be needed to clarify the similarity between CIA in D/
J.gp130F759 and RA.

Conclusion
The point mutation of Tyr-759 of the IL-6 family cytokine
receptor subunit, gp130, causes autoimmune disease, and
this is also influenced by the genetic background. CIA in
D/J.gp130F759 is useful for evaluating drugs in a relatively short period because sustained activation of STAT3
may enhance the disease symptoms.

Abbreviations
B6.gp130F759: C57BL/6 background gp130F759; CCR5:
chemokine (C-C motif) receptor 5; CIA: collagen-induced
arthritis; COMP: cartilage oligomeric matrix protein; D/
J.gp130F759: DBA/1J background gp130F759; ELISA:
enzyme-linked immunosorbent assay; FCA: Freund's
complete adjuvant; Gab: GRB2-associated binding protein; IFN: interferon; IL: interleukin; MAPK: mitogen-activated protein kinase; MIP-1β: macrophage inflammatory
protein-1 beta; MTX: methotrexate; PDGF: plateletderived growth factor; RA: rheumatoid arthritis; RF: rheumatoid factor; SHP-2: Src homology 2-conteining tyrosine
phosphatase; STAT3: signal transducer and activator of
transcription 3; Th: T helper; TH17: IL-17-producing
helper T cells; TNF-α: tumor necrosis factor alpha

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
FT carried out animal experiments, cell culture experiments, and cytokine and antibody detection. FT also performed the statistical analysis, and wrote the manuscript.
MY and OK carried out the histologic studies. MT performed animal experiments. KI gave valuable advice to FT.
HA supervised the study design. All authors approved the
final manuscript.

Acknowledgements
The authors thank Dr. Masaaki Murakami and Dr. Toshio Hirano (Laboratory of Developmental Immunology, Graduate School of Frontier Biosciences and Graduate School of Medicine, Osaka University) for valuable
suggestions and encouragement. The authors are grateful to Mr. Toru Shibata, Ms. Kiyoko Yamashita, Ms. Chikako Setoguchi, and Ms. Keiko Mizutani
for their excellent technical assistance.

References
1.
2.
3.
4.
5.

Firestein GS: Evolving concepts of rheumatoid arthritis. Nature
2003, 423:356-361.
Feldmann M, Brennan FM, Maini RN: Role of cytokines in rheumatoid arthritis. Annu Rev Immunol 1996, 14:397-440.
McInnes IB, Liew FY: Cytokine networks-towards new therapies for rheumatoid arthritis. Nat Clin Pract Rheumatol 2005,
1(1):31-39.
Hirano T: Interleukin 6 and its receptor: ten years later. Int Rev
Immunol 1998, 16:249-284.
Hirano T, Taga T, Yasukawa K, Nakajima K, Nakano N, Takatsuki F,
Shimizu M, Murashima A, Tsunasawa S, Sakiyama F, Kishimoto T:

Page 9 of 10
(page number not for citation purposes)

BMC Musculoskeletal Disorders 2009, 10:23

6.

7.

8.

9.

10.

11.
12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

Human B-cell differentiation factor defined by an anti-peptide antibody and its possible role in autoantibody production. Proc Natl Acad Sci USA 1987, 84:228-231.
Hirano T, Matsuda T, Turner M, Miyasaka N, Buchan G, Tang B, Sato
K, Shimizu M, Maini R, Feldmann M, Kishimoto T: Excessive production of interleukin 6/B cell stimulatory factor-2 in rheumatoid arthritis. Eur J Immunol 1988, 18:1797-1801.
Alonzi T, Fattori E, Lazzaro D, Costa P, Probert L, Kollias G, De Benedetti F, Poli V, Ciliberto G: Interleukin 6 is required for the
development of collagen-induced arthritis. J Exp Med 1998,
187:461-468.
Ohshima S, Saeki Y, Mima T, Sasai M, Nishioka K, Nomura S, Kopf M,
Katada Y, Tanaka T, Suemura M, Kishimoto T: Interleukin 6 plays
a key role in the development of antigen-induced arthritis.
Proc Natl Acad Sci USA 1998, 95:8222-8226.
Sasai M, Saeki Y, Ohshima S, Nishioka K, Mima T, Tanaka T, Katada
Y, Yoshizaki K, Suemura M, Kishimoto T: Delayed onset and
reduced severity of collagen-induced arthritis in interleukin6-deficient mice. Arthritis Rheum 1999, 42:1635-1643.
Hirano T, Ishihara K, Hibi M: Roles of STAT3 in mediating the
cell growth, differentiation and survival signals relayed
through the IL-6 family of cytokine receptors. Oncogene 2000,
19:2548-2556.
Kamimura D, Ishihara K, Hirano T: IL-6 signal transduction and
its physiological roles: the signal orchestration model. Rev
Physiol Biochem Pharmacol 2003, 149:1-38.
Ohtani T, Ishihara K, Atsumi T, Nishida K, Kaneko Y, Miyata T, Itoh
S, Narimatsu M, Maeda H, Fukuda T, Itoh M, Okano H, Hibi M, Hirano
T: Dissection of signaling cascades through gp130 in vivo:
reciprocal roles for STAT3- and SHP2-mediated signals in
immune responses. Immunity 2000, 12:95-105.
Atsumi T, Ishihara K, Kamimura D, Ikushima H, Ohtani T, Hirota S,
Kobayashi H, Park SJ, Saeki Y, Kitamura Y, Hirano T: A point mutation of Tyr-759 in interleukin 6 family cytokine receptor subunit gp130 causes autoimmune arthritis. J Exp Med 2002,
196:979-990.
Sawa S, Kamimura D, Jin GH, Morikawa H, Kamon H, Nishihara M,
Ishihara K, Murakami M, Hirano T: Autoimmune arthritis associated with mutated interleukin (IL)-6 receptor gp130 is
driven by STAT3/IL-7-dependent homeostatic proliferation
of CD4+ T cells. J Exp Med 2006, 203:1459-1470.
Courtenay JS, Dallman MJ, Dayan AD, Martin A, Mosedale B: Immunisation against heterologous type II collagen induces arthritis in mice. Nature 1980, 283:666-668.
Nishihara M, Ogura H, Ueda N, Tsuruoka M, Kitabayashi C, Tsuji F,
Aono H, Ishihara K, Huseby E, Betz UAK, Murakami M, Hirano T: IL6-gp130-STAT3 in T cells directs the development of IL-17+
T helper cells with a minimum effect on that of Treg in the
steady state. Int Immunol 2007, 19:695-702.
Tsuji F, Oki K, Okahara A, Suhara H, Yamanouchi T, Sasano M, Mita
S: Differential effects between marimastat, a TNF- convering enzyme inhibitor, anti-TNF- antibody on murine models for sepsis and arthritis. Cytokine 2002, 17:294-300.
Madhok R, Crilly A, Watson J, Capell HA: Serum interleukin 6 levels in rheumatoid arthritis: correlations with clinical and laboratory indices of disease activity. Ann Rheum Dis 1993,
52:232-234.
Cheon H, Sun YK, Yu SJ, Lee YH, Ji JD, Song GG, Lee JH, Kim MK,
Sohn J: Platelet-derived growth factor-AA increases IL-1 and
IL-8 expression and activates NF- B in rheumatoid fibroblast-like synoviocytes. Scand J Immunol 2004, 60:455-462.
Watanabe N, Ando K, Yoshida S, Inuzuka S, Kobayashi M, Matsui N,
Okamoto T: Gene expression profile analysis of rheumatoid
synovial fibroblast cultures revealing the overexpression of
genes responsible for tumor-like growth of rheumatoid synovium. Biochem Biophys Res Commun 2002, 294:1121-1129.
Sano H, Engleka K, Mathern P, Hla T, Crofford LJ, Remmers EF,
Jelsema CL, Goldmuntz E, Maciag T, Wilder RL: Coexpression of
phosphotyrosine-containing
proteins,
platelet-derived
growth factor-B, and fibroblast growth factor-1 in situ in synovial tissue of patients with rheumatoid arthritis and Lewis
rats with adjuvant or streptococcal cell wall arthritis. J Clin
Invest 1993, 91:553-565.
Paniagua RT, Sharpe O, Ho PP, Chan SM, Chang A, Higgins JP,
Tomooka BH, Thomas FM, Song JJ, Goodman SB, Lee DM, Genovese
MC, Utz PJ, Steinman L, Robinson WH: Selective tyrosine kinase

http://www.biomedcentral.com/1471-2474/10/23

23.
24.
25.
26.
27.
28.
29.
30.

31.
32.

33.

34.
35.

36.

37.

inhibition by imatinib mesylate for the treatment of autoimmune arthritis. J Clin Invest 2006, 116:2633-2642.
Franchimont N, Canalis E: Platelet-derived growth factor stimulates the synthesis of interleukin-6 in cells of the osteoblast
lineage. Endocrinology 1995, 136:5469-5475.
Zhang J: Paradoxical roles of interferon- in autoimmune disease. Expert Rev Clin Immunol 2007, 3:35-38.
Sigidin YA, Loukina GV, Skurkovich B, Skurkovich S: Randomized,
double-blind trial of anti-interferon- antibodies in rheumatoid arthritis. Scand J Rheumatol 2001, 30:203-207.
Soussi-Gounni A, Kontolemos M, Hamid Q: Role of IL-9 in the
pathophysiology of allergic diseases. J Allergy Clin Immunol 2001,
107:575-582.
Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang D, Watowich
SS, Dong C: STAT3 regulates cytokine-mediated generation
of inflammatory helper T cells. J Biol Chem 2007, 282:9358-9363.
Nakae S, Nambu A, Sudo K, Iwakura Y: Suppression of immune
induction of collagen-induced arthritis in IL-17-deficient
mice. J Immunol 2003, 171:6173-6177.
Menten P, Wuyts A, Van Damme J: Macrophage inflammatory
protein-1. Cytokine Growth Factor Rev 2002, 13:455-481.
Ziegler SF, Tough TW, Franklin TL, Armitage RJ, Alderson MR:
Induction of macrophage inflammatory protein-1 beta gene
expression in human monocytes by lipopolysaccharide and
IL-7. J Immunol 1991, 147:2234-2239.
Patel DD, Zachariah JP, Whichard LP: CXCR3 and CCR5 ligands
in rheumatoid arthritis synovium. Clin Immunol 2001, 98:39-45.
Bao L, Zhu Y, Zhu J, Lindgren JU: Decreased IgG production but
increased MIP-1 expression in collagen-induced arthritis in
C-C chemokine receptor 5-deficient mice. Cytokine 2005,
31:64-71.
Lange F, Bajtner E, Rintisch C, Nandakumar KS, Sack U, Holmdahl R:
Methotrexate ameliorates T cell dependent autoimmune
arthritis and encephalomyelitis but not antibody induced or
fibroblast induced arthritis. Ann Rheum Dis 2005, 64:599-605.
Svensson L, Jirholt J, Holmdahl R, Jansson L: B cell-deficient mice
do not develop type II collagen-induced arthritis (CIA). Clin
Exp Immunol 1998, 111:521-526.
Neurath MF, Hildner K, Becker C, Schlaak JF, Barbulescu K, Germann
T, Schmitt E, Schirmacher P, Haralambous S, Pasparakis M, Meyer
Zum Büschenfelde KH, Kollias G, Märker-Hermann E: Methotrexate specifically modulates cytokine production by T cells and
macrophages in murine collagen-induced arthritis (CIA): a
mechanism for methotrexate-mediated immunosuppression. Clin Exp Immunol 1999, 115:42-55.
Williams WV, Scherle P, Shi J, Newton R, McKeever E, Fredman J,
Vaddi K, Levy R, Moreland L: Initial efficacy of INCB018424, a
selective janus kinase 1&2 (JAK1&2) inhibitor in rheumatoid
arthritis (RA). Ann Rheum Dis 2008, 67(Suppl 2):62.
Delano DL, Montesinos MC, Desai A, Wilder T, Fernandez P, D'Eustachio P, Wiltshire T, Cronstein BN: Genetically based resistance
to the anti-inflammatory effects of methotrexate in the airpouch model of acute inflammation. Arthritis Rheum 2005,
52:2567-2575.

Pre-publication history
The pre-publication history for this paper can be accessed
here:
http://www.biomedcentral.com/1471-2474/10/23/pre
pub

Page 10 of 10
(page number not for citation purposes)

