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Immune and inflammatory systems are controlled by multiple cytokines, including ILs and INFs.
These cytokines exert their biological functions through Janus tyrosine kinases and STAT tran-
scription factors. One such cytokine, IL-6, has been proposed to contribute to the development of
rheumatoid arthritis (RA). We found that STAT3 was strongly tyrosine phosphorylated in synovial
tissue of RA patients, but not those with osteoarthritis. Blockade of the IL-6-gp130-JAK-STAT3-sig-
naling pathway might therefore be beneficial in the treatment of RA. We show here that the mRNA
for the endogenous cytokine signaling repressor CIS3/SOCS3 is abundantly expressed in RA patients.
To determine whether CIS3 is effective in treating experimental arthritis, a recombinant adenovirus
carrying the CIS3 cDNA was injected periarticularly into the ankle joints of mice with antigen-
induced arthritis or collagen-induced arthritis (CIA). Periarticular injection of CIS3 adenovirus dras-
tically reduced the severity of arthritis and joint swelling compared with control groups. CIS3 was
more effective than a dominant-negative form of STAT3 in the CIA model. Thus, induction of CIS3

could represent a new approach for effective treatment of RA.
J. Clin. Invest. 108:1781-1788 (2001). DOI:10.1172/JC1200113568.

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease
characterized by chronic inflammation of multiple
joints, resulting in mononuclear cell infiltration,
development of pannus, progressive cartilage destruc-
tion, and bone erosion. Although the cause of RA
remains unknown, it has been suggested that
cytokines, especially proinflammatory cytokines such
as TNF-o, IL-1, and IL-6 derived from activated syn-
ovial cells, play a pivotal role in the pathology of the
disease (1, 2). Among these cytokines, TNF-a has been
the most extensively investigated as a target in the
efforts to treat RA. Anti-TNF-0. mAbs markedly ame-
liorate joint involvement in the majority of patients
with RA (3, 4). It is well known that IL-6 is one major
target gene of TNF-o. IL-6 has been proposed to con-
tribute to the development of arthritis; IL-6 induces
proliferation of synovial fibroblastic cells (5) and for-
mation of osteoclasts in association with soluble IL-6
receptors (6). Involvement of IL-6 in RA is also sug-
gested by recent reports of IL-6 gene-disrupted mice
that were resistant to antigen-induced arthritis (AIA)

(7, 8) and collagen-induced arthritis (CIA) (9). There-
fore, IL-6 could be another therapeutic target of RA.
Recently, anti-IL-6 receptor Ab’s have undergone suc-
cessful trials as a therapy for RA patients (10).

IL-6 and its related cytokines, including leukemia
inhibitory factor (LIF), oncostatin M (OSM), and IL-11,
preferentially activate JAK tyrosine kinases and the
STATS3 transcription factor. STAT3 activation was found
exclusively in synovial tissue from RA, but not
osteoarthritis (OA), patients. Therefore, elucidation of
the regulatory mechanisms of the JAK-STAT3 pathway is
important in understanding the inflammation associat-
ed with RA. Recently, we cloned JAB/SOCS1/SSI1 and
CIS3/SOCS3/SSI3, which inhibit JAK tyrosine kinase
activity (11). Many reports have indicated that CIS3 is
induced not only by various inflammatory and anti-
inflammatory cytokines such as IL-6, IFN-y, IL-10, but
also by LPS, and that CIS3 negatively regulates STAT
functions (12, 13). CIS3 has been shown to interact with
gp130 and JAKs, and this interaction results in relatively
specific inhibition of gp130 signaling (14-16). Moreover,
CIS3 also inhibits LPS-induced NO synthesis in mono-
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cytic cells, although the mechanism has not been clarified
(13). However, these studies used cultured primary cells
or cell lines, and few focused on the relationship between
CIS3 and disease. Recently, we demonstrated that CIS3
plays a negative regulatory role in STAT3 activation and
intestinal inflammation (17). Here, we also demonstrate
hyperactivation of STAT3 and CIS3 expression in RA, as
well as in murine RA models.

The goal of RA treatment is to inhibit synovial tissue
hyperplasia, because it forms the pannus tissue that irre-
versibly destroys cartilage and bone of the affected joint.
STAT?3 has been shown to play an important role in cell
proliferation and antiapoptosis (18). Hyperactivation of
STATS3 is probably involved in proliferation and/or anti-
apoptosis of RA synoviocytes (5-7). Since CIS3 is strong-
ly induced by IL-6, as well as TNF-o, CIS3 may play a neg-
ative regulatory role in the progression of RA. Therefore,
we examined the efficacy of adenovirus-delivered domi-
nant-negative (dn) STAT3 (18) and CIS3 in reducing
inflammation in a mouse RA model. Our results showed
that adenoviral gene delivery of the CIS3 and dnSTAT3
genes into the synovial tissues of mice with AIA and CIA
significantly suppressed pathological changes associated
with arthritis. We also found that CIS3 was more effec-
tive than dnSTAT3 in the CIA model. Given the selective
expression of the CIS3 gene in synovial cells, induction of
the CIS3 protein levels could represent an effective new
therapeutic strategy for the treatment of RA.

Methods
Synovial tissues and isolation of synoviocytes. Synovial sam-
ples were obtained from three RA patients during total
joint replacement surgery or synovectomy at the
Kurume University Medical Center. All patients ful-
filled the American College of Rheumatology criteria
for RA (19). Synovial tissues were also collected from
patients with OA. These samples were collected with
the informed consent of the patients. To isolate syn-
oviocytes, the collected synovial tissues were digested
with 5 pg/ml collagenase (Sigma Chemical Co., St.
Louis, Missouri, USA) and 1.5 pug/ml DNase (Sigma
Chemical Co.), and were passed through a wire mesh to
prepare isolated cells. Cells (5 x 10%) were placed in
10-cm dishes with 10 ml RPMI supplemented with 10%
FCS, 2 mM L-glutamine, 50 U/ml penicillin, and 50
Ug/ml streptomycin. At 80% confluence, cells were
removed by trypsinization and split for subsequent cul-
ture passages. Passage 3-7 cells were used and consid-
ered a homogeneous population of fibroblasts.
Recombinant adenovirus. Adenoviral vectors containing
the genes for LacZ (AxCALacZ), Myc-tagged CIS3
(AxCACIS3) and HA-tagged dnSTAT3 (AxCAdn-
STAT?3) (18), which contain a CAG promoter (chicken
B-actin promoter with cytomegalovirus enhancer), were
prepared by homologous recombination in 293 cells as
described previously (20). A recombinant adenovirus
with the bacterial LacZ gene driven by the same pro-
moter, AxCALacZ, was provided by I. Saito of the Uni-
versity of Tokyo. The viral preparations were titrated

with a plaque-forming assay on 293 cells. The number
of virus particles (measured in PFU) per cell was
expressed as moi. For in vivo gene transfer, 50 pl of
2 x 10° PFU/ml recombinant viruses in saline were
injected periarticularly to ankle joints and wrist joints.

Cytokine production and proliferation assays. Infection of
cultured synoviocytes with adenovirus vectors was per-
formed following the method described previously
(20-22). Briefly, the cells in culture were incubated with
adenovirus (10'° PFU/ml) diluted with DMEM for 1
hour at 37°C, after which 10 vol of medium containing
10% FBS were added. After infection, cells were removed
by trypsinization and were seeded into 24-well plates at
a concentration of 5 x 10* cells/well in 1 ml of RPMI con-
taining 10% FCS. Conditioned medium (CM) was
removed at various time points and frozen at -20°C
until assayed by ELISA. Quantification of IL-13, TNF-a,
and IL-6 was performed using kits from Biosource Inter-
national (Camarillo, California, USA). Cell proliferation
assays were performed as described previously (21, 22).

AIA and CIA models and adenovirus infection of mice. Male
C57BL/6 mice and DBA/1J mice were purchased from
SLC Japan Co. (Shizuoka, Japan). For AIA, C57BL/6
mice were immunized intradermally at the base of the
tail and four footpads with 100 pg of methylated BSA
(mBSA; Sigma Chemical Co.) emulsified with an equal
volume of complete Freund’s adjuvant (Difco Laborato-
ries, Detroit, Michigan, USA) as described (8, 22). They
were injected with 2 X 10° Bordetella pertussis organisms
(Kaken Pharmaceutical, Tokyo, Japan). This procedure
was repeated on day 7. On day 21, 100 ug mBSA in 10 ml
of saline was injected into bilateral ankle joints. Aden-
ovirus was injected into ankle joints on day 6. CIA was
induced by established methods as described previously
(23, 24). Briefly, DBA/1] mice were immunized by intra-
dermal injection at the base of the tail with 100 pg of
bovine type II collagen (Cosmo Bio Co., Tokyo, Japan) in
0.05 M acetic acid, emulsified with an equal volume of
Freund’s complete adjuvant. On day 21, mice received a
booster dose of intradermal injection and an equal vol-
ume of incomplete Freund’s adjuvant. To synchronize
the onset of arthritis, 40 g LPS was injected intraperi-
toneally on day 28. Adenovirus was injected into ankle
joints and wrists on day 28 or on day 32. All procedures
involving animals were performed in accordance with
the guidelines of the Animal Experimentation Ethics
Committee of our institutions.

Clinical assessment of arthritis. CIA development was
inspected every other day, and inflammation of the
four paws was graded from 0 to 4: grade 0, paws with
no swelling and focal redness; grade 1, paws with
swelling of finger joints; grade 2, paws with mild
swelling of ankle or wrist joints; grade 3, paws with
severe inflammation of the entire paws; and grade 4,
paws with deformity or ankylosis. Each paw was grad-
ed and the four scores were totaled so that the maxi-
mum possible score per mouse was 16.

Histological examination and immunobistochemistry. The
legs and hind paws of mice were removed, fixed with 4%
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paraformaldehyde in PBS, and then decalcified for 10
days with EDTA and embedded in paraffin. The paraf-
fin sections were stained with hematoxylin-eosin and
Safranin O-fast green. The slides were evaluated histo-
logically by two independent observers, and the grada-
tion of arthritis was scored from 0 to 4 according to the
intensity of lining layer hyperplasia, mononuclear cell
infiltration, and pannus formation, as described previ-
ously (23): 0, normal ankle joint; 1, normal synovium
with occasional mononuclear cells; 2, definite arthritis,
a few layers of flat to rounded synovial lining cells and
scattered mononuclear cells; 3, clear hyperplasia of the
synovium with three or more layers of loosely arranged
lining cells and dense infiltration with mononuclear
cells; 4, severe synovitis with pannus and erosions of
articular cartilage and subchondral bone.

For LacZ staining, LacZ adenovirus-infected tissue was
fixed with 4% formalin and incubated overnightat 37°C
in X-gal solution [5 mM K4Fe(CN)6; 5 mM K3Fe(CN)6;
2 mM MgCl2; and 2 mM 5-bromo-4-chloro-3-indolyl-3-
galactoside in PBS] as described (21).

Immunoblot, Northern hybridization, and RT-PCR analy-
sis. Synovial tissues were isolated from hind paws by
removing the skin, muscle, fatty tissues, bone, and ten-
dons, then immediately frozen in liquid nitrogen and
stored at -80°C. The whole joint tissues of mice and
specimens of human patients without bone were
homogenized in 2-4 ml of a lysis buffer containing 50
mM Tris-HCI (pH 8.0) 0.5% NP-40, 1 mM EDTA, 150
mM NacCl, 10% glycerol, 1 mM sodium vanadate, 50
mM sodium fluoride, 10 mM sodium pyrophosphate,
and 1 mM PMSF with a protease inhibitor cocktail
(Sigma Chemical Co.) (17). The extracts were cleared by
spinning at 10,000 g at 4°C for 15 minutes and then
diluted with the lysis buffer to achieve about 2 mg/ml
protein concentration. The total cell extracts were
resolved by SDS-PAGE, and proteins were detected by
immunoblotting as described (17). Anti-phospho-
STAT3-specific Ab’s were purchased from New England
BioLabs Inc. (Beverly, Massachusetts, USA) and Upstate
Biotechnology Inc. (Lake Placid, New York, USA).

Total RNA from various kinds of tissue was prepared
with TRIzol (Life Technologies Inc., Grand Island, New
York, USA) according to the manufacturer’s instruc-
tions. Total RNA (S [g) was separated on 1% agarose
gels containing 2.4% formaldehyde and then transferred
to positively charged nylon membranes. After fixation
under calibrated ultraviolet irradiation, the membranes
were hybridized with digoxigenin-labeled (DIG-labeled)
riboprobes and visualized using alkaline phosphatase-
labeled anti-DIG Ab according to the manufacturer’s
instructions (Roche Molecular Biochemicals Inc.,
Mannheim, Germany). The probe cDNA for CIS3 and
GAPDH has been described previously (17). For RT-
PCR, primers for murine IL-1B, IL-6, TNF-o, and IL-10
were described previously (17, 25) detected by standard
RT-PCR methods using Standard GeneAmp RNA PCR
kit (PE Biosystems, Foster City, California, USA) accord-
ing to the manufacturer’s instructions.

Statistical methods. The significance of difference
between group means was determined by a Mann-
Whitney U test in the program SigmaStat (SPSS Soft-
ware Products, Chicago, Illinois, USA).

Results

Activation of STAT3 and induction of CIS3 in RA patients and
mouse RA models. We have shown that STAT3 is corre-
lated with the severity of intestinal inflammation (17).
First, we compared STAT3 activation in RA and OA
patients using immunohistochemistry with anti-phos-
pho-STAT3-specific Ab’s. As shown in Figure 1a, acti-
vated STAT3 was detected in the nucleus of RA synovial
cells, but not in OA samples. This suggests that STAT3
activation is related to hyperplasia of synovial tissues.
We have also demonstrated that cytokine signal sup-
pressor CIS3 is induced in colitis (17). We therefore
examined CIS3 expression in RA and OA patients by
Northern blot analysis. As shown in Figure 1b, CIS3
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Figure 1

CIS3 and STAT3 activation in synovial tissue from patients with RA
and OA. (a) Immunohistochemical detection of activated STAT3 in
synovial tissues. Slides with sectioned tissues of 7-mm thickness were
immunostained with anti-phospho-STAT3-specific Ab’s (0.-P-STAT3)
and were lightly stained with hematoxylin. (b) Expression of CIS3
mRNA in RA or OA patients and in the mouse AIA or CIA model.
Total RNA was extracted from three OA and RA patients’ synovial tis-
sues or the ankle joints of mice treated with mBSA (AIA) or bovine
type Il collagen (CIA). For AIA, mBSA was injected on days 0, 7, and
21. For CIA, type ll collagen was injected on days 0 and 21, and RNA
was extracted on indicated days. Northern hybridization was per-
formed with cDNA probes for coding regions of human and mouse
CIS3 and with control probe. (c) Cell extracts from the same CIA sam-
ples were immunoblotted with anti-phosphorylated STAT3
(PY-STAT3) or anti-STAT3 Ab’s (STAT3).
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Figure 2

Effects of dnSTAT3 and CIS3 overexpression on proliferation and
cytokine secretion of RA synovial fibroblasts. (a and b) Cell growth
curves of rheumatoid synoviocytes and NIH-3T3 cells inoculated with
LacZ, dnSTAT3, or CIS3 adenovirus (moi = 50). Data represent
mean + SD of triplicate measurements. (¢ and d) Rheumatoid syn-
oviocytes inoculated with LacZ, CIS3, or dnSTAT3 virus were cultured
for 24 hours in the presence of 10% FCS (c) or in the absence (-) or
presence (+) of 10 ng/ml TNF-o in 0.1% FCS (d). Then, TNF-0,
IL-1B, and IL-6 concentrations in conditioned medium were detect-
ed by ELISA. Data are expressed as mean + SD derived from three
separate experiments. ¥*P < 0.01 vs. LacZ, **P < 0.05 vs. LacZ.

was expressed strongly in synovial tissues from RA
patients, but only weakly in OA synovial tissues.

We also examined CIS3 expression using the mouse
AJA and CIA models. AIA is an animal model of arthri-
tis initially induced in rabbits and extended into mice
(23). Although AIA is a model of monoarthritis, it has
the advantage of precise and fair histological compar-
isons among individual mice. Mice were immunized
with mBSA on days 0, 7, and 20, and the joint inflam-
mation became severe at day 28. CIS3 mRNA was
observed at low levels in normal joint tissues. However,
CIS3 mRNA levels increased as arthritis developed (Fig-
ure 1b). CIA is a well-established animal model of RA in
which the disease is elicited by immunization of genet-
ically susceptible mice with type II collagen, and it bears
many of the histological features and both cellular and
humoral immune responses characteristically found in

RA (24). The joint inflammation became severe at day
40 (see Figure 5a and Figure 6), and STAT3 phosphory-
lation was evident at day 40 but decreased at day 50 (Fig-
ure 1c) whereas CIS3 mRNA levels increased drastically
at day 50 (Figure 1b). Thus, there seems to be a time lag
between inflammation/STAT3 activation and CIS3
expression. This is consistent with our idea that CIS3
function as a negative feedback regulator of STAT3.

CIS3 gene transfer decreases proliferation and IL-6 levels in
RA synovial fibroblasts. To elucidate the significance of
STAT?3 activation and CIS3 induction in RA, we over-
expressed dnSTAT3 and CIS3 in RA synoviocytes iso-
lated from patients, using adenoviral gene transfer. We
infected cultured synovial fibroblasts in vitro with ade-
novirus carrying CIS3 (AxCACIS3), dnSTAT3
(AxCAdnSTATS3), or LacZ (AxCALacZ). Adenovirus was
inoculated at moi = 50, and 100% of cells were infected
as assessed by LacZ staining (data not shown).
AxCACIS3 and AxCAdnSTAT3 but not AxCALacZ
infection strongly suppressed proliferation of synovial
fibroblasts in 10% FCS (Figure 2a). Thus, proliferation
of synovial fibroblasts strictly depends on JAK/STAT3
pathway. Suppression of proliferation by CIS3 and
dnSTAT3 was not observed in NIH-3T3 fibroblasts
(Figure 2b), suggesting that STAT3-dependent growth
is a specific feature of synovial fibroblasts.

We next investigated the effect of CIS3 and dnSTAT3
on secretion of proinflammatory cytokines. The levels
of TNF-0,, IL-1B, and IL-6 were analyzed in the condi-
tioned medium (CM) of AXCACIS3-, AXCAdnSTAT3-,
and AxCALacZ-infected RA synovial fibroblasts (Figure
2, c and d). Serum-induced as well as TNFo-induced
IL-6 production was significantly decreased by infec-
tion with AxCACIS3 and AxCAdnSTAT3, but not with
AxCALacZ (controls). However, TNF-o and IL-1 lev-
els were not altered by infection with AxCACIS3 and
AxCAdnSTAT3 (Figure 2c). These data suggest that
JAK/STAT pathway is involved in IL-6 production in
RA synovial fibroblasts, and that CIS3 and dnSTAT3
adenovirus can suppress not only IL-6 signaling but
also a part of TNF-o signaling.

CIS3 gene therapy suppresses AIA. We attempted to sup-
press AIA using adenovirus carrying CIS3 or dnSTAT?3. It
has been shown that intra-articular or periarticular injec-
tion of adenovirus results in efficient and high expression
of exogenous genes (21, 22). Consistently, in situ staining
for B-gal showed a diffuse blue staining in the synovial tis-
sues and periarticular tissues of injected ankles (Figure
3a). Light microscopy revealed the transgene expression
in about 60-80% of synovial cells by our experimental
conditions (Figure 3b). Western blot analysis demon-
strated that CIS3 protein was detected in the ankle joint
7 days after 108 PFU AxCACIS3 injection. However, after
28 days, CIS3 expression was no longer detected (data not
shown). This is consistent with previous reports of tran-
sient adenoviral gene expression (21, 22).

We then treated AIA mice by periarticular adenoviral
transfer of CIS3 and dnSTAT3 genes. Six days after the
first immunization, we injected AxCACIS3 or AxCAdn-
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Effects of CIS3 and dnSTAT adenoviruses on histopathology in the
AIA model. In vivo expression of transgenes by adenovirus vectors.
(a) After AIA induction, 108 PFU of AxCALacZ were injected into the
ankle joints. Then, 7 days later, the hind paw was removed and
stained with X-gal. (b) Microscopic view of synovial cells stained with
X-gal and hematoxylin (x400). (c) Representative histopathologies
of the ankle joints stained with hematoxylin and eosin (H-E) and
Safranin-O (x100). Adenovirus or PBS was injected into ankle joints
on day 6, 1 day before the second immunization. Mice were inocu-
lated with PBS or LacZ virus and CIS3 or dnSTAT3 virus into each
ankle joint. Thirty-five days after the first immunization, mice were
sacrificed and subjected to histopathological examination. (d and e)
Histological examinations of a total of 15 mice for each pair were
scored from 0 to 4 as described in the Methods. *P < 0.01.

STATS3 into the left ankle joints and the same amount
of AxCALacZ or PBS into the right ankle joints of the
same mice. Antigen (mBSA) was injected at day 7 and
at day 21. The mice were sacrificed 35 days after the
first immunization, and histological examination was
performed. As shown in Figure 3, c-e, both CIS3 and
STAT3 suppressed mononuclear cell infiltration and
pannus formation. Safranin O staining revealed that
cartilage was almost completely destroyed in
AxCALacZ- or PBS-injected mice, while articular carti-

lage was well preserved in mice treated with CIS3- or
dnSTAT3 adenovirus (Figure 3¢; data for PBS was not
shown). The effects of CIS3 and dnSTAT3 adenovirus-
es were comparable (Figure 3, d and e).

We then examined the effect of ectopic expression of
CIS3 and dnSTAT3 on STAT3 activation (Figure 4a)
and cytokine expression (Figure 4b) in the AIA model.
Local expression of CIS3 and dnSTAT3 suppressed
STAT?3 activation after the induction of AIA on day 28.
RT-PCR analysis confirmed strong suppression of
IL-6 production by CIS3 and dnSTAT3 overexpression
(Figure 4b). However, TNF-a, IL-1f, and IL-10 levels
were not affected in arthritic joints (Figure 4b). These
cytokine expression patterns were similar to those
found in synovial fibroblasts infected with CIS3 or
dnSTAT3 adenoviruses (Figure 2), as well as to those
found in AIA models in IL-6-deficient mice (8).

CIS3 gene therapy suppresses CIA. To evaluate further the
therapeutic effect of CIS3 and dnSTAT?3 adenoviruses
in RA, we applied the adenoviruses to CIA. Eight-week-
old DBA/1] male mice were immunized with bovine
type II collagen emulsified in complete adjuvant. After
21 days, the mice received a booster dose using the same
amount of collagen in incomplete adjuvant, and disease
pathology was observed commencing 28 days after
immunization. To synchronize the onset of arthritis,
LPS was injected intraperitoneally on day 28 (26, 27).

First, to examine the therapeutic effects of CIS3 and
dnSTAT3 gene transfer in CIA, AxCACIS3 or AxCAdn-
STAT3 were administered by periarticular injection into
the wrist and ankle joints of mice on day 28 after the
first immunization (Figure 5, a-c). The severity of
arthritis (Figure S, a-c), paw thickness, and redness (Fig-
ure Sb) were all markedly reduced in the AxCACIS3-
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Figure 4

Effect of CIS3 and dnSTAT3 on STAT3 activation (a) and cytokine
production (b) in the AIA model. CIS3, dnSTAT3, or LacZ viruses
were infected on day 6 after the initial mBSA immunization. Ankle
joints were removed and homogenized 28 days after immunization.
The ankle joint of an untreated mouse was used as a normal control
(normal). Cell extracts were immunoblotted with anti-phosphory-
lated STAT3 or anti-STAT3 Ab’s. (b) Twenty-eight days after the first
immunization, total RNA was extracted from ankle joints of mice
infected with CIS3 (lane 2), dnSTAT3 (lane 3), or LacZ (lane 4) ade-
noviruses at day 6. The ankle joint of an untreated mouse was used
as a normal control (lane 1). RT-PCR analysis was performed to
detect TNF-q, IL-1B, IL-6, and IL-10 levels.
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Therapeutic effects of CIS3 virus injection in the CIA model. DBA/1)
mice were immunized by intradermal injection at the base of the tail
with 100 pg of bovine type Il collagen with Freund’s complete adju-
vant (day 0). On day 21, mice received a booster dose of intradermal
injection. On day 28, LPS was injected intraperitoneally, and aden-
oviruses were injected into ankle joints and wrists. (a) Severity of dis-
ease was assessed every other day using an established macroscopic
scoring system ranging from 0 to 4 for each leg. Data represent mean
clinical score of five mice from each group. (b) Macroscopic obser-
vations of the ankles of mice treated with LacZ, CIS3, or dnSTAT3
viruses on day 50. In (c), ankle joint tissues were stained with H-E and
Safranin O (x100). *P < 0.01.

infected group, compared with the AxCALacZ-treated
group. In contrast, local periarticular gene transfer of
dnSTAT3 was also effective, but did not completely
reduce the severity of arthritis, paw thickness, and red-
ness compared with CIS3 adenovirus (Figure 5, a-c). We
graded synovial tissue thickening, mononuclear cell
infiltration, and cartilage and bone destruction by the
pannus invasion with histopathological examination
(Figure 5¢). Each mouse exhibited much milder pathol-
ogy in the AxCACIS3-treated joint than in the
AxCALacZ-treated joint. The joints of AxCACIS3-treat-
ed mice exhibited much less inflammatory joint tissue
and a strong reduction in bone erosion and number of
inflammatory cells (Figure 5c). AxCAdnSTAT3 also
reduced the pathological destruction of cartilage and
bone, but it was not as effective as AxCACIS3. Measure-

ment of cartilage thickness showed that the cartilage
was well preserved in the AxCACIS3-treated joints.
Comparison of histological grades and cartilage thick-
ness between the two groups revealed that the differ-
ences were statistically significant (P < 0.01).

We next investigated whether the adenovirus was also
effective after establishment of the disease. Aden-
oviruses were administered by periarticular injection
into the wrist and ankle joints of mice 4 days after LPS
injection (Figure 6). CIS3 adenovirus strongly blocked
the progression of disease for 20 days after virus injec-
tion as assessed by clinical examination, paw thickness,
and redness. Histological examination also confirmed
the therapeutic effect of CIS3 adenovirus (data not
shown). In contrast, the effect of dnSTAT3 adenovirus
was transient (Figure 6); it suppressed development of
arthritis for 10 days, but symptoms of arthritis reap-
peared thereafter. These results suggest that local CIS3
expression after gene transfer to joints with established
disease could effectively protect tissue from inflamma-
tion and block bone erosion.

Discussion
The goal of this study was to extend our understand-
ing of the roles played by STAT3 and a cytokine-sig-
naling negative regulator, CIS3, in the pathogenesis of
different arthritic diseases by interfering with cytokine-
signaling pathways. Our study also aimed to develop a
new therapeutic strategy for the treatment of RA by
blockade of intracellular cytokine-signaling pathways.
We reported previously hyperactivation of STAT3 and
CIS3 induction in inflammatory bowel diseases (IBD)
and in mouse models of IBD (17). We demonstrated
that IL-6 plays a crucial role in the development of coli-
tis and that STAT3 activation is involved in the perpet-
uation of colitis. We also found that CIS3 was induced
with the development of colitis, whereas in contrast,
high-level CIS3 expression suppressed STAT3 activa-
tion. Forced expression of a dominant-negative form of
CIS3 in mice resulted in more severe colitis. Thus, we
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Figure 6

Effect of CIS3 adenovirus on established arthritis. Viruses were
administered by periarticular injection into the wrist and ankle joints
of mice 4 days after LPS injection. Severity of disease was assessed
every other day ranging from 0 to 4 for each leg. Data represent mean
clinical score of five mice from each group. *P < 0.01, **P < 0.05.
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proposed that CIS3 expression negatively regulates the
pathogenesis of inflammation by modulating STAT3
activity in colitis. Similarly, we observed hyperactivation
of STAT3 and CIS3 expression in RA patients and ani-
mal models of RA. Therefore, we propose here that
STAT3 hyperactivation is related to the progression
and/or development of RA, and CIS3 induction sup-
presses inflammation by reducing STAT?3 activity.

Since CIS3 expression was induced subsequent to
STAT3 activation (Figure 1, b and c), CIS3 probably acts
as a negative-feedback regulator of STAT3. It is possible
that CIS3 expression is one, if not the only, mechanism
that negatively regulates the inflammatory reaction in
arthritis. Consistent with this notion, expression of CIS3
by adenovirus before inflammation starts strongly sup-
pressed AIA and CIA. However, we observed strong acti-
vation of STAT3 in RA tissues even in the presence of
high CIS3 mRNA expression. This may be explained by
modification or rapid degradation of CIS3 protein. We
observed low levels of CIS3 protein in patients with
Crohn disease and ulcerative colitis, although CIS3
mRNA expression was very high in the colon (17). As
shown previously, CIS3 is very unstable and degraded by
the ubiquitin/proteasome system (28). Furthermore,
CIS3 is phosphorylated in response to cytokine stimu-
lation (29). These modifications and the rapid degrada-
tion by proteasomes could be reasons underlying the
incomplete suppression of STAT3 by CIS3 in chronic
inflammation. Thus, we believe that additional expres-
sion of exogenous CIS3 by gene transfer is effective in
suppressing both STAT3 and inflammation.

The severity of inflammatory reactions in ankle joints
of AIA and CIA mice assessed by arthritis score and paw
volume, significantly improved by local injection of CIS3
and dnSTAT3 adenovirus. These in vivo effects of CIS3
and dnSTAT?3 virus on inflammation and bone destruc-
tion in arthritic mice result from direct inhibition of syn-
oviocytes and osteoclast activity by the virus. Since the
efficiency of adenoviral gene transfer into lymphocytes
is known to be very low, we conclude that the CIS3 virus
suppressed the effector phase of arthritic bone destruc-
tion. However, we found that total IgG levels in ankle
joints of CIA models were decreased strongly by CIS3
adenovirus and partially by dnSTAT3 virus (data not
shown). Since these two viruses suppressed IL-6 pro-
duction from synovial tissues, it is possible that these
two viruses affect T cell differentiation and/or Ab pro-
duction in B cells. Further study is necessary to clarify
the effects of CIS3 and dnSTAT?3 viruses on T or B cells.

As shown in Figures 5 and 6, the protective effect of
dnSTAT3 against CIA was only partial compared with
ATA, while CIS3 efficiently suppressed both (Figures 3
and 4). Both CIS3 and dnSTAT3 adenoviruses similar-
ly suppressed STAT3 activation in the AIA model (Fig-
ure 4) and in RA synoviocytes (data not shown) at the
same moi. Therefore, the superior effect of CIS3 on the
CIA model may be due to the difference in the suppres-
sion mode of CIS3 and dnSTAT3 against cytokine sig-
naling. We and others have shown that CIS3 can inhib-

it many cytokine signaling pathways, including IFN-y,
IL-2, and IL-4, which activate STAT1, STATS, and
STATSG, respectively (11), while dnSTAT3 suppressed
STAT?3 pathway only. Furthermore, it has been shown
that CIS3 inhibits all signals generated by JAKs, includ-
ing the Ras-MAP kinase pathway (14). Therefore, a wide
variety of signals including other STATs and MAP
kinase generated by cytokines probably play an impor-
tant role in the development of CIA (30), and CIS3
inhibits these signals. Furthermore, we found recently
that CIS3, but not dnSTAT3, inhibits LPS-induced NO,
TNF-0, and IL-12 production in macrophages (ref. 13,
and unpublished data). These data suggest that CIS3
expression in macrophages inhibits inflammatory reac-
tion. In this context, CIS3 could inhibit inflammatory
arthritis more efficiently than STATS3.

Although anti-TNF-o. mAbs markedly ameliorate
joint involvement in the majority of patients with RA (3,
4), blockade of IL-6, which is thought to be a down-
stream target of TNF-a, would possibly be beneficial in
the treatment of RA. Yoshizaki and coworkers (31)
demonstrated the antiarthritic effect of humanized
anti-human IL-6 receptor (IL-6R) Ab in CIA models
using the cynomolgus monkey. Furthermore, adminis-
tration of a mAb to IL-6 in an open pilot trial of five
patients with RA led to clinical and biological improve-
ments (32). Our present study leads us to propose an
alternative therapeutic strategy; blockade of intracellu-
lar cytokine-signaling pathways. Adenoviral gene trans-
fer of cytokine signal inhibitors can efficiently suppress
development of arthritis in CIA and AIA models. How-
ever, there are certain drawbacks in using adenovirus
vectors for gene therapy of arthritis, since adenovirus
vector-mediated gene transduction is transient, and
local injection of adenovirus sometimes induces inflam-
mation (33, 34). Thus, our study also raises another pos-
sible therapy using JAK1-specific inhibitors. Since
gp130 mainly uses JAK1 (35), and JAK1 is not essential
for hematopoiesis, with the exception of granulocyte
development by G-CSF, JAK1 inhibitors may be useful
therapeutic reagents for both RA and IBD. Our prelim-
inary studies suggested that the JAK2 inhibitor, AG490
(36), was effective in the CIA model. We would antici-
pate better efficacy with a JAK1-specific inhibitor. An
alternative approach of increasing CIS3 protein levels
may also be possible for suppression of inflammation.
We found that CIS3 protein levels were regulated not
only by cytokines, but also by many other factors,
including proteasome degradation, phosphorylation,
cAMP levels, and cell differentiation. A reagent that sta-
bilizes CIS3 protein or upregulates CIS3 mRNA levels
may effectively suppress inflammation.

In summary, intervention of intracellular signal trans-
duction pathways in synoviocytes by adenovirus-medi-
ated gene transfer of CIS3 resulted in suppression of
bone destruction and amelioration of inflammation in
mouse autoimmune arthritis. Our results suggest that
signaling mediated by JAK/STAT3 plays critical roles in
the inflammation and joint destruction in RA. Aden-
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ovirus vectors are useful for in vivo gene transfer to intra-
articular tissues, and adenovirus-mediated gene transfer
of the CIS3 gene is a promising means of preventing
arthritic bone destruction. No definitive cure for RA will
be possible until its etiology is elucidated, however sup-
pression of synoviocytes and osteoclast activity by gene
transfer represents a novel therapeutic strategy for pre-
venting the joint destruction associated with RA.
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