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Cruciai Role of the Interleukin-6/Interleukin-17 Cytokine Axis
in the Induction of Arthritis by Glucose-6-Phosphate Isomerase

Keiichi Iwanami,! Isao Matsumoto,? Yoko Tanaka-Watanabe,! Asuka Inoue,!
Masahiko Mihara,® Yoshiyuki Ohsugi,* Mizuko Mamura,' Daisuke Goto,' Satoshi Ito,!
Akito Tsutsumi, Tadamitsu Kishimoto,” and Takayuki Sumida’

Objective. To clarify the glucose-6-phosphate tion of anti-IFNy mAb exacerbated arthritis. Neither
isomerase (GPI)-specific CD4+ T cell lineage involved anti-IL-17 mAb nor anti-IFNy mAb administration on

in GPI-induced arthritis and to investigate their patho- day 14 ameliorated arthritis. MR16-1 administration on
logic and regulatory roles in the induction of the day 0 or day 3 protected against arthritis induction, and
disease. MR16-1 administration on day 8 significantly amelio-

Methods. DBA/1 mice were immunized with GPI rated existing arthritis (P < 0.05). After administration
to induce arthritis. CD4+ T cells and antigen-presenting of MR16-1, there was marked suppression of Th17

cells were cocultured with GPI, and cytokines in the differentiation, without an increase in Th1, Th2, or Treg
supernatant weré analyzed by enzyme-lmked imimunosor- . .. cells, and CD4+ T cell prollferatlon was also sup-
bent assay. Anti-interferon-y (aiti-IFNy) monoclonal :; pressed.. .  ® Do

Concluston IL-6 and Th17 play an essentlal role
in GPI-mduced arthrms Since it has, previously been
: ' humamzed antl-IL-6R

'nterleukm-l7 (ant1—IL-17) mAb,

.....

mlght ‘also bé mvolved in the’ generatlon “of RA, espe-
cially in the early effector phase.

were ~analyzed .--by ‘Tlow cytometry and .CD4+ T cell
proliferation was analyzed using carboxyfluorescein di-
acetate succinimidyl ester.

) Results. GPI-specific CD4+ T cells were differ(fn- Rheumatoid arthritis (RA) is characterized by
flated. to Thl am? Th17 cells, but not Th2 ce.lls..Admm- symmetric polyarthritis and joint destruction. Although
lstrat.lon of "““’_IP'” mAb on day 7 sngnx!‘ic.antly - the etiology of RA is considered to be an autoimmune
ameliorated arthritis (P < 0.01), whereas administra- reactivity to antigens that are specifically expressed in
joints, this remains a controversial hypothesis. It has

Drs. Mat: to and Sumida’ k ted b, t . P ..
T S ¥ O e Supported by @ gran been reported that autoimmune reactivity to a ubiqui-
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at the same incidence and severity as untreated mice (6).
Adoptive transfer of IgG antibodies purified from mice
with CIA can induce arthritis even in strains that are not
susceptible to CIA induction by conventional immuni-
zation. In GPI-induced arthritis, administration of anti-
CD4 mAbD rapidly ameliorates arthritis after its onset,
despite the absence of changes in the anti-GPI antibody
titers. Fcry receptor—deficient mice are resistant to GPI-
induced arthritis, and adoptive transfer of purified IgG
antibodies alone is not able to induce arthritis in these
mice (3). These findings indicate that although autoan-
tibodies are necessary for GPI-induced arthritis, CD4+
T cells are indispensable even after antibody production.

The present study was designed to further char-
acterize the importance of CD4+ T cells in GPI-induced
arthritis. Specifically, we investigated the CD4+ T cell
lineage involved in GPI-induced arthritis and the regu-
latory mechanisms of pathogenic T cells. The results
demonstrated that GPI-specific CD4+ T cells shifted to
Thl and Th17 cells and that Th17 played a crucial role
in the development of GPI-induced arthritis. We also

found that blockade of interleukin-6 receptor (IL-6R) .
significantly sup "_:essed the arthritis;and mhxbxtcd Th17" -

tounmune arthrms

MATERIALS AND METHODS

Mice. Male DBA/l mice were purchased from Charles

River Laboratories (Yokohama, Japan). All mice were main-
tained under specific pathogen—free conditions, and all exper-
iments were conducted in accordance with the institutional
ethics guidelines.

GPI-induced arthritis. Recombinant human GPI was
prepared as described previously (7). Briefly, human GPI
complementary DNA was inserted into plasmid pGEX-4T3
(Pharmacia, Uppsala, chden) for expression of glutathione
S-transferase—tagged proteins. The Escherichia coli-harboring
pGEX-hGPI plasmid was allowed to proliferate at 37°C before
the addition of 0.1 mM IPTG to the medium, which was
followed by a further culture overnight at 30°C. The bacteria
were lysed with a sonicator, and the supernatant was purified
with a glutathione-Sepharose column (Pharmacia). The purity
was estimated by sodium dodecyl sulfate~polyacrylamide gel
electrophoresis.

Mice were immunized intradermally with 300 ug of
recombinant human GPI in Freund’s complete adjuvant
(Difco, Detroit, MI). Recombinant human GPI and Freund’s
complete adjuvant were emulsified at a 1:1 ratio (volume/
volume). For induction of arthritis, 150 ul of the emulsion was
injected intradermally into the base of the tail. For intracell-
ular staining and cell proliferation assay, 50 ul was injected
inte each footpad of the hind paw. Arthritis was evaluated
visually, and changes in each paw were scored on a scale of
0-3, where 0 = no evidence of inflammation, 1 = subtle
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+ Figure 1. Induction of severe polyarthritis by immunization with

recombinant human glucose-6-phosphate isomerase (GPI). DBA/1
mice were immunized with 300 g of recombinant human GPI, and the
development of arthritis was monitored visually and scored on a scale
of 0-3 (see Materials and Methods for details). Arthritis was clinically
apparent beginning on days 7-8, peaked in severity on day 14, and then
gradually subsided. A, Severe swelling of the wrist and ankle joints
(arrowheads) in mice immunized with GPI as compared with control
mice. B, Mean * SEM arthritis scores on days 0-28 in 10 mice from a
representative experiment.

inflammation or localized edema, 2 = easily identified swelling
that was localized to either the dorsal or ventral surface of the
paw, and 3 = swelling of all aspects of the paw.

Analysis of cytokine profiles. Mice were killed on day
7 or day 14. Spleens were harvested and hemolyzed with a
solution of 0.83% NH,Cl, 0.12% NaHCO;, and 0.004% diso-
dium EDTA in phosphate buffered saline (PBS). Single-cell
suspensions were prepared in RPMI 1640 medium (Sigma-
Aldrich, St. Louis, MO) containing 10% fetal bovine serum
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(FBS), 100 units/ml of penicillin, 100 pg/ml of streptomycin,
and 50 uM 2-mercaptoethanol. CD4+ T cells were isolated by
magnetic-activated cell sorting (Miltenyi Biotec, Bergisch
Gladbach, Germany). The purity (>97%) was confirmed by
flow cytometry. Splenic feeder cells treated with 50 pg/ml of
mitomycin C were used as antigen-presenting cells (APCs).
Purified CD4+ T cells and APCs were cocultured with 5 pg/ml
of GPI at a ratio of 5:1 for 24 hours at 37°C in an atmosphere
containing 5% CO,. The supernatants were assayed for
interferon-y (IFNv), IL-4, and IL-17 by enzyme-linked immu-
nosorbent assay (ELISA) using a Quantikine ELISA kit (R&D
Systems, Minneapolis, MN).
Treatment of arthritis with antibodies. To neutralize
IL-17 and IFNy, mice were injected intraperitoneally with 100
ug of neutralizing antibody or isotype control on day 7 or day
“14. Anti-IL-17 mAb MAB421 (IgG2a) and anti-IFNy mAb
MAB485 (IgG2a) were purchased from R&D Systems. IgG2a
isotype control was purchased from eBioscience (San Diego,
CA). For IL-6 neutralization, mice were injected intraperito-
neally with 2 mg or 4 mg of MR16-1 (an IgGl-specific mAb
against murine IL-6R) or control IgG (purified from the serum
of nonimmunized rats) on day 0, 3, 8, or 14. MR16-1 was a gift
from Chugai Pharmaceutical (Tokyo, Japan), and control IgG
was purchased from Jackson ImmunoResearch (West Grove,
PA).
Anti-GPI antibody analysis. Sera were obtained on day

28 or day 35 and: diluted 1:500 in blocking solution (25% Lo
" ined for statistical mgmficance using the Mann thtneyU test.

Block-Ace [Damlppon Sumitomo Pharma, Osaka, Japan] in ‘.
PBS) for analysis of:antibody. Then, 96-well plates (Sumitomo’
Bakelite, Tokyo, Ja were coated with 5 pg/ml of . recom-
binant hum G 2 hours at 4°C. After washing twice

2 hours at room temperature to block
,waashes, 150 pl of diluted sera was.
added, and_the - platesi-were - -incubated . for 2 héurs at!roorn
temperature. After 3 washes, alkaline phosphatase (AP)-
conjugated anti-mouse IgG was added at a final dilution of
1:5,000 for 1 hour at room temperature. After 3 washes, color
was developed with substrate solution, consisting of 1 tablet of
AP tablet (Sigma-Aldrich) per 5 ml of AP reaction solution
(9.6% diethanolamine and 0.25 mM MgCl,; pH 9.8). Plates
were incubated for 20 minutes at room temperature, and the
optical density was read at 405 nm using a microplate reader.

.05% Tween 20 in PBS), the blockmg',f N

Intracellular cytokine staining and flow cytometric
analysis. Mice were killed on day 7. Pophteal lymph nodes
were harvested, and single-cell suspensions were prepared as
described above. Cells (1 X 106/ml) were stimulated with 100
pg/ml of recombinant human GPI in 96-well round-bottomed
plates (Nunc, Roskilde, Denmark) for 24 hours. GoldiStop
(BD PharMingen, San Diego, CA) was added during the last 2
hours of each culture. Cells were stained extracellularly, fixed,
and permeabilized with Cytofix/Cytoperm solution (BD
PharMingen), then the cells were stained intracellularly. A
mouse regulatory T cell staining kit (eBioscience) was used to
stain Treg cells according to the protocol supplied by the
manufacturer. Samples were analyzed with a FACSCalibur
flow cytometer (Becton Dickinson, Mountain View, CA), and
data were analyzed with FlowJo software (Tree Star, Ashland,

“OR).

Cell proliferation assay. Mice were killed on day 10.
Popliteal lymph nodes were harvested, and single-cell suspen-
sions were prepared as described above. Cells (2 X 107/ml) in
PBS were stained with 1.25 pM carboxyfluorescein diacetate
succinimidyl ester (CFSE-DA; Molecular Probes, Eugene,
OR) for 8 minutes. Stained cells were cultured with 25 pg/ml
of recombinant human GPI at 1 X 10%ml in 96-well round-
bottomed plates (Nunc) for 60 hours and then analyzed by flow
cytometry.

Statistical analysis. Data are expressed as the mean +

" SEM-or mean * SD. Dxffcrences betweer groups were exam-

" P values less than 0.05 weie considered significant.

Inductlon of severe symmetnc polyarthntls by
immunization with GPL- For the .induction ‘of arthritis,
we immiinized DBA/1 mice with'300 ng of recombinant
human GPI emulsified with Freund’s complete adjuvant.
Of the 177 mice immunized with recombinant human
GPI, 167 (94.4%) developed severe swelling of the wrist
and ankle joints (Figure 1A). The arthritis appeared on
days 7-8, showed peak severity on day 14, then gradually
subsided (Figure 1B).

IFN-y IL-17 IL-4
:mu-l * 120
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200 800
& 1500 Em
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doy?  day1d dry?  duy1d dey7  dayld

Figure 2. Differentiation of glucose-6-phosphate isomerase (GPI)-specific CD4+ T cells
into Thl and Th17 cells. CD4+ T cells and mitomycin C-treated antigen-presenting cells
were stimulated for 24 hours with GPI on either day 7 (induction phase) or day 14 (effector
phase) and then assessed for the production of interferon-y (IFNy), interleukin-17 (IL-17),
and IL-4 by enzyme-linked immunosorbent assay. Values are the mean and SD of 3
independent experiments (n = 3 mice per experiment). *+ = P < 0.05 versus cells stimulated
on day 14, by Mann-Whitney U test. UD = undetectable (<2 pg/ml).

AQ: 6

AQ:7

F1



| rich3/zar-anr/zar-anr/zar00308/zar7449d08g [ coopert | S=6 [ 12/10/07 | 8:32 [ Art: AR07-0680 | |

>

IWANAMI ET AL

Day 7
12 . —*- Isotype ctrl 39 y
: ) -O- anti-IL-17 mAb NS
10 7 —~ anti-IFN- ¥ mAb 28 1 ——
R L
2 g 261 '
2 ’ ] * 8.8=E
: (o,
g 2 24 oot
2.2
2
0 4 8 12 16 20 24 28 32 ctllg anti-IL-17 mAb
days
Day 14
12 ~®— Isotype cirl 3 y
1 ~0- anti-1L-17 mAb NS
10 1 &~ anti-IFN- ¥ mAb | :
- | 2.8 |’ I
g L &6 °
3 | g . °°}
é . 8 24 o® {
: o
2 221
0 BB ———— 2 y
0 4 8 12 16 20 24 28 32 ctrlIg anti-IL-17 mAb
days

Fxgure 3 Suppxessxon of the developmcnt of glucose 6-phosphate 1somerase (GPI)—mduccd arthrms by treatment with by .
antl—mterleukm 17 (ant1—IL-17) monoclonal antxbody (mADb). A, Arthritis scores following mtrapentoneal injection of 100 ug =
- of anu—IL-17 mAb or anti-interferon-y (anti-IFNYy) mAb on day 7 or.day.14 after GPI immunization (arrow). Values are the
" ..mean‘and SEM of 5 mice per group. Results are représentative of 2 indepenident experiments. * = P < 0.05; #% =P < 0.01 . -
versus isotype control at the same time point, by Mann-Whitney U test. B, Titers of anti-GPI antibody in sera obtained on day
35 following intraperitoneal injection of 100 ug of anti-IL-17 mAb on day 7 or day 14 after GPI immunization, as determined

by enzyme-linked immunosorbent assay. Each symbol represents

a single mouse. Bars show the mean * SD optical density

(OD) at 405 nm. NS = not significant (by Mann-Whitney U test).

Differentiation of GPI-specific CD4+ effector T
cells to Thl and Th17 cells, but not Th2 cells. CD4+ T
cells are indispensable for both the induction phase and
the effector phase of GPI-induced arthritis (3); however,
the lineage to which GPI-specific CD4+ effector T cells
are differentiated remains to be elucidated. To deter-
mine the lineage, we stimulated CD4+ T cells withre-
combinant human GPI on day 7 (induction phase) or
day 14 (effector phase) in vitro and then assessed
cytokine production by ELISA. GPl-specific CD4+ T
cells produced IFN+y and IL-17, but not IL-4, on days 7
and 14 (Figure 2). Interestingly, IFNy production was
lower on day 7 than on day 14 (P < 0.05), whereas IL-17
production was higher on day 7 than on day 14 (P <
0.05). These data demonstrated that GPlI-specific CD4 +
effector T cells are differentiated to Thl and Th17 and

are regulated differently during the development of
arthritis.

Crucial role of Th17 cells in the induction phase.
If GPI-specific CD4+ T cells produce both IFNy and
IL-17, then which of these two cytokines affects the
development of arthritis? To answer this question, we
injected 100 pg of anti-IFNy mAb or anti-IL-17 mAb
intraperitoneally on day 7 or day 14 after immunization
with recombinant human GPL Injection of anti-IL-17
mAb on day 7 resulted in significant improvement in the
arthritis scores as compared with injection of isotype
control (P < 0.05 or P < 0.01), but injection of anti—
IL-17 mAb on day 14 did not affect the course of the
disease (Figure 3A). In contrast, injection of anti-IFNvy
mADb on day 7 and day 14 did not ameliorate arthritis,
but rather, tended to exacerbate it (Figure 3A).
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