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Abstract
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Introduction Arthntis induced by immunisation with glucose-6-
phosphate isomerase (GPI) in DBA/1 mice was proven tobe T
helper (Th) 17 dependent. We undertook this study to identity
GPl-spocific T cell epitopes in DBA/1 mice (H-2q) and
investigate the mechanisms of arthritis generation.

Methods For epitope mapping, the binding motif of tha major
histocompatibility complex (MHC) class |l (-Ag) from DBA/1
mice was identified from the amino acid sequence of T call
opitopes and candidate peptides of T cell epitopes in GPI-
induced arthntis were synthesised. Human GPl-pimed CD4+ T
cells and antigen-presenting cells (APCs) wera co-cultured with
each synthetic peptide and the cytokine production was
measured by ELISA to identify tha major epitopas. Synthatic
peptides ware immunised in DBA/1 mice to invastigate whether
arthritis could be induced by peptides. After immunisation with
the major epitope, anti-interleukin (IL) 17 monoclonal antibody
(mAb) was injected to monitor arthritis score. To invastigate the
mechanisms of arthntis induced by a major epitope, cross-
reactivity to mouse GF peptida was analysed by flow cytometry
and anti-GP antibodies were measured by ELISA Deposition of
anti-GP antibodies on the cartilage surface was detected by
immunchistology.

Results Wae selected 32 types of poptides as core sequences
from the human GP! 558 amino acid sequence, which binds the
binding motif, and synthesised 25 kinds of 20-mer peptides for
screaning, each containing the core sequenca at its centre. By
epitope mapping, human GP1325-339 was found to induce
intarferon (IFN) y and IL-17 production most prominently.
Immunisation with human GPI325-330 could induce
polyarthritis similar to arthntis induced by human GPI protain,
and administration of anti-IL-17 mAb signfficantly ameliorated
arthritis (p <0.01). Th17 cells prmed with human GPI325-339
cross-reacted with mouse GFI325-330, and led B cslls to
preduce anti-mouse GPI antibodies, which were deposited on

cartilage surface.

Conclusions Human GPI325-339 was identified as a major
opitopa in GPl-induced arthritis, and proved to have the
potantial to induce polyarthritis, Undarstanding the pathological
machanism of arthritis induced by an immune reaction to a
single short peptide could help slucidate the pathogenic
mechanisms of avtoimmune arthritis.

Introduction

Rheumatoid arthritis (RA) is characterised by symmetrical pol-
yarthritis and joint destruction. Although the aetiology is con-
sidered to be autoimmune reactivity 1o some antigens, the
exact mechanisms are not fully understood. So far, several

models of arthritis have been described and analysed to
understand the aetiological mechanisms of RA. Glucose-6-
phosphate isomerase (GPl)-induced arthritis, a murine model
of RA, is induced by immunisation with recombinant human
(rh) GP1 of DBA/1 mice [1]. We have previously demonstrated

APC: orbgm-ptmﬂmgml OA mm..mm: CHl: type Il collagen; CTLA-‘IQ cytotoxc T-lymphocyte antigen 4 immunoglobuling

DAP: 4' B-diamidino-2 y il
mlFNmrIamll. reukin, mAb:
matoid arthritis, rh: recombinant human, SD: cf

; ELISA: enzyme-finked munomfbmt amy, FCS: fatal calf serum; GPI: ﬁm&&phoqﬂntnw
lonal mlbot.y MHC: major h |
. SEM: st

PBS: phosph Hlered saline; RA: rheu
mofmGrrmn TCR: Tc-lmcl;lw'ﬂt T halpar.
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that the T helper (Th) 17 subsaet of CD4+ T calls play a cantral
role in the pathogenasis of GPlinduced arthritis; GPl-spacific
CD4+ T cells ware skewed to Th17 at the time of onset, and
blockade of interleukin (IL) 17 resulted in a significant amelio-
ration of arthritis (2], Furtharmore, the data that the administra-
tion of cytotoxic T-lymphocyte antigen 4 immunoglobulin
(CTLA-4 Ig) in the effector phase ameliorated the progress of
arthritis implies the importanca of Th17 cells even in the affec-
tor phase [3).

In this study, we further explored the epitopes of GPI-specific
CD4* T cells and identified human GPI (hGPl)3g5.49 85 a
major epitope. Interestingly, the amino acid sequence of
hGPl3z5.310 IWYINCFGCETHAML) was the same as that of
bovine (type Il collagen) Cllge_,;o(GEPGIAGFKGEQGPK),
the dominant epitope of collagen-induced arthritis (CIA), at the
major histocompatibility complex (MHC) binding sites [4]. Of
note is that arthritis similar to GPl-induced arthritis was gener-
ated by immunisation with a short 15-mer single peptide in
genetically unaltered mice. By analysis of peptide-induced
arthritis, we found that hGPlggs_g39-primed Th17 cells reacted
with mouse GPI (mGPI)y;s_33¢ Peptide and subsaquently lead
to the production of anti-mouse GPI antibodies, which depos-
ited over the cartilage surface of inflaming joints. Our findings
should ba helpful in unravelling the mechanism of autoimmune
arthritis.

Materials and methods

Mice

DBA/1 mice were purchased from Charles River Laboratories,
Japan. All mice were kept under specific pathogen-free condi-
tions and all expenments were conducted in accordance with
the University of Tsukuba ethical guidelines.

GP1 and synthetic peptides

Recombinant mouse GPl and rhGP! were prepared as
describad previously [5,6]. Briefly, human GPf or mouse GPI
cDNA was inserted into the plasmid pGEX-4T3 (Phamacia,
Uppsala, Sweden) for exprassion of glutathione S-transferase-
tagged proteins. Escherichia coli harboring the pGEX-hGPI
plasmid was allowed to proliferate at 37°C, before 0.1 mM iso-
propyl-p-D-thiogalactopyranoside was added to the medium,
followed by further culture ovemight at 30°C. The bactena
were lysed with a sonicator and the supematant was purified
with a glutathiona-sepharose column (Pharmacia, Uppsala,
Swaden). The purty was estimated by SDS-PAGE.

Crude peptides were synthesised for epitope screening by
Mimotopes (Melboume, Victona, Australia), and peptides with
90% purity were synthesised for a major epitope decision and
induction of arthritis by Invitrogen (Carlsbad, CA). Candidate
peptides, which were thought fo bind the binding motif, were
solocted with web soft MHCPred (The Jenner Institute,
Oxford, UK) [7).
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Induction of arthritis

DBAJ1 mice were immunised with 300 pg rhGP! for GPH-
induced arthritis, or 10 ug or 25 pg synthetic peptide for pep-
tide-induced arthritis in complete Freund's adjuvant (Difco
Laboratorias, Datroit, MI). The thGP! and synthetic peptide
waere emulsified with complets Freund's adjuvant at a 1:1 ratio
{v/v). For induction of arthritis, 150 pl of the emulsion was
injectad intradermally at the base of the tail of tha mouse. On
days 0 and 2 after immunisation, 200 ng of pertussis toxin was
injected intraperitoneally to develop peptide-induced arthritis.
The arthritis score was evaluated visually using a score of 0 o
8 for each paw. A score of O represented no evidence of
inflammation, 1 represented subtle inflammation or localised
oadema, 2 represented easily identified swelling but localised
to either the dorsal or ventral surface of the paws, and 3 rep-
resanted swalling in all areas of the paws.

Treatments of arthritis with anti-IL-17 monocional
antibodies

To neutralise IL-17, mice were injected intraperitoneally with
100 pg of neutralising antibody or isotype control on day 7 or
day B, 8, and 10. Anti-IL-17 mAb MAB421 (igG2a) was pur-
chased from R&D Systems (Minneapolis, MN, USA). IgG2a
isotype control was purchased from eBioscience (San Diego,
CA, USA).

Analysis of cytokine production

Mice were sacrificed on the indicated day. Spleens ware har-
vasted and haemolysed with a solution of 0.83% NH,CI,
0.12% NaHCO, and 0.004% EDTA;Na in PBS. Single-cal
suspensions were prepared in RPMI1640 medium (Sigma-
Aldrich, St. Louis, MO) containing 10% FCS, 100 U/mi of pen-
icillin, 100 pg/mi of streptomycin and 50 1M 2-mercaptoetha-
nol. CD4* T cells were isolated by MACS positive salection
(Miitenyi Biotec, Bergisch Gladbach, Germany). The purity of
the collected cells (>87%) was confirmed by flow cytometry.
Splenic feeder cells traated with 50 pg/ml of mitomycin C
ware usad as antigen presenting cells (APCs). The purified
CD4* T cells and APCs were co-cultured with 10 uM of the
synthatic peptide at a ratio of 6:1 at 37°C under 5% CO, for
24 hours. The suparnatants ware assayed for interferon (IFN)-
y and IL-17 by Quantikine ELISA kit (R&D Systems, Minneap-
olis, MN).

Intracellular cytokine staining and flow cytometric
analysis

Mice wera sacrificed on day 5. The draining lymph nodes were
harvested and single cell suspensions were prepared as
described above. Cells (1x108/ml) were stimulated with 10
MM of the synthetic peptides in 96-well round bottom plates
(Nunc, Roskilde, Denmark) for 24 hours and GoldiStop (BD
PharMingen, San Diego, CA) was added for the last four hours
of each culture. Cells were first stained extracellularly, fixed
and permeabilised with Cytofi/Cytoperm solution (BD
PharMingen, San Diego, CA) and then stained intracellulary.



Samples were acquired on FACSCalibur (BD PharMingen,
San Diego, CA) and data were analysad with FlowJo (Tree
Star, Ashland, OR).

Analysis of anti-GP1 antibody

Sera were taken from immunised mice on day 14 and diluted
1:500 in blocking solution (25% Block Ace (Dainippon Sumi-
tomo Pharma, Osaka, Japan) in PBS) for antibody analysis.
Wa also prepared 98-wel plates (Sumitomo Bakelite, Tokyo,
Japan) coated with 8 ug/ml rthGP! or recombinant mouse GPI
for 12 hours at 4°C. After washing twice with a washing buffar
(0.05% Twaan20 in PBS), the blocking solution was used for
blocking nonspecific binding for two hours at room tempera-
ture. After three washes, 150 ul of the diluted serum was
added and incubated for two hoursat room temperature, After
three washes, alkaline phosphatase-conjugated anti-mouse
IgG was added at a final dilution of 1:5000, for one hour at
room tempaerature. After three washes, colour was developed
with substrate solution (1 alkaline phosphatase tablet (Sigma-
Aldrich, St. Louis, MO, USA) per 5 ml akaline phosphatase
raaction solution (containing 9.6% diethanolamine and 0.25
mM MgCl,, pH 9.8)). Plates ware incubated for 20 minutes at
room temperature and optical density was measured by a
microplate reader at 405 nm.

Immunchistology

For immunohistology, cryostat sections from ankle joints were
propared with the tape capture technique as described previ-
ously [8]. Briefly, ankls joints were taken from immunisad mice
on day 14 and placed in Tissue-Tek (Sakura Finetek, Tomance,
CA) filled with 4% carboxymethyl cellulose compound (Fine-
tec, Tokyo, Japan). Frozen ankles joints in the carboxymathyl
cellulose compound were attached lo the adhesive Cryofilm
{Finetac, Tokyo, Japan) and were cut in the microtome. The
sactions on the adhesive fim were fixed with cold acetone.
After blocking with 2% bovine serum albumin and 0.05%
Twaan in PBS, the sections were stained with Alexa 546-con-
jugated anti-mouse IgG (Invitrogen, Carlsbad, CA) (200 ng/
slide), and nuclei ware counterstained with 4'8-diamidino-2-
phenyindola dilactate (DAPY) (Sigma-Aldrich, St. Louis, MO,
USA) (50 ng/slide). Fluorescence was detected with tha Leica
DMRAZ2 microscopy (Leica, Wetzlar, Germany). The images
wera acquired and processed with Leica FW4000 (Laica,
Wetzlar, Germany).

Statistical analysis

All data were exprossed as mean + standard emor of the mean
(SEM) or standard deviation (SD). Differences between
groups and variablas were axaminad for statistical significance
using the Mann-Whitney's U test and the Spearman's rank cor-
ralation coefficient, respectively. A p < 0,05 denoted the pras-
ence of a statistically significant difference.
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Results

I-A%binding motif and epitope candidates

To analyse T cell epitopes, wae first investigated the binding
motif of |-As from T cell epitopes reported in the literature
because DBA/1 mice express only |-As as MHC class Il.
Based on the work by Bayrak and colleagues (8], the anchar
motif of |I-As would exist at P1, P4 and P7, therefore we pre-
dicted the binding motifs from amino acid sequences of |-As
restricted epitopes on murine RNasag, o [10], myelin basic
proteingg_yq [11,12], chicken type Il collagen (CIl) gy _sqq [13],
rat Cllysg g0 [14,15], bovine Cliygs 20 [4] and mouse type Il
collagen [9] (Table 1). Next, we selected 32 types of peptides
as core sequances from the human GP| 558 amino acid
saquenca, which is thought to bind the binding motif (Table 2),
and synthesisad 25 kinds of 20-mer peptides for screening,
each containing the core sequence in its centre (Table 3).

Epitope screening

rhGPl-specific CD4+* T cells differentiate into Th1 and Th17
[2], so we analysed IFN-y and IL-17 production for epitope
screaning when rhGPl-primed CD4+ T cells were stimulated
with sach synthetic peptide. The production of both IFN-y and
IL-17 was pronounced when GPl-primed CD4+ T calls were
stimulated with number 18 peptide (NGPlyy,_s,s) and number
25 peptide (hGPlggg_gsq). Therafore, we considered that major
opitopes exist in aither of the two paptides (Figure 1), In the K/
BxN mouse model of arthritis, KRN T cell receptor (TCR) trans-
genic T cells recognise MGPlggg_sg4, the dominant epitope of
K/BxN mouse, on |-A¥? [168]. However, in tha GPlinduced
arthritis model, it was unlikely that hGPlgs._sq, was the domi-
nant epitope because GPl-specific T cells did not react prom-
inently to number 16 peptide (hGPloggage).

Because the synthatic peptides used for screening wera not
purified, we re-synthesised the 15-mer peptides with a purity
of 80%; these peptides contained each core sequence of

Table 1

I-Aq binding motifs o
Pl R Fa Pe Ps P8 P7 P8 PY

A A E

F P D

L F a

1 s P

P v N

5 L I

v N

R

mommolioll-kﬂmwmmphmwﬂ,mmo;om
pnﬁ:hﬁmﬂmwﬁom amino acid sequencas of I-AS
rastrictod on muring RNasag, ,qs, Myelin basic
PIOLOigg. 1, CHICKEN 1ypa ll CORIgETep: 2o 1oty I
gw'w‘!l—m bovine type Il collagen;se. 70 and mouse typa It
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Tabie 2 B
Core seq of gl 6-phosphate | (GPY)
amino oeit binding I-A'! e
Paptide - Woandimihony
3-11 ALTRDPQOFQ
20-37 LFDANKDRF
41-49 SLTLNTNHG
56-64 SKNLVTEDV
72-80 AKSRGVEAA
£80-88 ARERMFNGE
99-107 LHVALRNRS
102-110 ALRNRSNTP
140-157 ITOVINIGI
1687-175 VTEALKPYS
173-181 PYSSGGPRV
181-189 VWYVSNIDG
196-204 LAQLNPESS
201-200 PESSLFAIA
210-218 SKTFTTQET
226-237 FLOAAKDPS
230-238 LOAAKDPSA
243-251 FVALSTNTT
253-261 VKEFGIDPQ
285-203 ALHVGFDNF
319-327 LLALLGIWY
328-336 INCFGCETH
337-345 AMLPYDAYL
301-309 FYOLHQGT
403-411 PCODFUIPVQ
407-418 UPVOTQHP
426-434 LANFLAQTE
452-460 AGKSPEDLE
480-407 ALVAMYEHK
537-545 SHDASTNGL
540-548 ASTNGLINF
545-553 UNFIKQOR

mrgrwo of poptidos wore solocted as core saqg from
tha GP1 mwm.mhumgdwwm
binding motif, Amino acid residues that are thought to bind anch

of I-A% are shown in bold lettara.

number 18 peptide (hGPlyy;_s.,) and number 25 peptide
(hGPlggg_sse). Number 18 peptide (hGPlyg;_s4) contains two
core sequences (hGPlygg aqe and hGPlgy, o), so therefore
wa re-synthesised two peptides (hGPlygg_gse and
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hGPlyyy 345). The former sequences of number 25 peplide
("GPisgg.558) overlapped with number 24 peptide
(hGPl5g5_g55), which could not stimulate CD4+ T cells primed
with GPl. Therefore we re-synthesised two peptides
(hGPlg5_g5g and hGPlgy, gs5) from the latter sequences of
number 25 peptide (Table 4). We analysed IFN-y and IL-17
production for epitope screening as described above. The
peptide (hGPly,, 445) induced marked stimulation of GPI-
primed CD4* T cells, and was considered a major epitope
(Figure 2).

Immunisation with a major epitope induces arthritis
similar to GPl-induced arthritis

To test if hGPly.5_a4g is arthritoganic, DBA/1 mice were immu-
nised with 10 pg or 25 ug hGPlyye_sag instead of GPI protein,
and 200 ng of pertussis foxin was injected intraperitoneally on
days O and 2 after immunisation, Arthritis resembling GPI-
induced arthritis could be generated by immunisation with the
peptide, including incidence, manifestations and severity.
Symmetrical polyarthritis appeared on day 8, showed peak
severity on day 14 and subsided gradually thereafter (Figure
3a). The use of different immunisation doses (10 and 25 pg)
did not seem to affect the incidence and severity of arthritis,
Immunised with 10 pg or 26 ug hGPly,,_., without injection
of pertussis toxin could also induce arthritis. However, the
arthritis was less severe than with pertussis toxin (data not
shown). On the other hand, immunisation with neither
hGPlgsg-ssg nor hGPlgys sss, Which were considered minor
epitopes in GPFinduced arthritis, could induce overt arthritis
(Figure 3a). Mice immunised with hGPlye sq4g developed
severe swelling of the wrist and ankle joints. Histologically,
severe synovitis was noted in the wrists in the forepaws, and
at ankles and tarsal joints in the hind paws (Figure 3b and dala
not shown).

Peptide-induced arthritis is mediated by Th17
GPl-induced arthritis is Th1 7-mediated [2], so we explored the
aetiological role of Th17 in peptide-induced arthritis. Like GPI-
inducad arthritis, one time administration of anti-IL-17 mAb on
day 7 and three times administration on day 6, 8 and 10 sig-
nificantly ameliorated the arthritis (Figure 4). From these data,
tho arthritis induced by hGPl;,_345 Was also considered to be
Th17 mediated.

Immunisation of human GPlyg_ 43, leads Th17 cells to
cross-react with mouse GPly; s

We axamined the pathogenesis of arthrtis induced by
hGPlyss.s06 by comparing it with mice immunised with
hGPlssy.ssa:

First, we speculated that the difference in cross-reactivity to
mouse GPl might affect the incidence of arthritis, because
hGPlggg_ga (IWYINCFGCETHAML) has 13/15 amino acids
homology 10 MGPlygg sq (IWYINCYGCETHALL) while
hGPlsy,.sss (GLINFIKQQREARVQ) has only 9/15 amino

— A —
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Table 3 - -
Synthetic pept for ing T cell apitog

Paptide number Poptida Synthats ich

1 1-20 H-MAALTRDPQFQKLOOWYREH-OH
2 23-42 H-ELNLRRLFDANKDRFNHFSL-OH
3 37-56 H-FNHFSLILNTNHGHILVDYS-OH
4 51-70 H-ILVDYSKNLVTEDVMAMLVD-OH
5 71-80 H-LAKSRGVEAARERMPNGEXI-OH
L] 96-115 H-RAVLHYALRNRSNTPILVDG-OH
7 145-164 H-TGKTITDVINIGIGGSDLGP-OH
;] 182-181 H-LGPLMYIEALKPYSSGGPRV-OH
] 168-187 H-TEALKPYSSGGPRYWYVSNI-OH
10 176-105 H-SGGPRYWYVSNID GTHIAKT-OH
1" 191-210 H-HIAKTLAQLNPESSLFIAS-OH
12 200-219 H-NPESSLFIASKIFTTQET-OH
13 225-244 H-AKEWELQAAKDPSAVAKHFV-OH
14 238-257 H-AVAKHFVALSTNTTKVKEFG-OH
18 247-268 H-STNTTKVKEEGIDPQNMFEF-OH
16 280-200 HAGLSIALHVGFDNFFOLLSG-OH
17 313-332 H-EKNAPVLLALLGIWYINCFG-OH
18 327-346 H-YINCFGCETHAMLPYDQYLH-OH
16 386-405 H-NGOHAFYQUHQGTKMIPCD-OH
20 400-419 H-KMIPCDELIPVQTQHPIRKG-OH
21 420-430 H-LHHKILLANFLAQTEALMRG-OH
22 445-464 H-ARKELOAAGKSPEDLERLLP-OH
23 4B4-503 H-PFMLGALYAMYEHKIFVOGH-OH
24 533-552 H-AQVTSHDASTNGLINFAKOO-OH
25 530-558 H-DASTNGLNFIKQQREARVO-OH

Listod are 25 20-mar u

ifiad paptides in which each core sequence were centred around. Amino acid residuas constituting tha cora sequanca

unpurified
and thoao thought 1o bind anchors of 1-A% are underined and shown in bold lattars, respactivoly.

acids homology to MGPlgy,_sgg (GLISFIKQQRDTKLE). The
draining lymph node cells from mice immunised with
hGPlygs.g39 Of hGPlgg ssgwere cultured in the presence of
hGPlyzs_339 MGPlyog_aag, NGPlg 4 sss OF MGPlg,, ssg for 24
hours. The hGPlgs.550-primed cells had distinct cross-reac-
tive immune reaction to MGPlag 345 by producing IL-17,
whereas the hGPl,,, ;s primed celle did nol cross-react to
node cells of hGPlyy,_q4g-immunised mice, IL-17 production
was not remarkable in that of hGPlgy.ssg-immunisaed mice
aven whan the comasponding peptide was used as an antigen
for in vitro stimulation (Figure 5a). The production of IFN-y was
much lowar than that of IL-17, and IL-4 production was not
detectable independent of immunisation pattems and anti-
gens for in vitro stimulation (data not shown),

It has been reported that Th17 cells are not the only cellular
sourcas of IL-17, but CD8* T cells, natural killer T celle and v5T
cells are also capable of producing IL-17 [17-22], Therefora,
wa investigated tha IL-17 producing celis using fiow cytome-
try. The draining lymph node cells frem mice immunised with
hGPlags_aag OF hGPlyyy_ssg Were stimulated with hGPlags.ame
and mGPlyg 3ag, of hGPlg, cen and mGPlg,, geq, respec-
tivaly. Intracellular cytokine staining was performed without
nonspecific stimulants, such as phorbol mynistate acetate or
ionomycin. We confirmed that immunisation of hGPlags-33¢
induced antigen-specific Th17 cells, which cross-reacted with
mMGPlyz5-339. However, immunisation of hGPlg g5 induced
neither hGPlgy4_ssg-specific Th17 celis nor Th1 7 calls that can
cross-react with mMGPlg,, scq remarkably (Figure 5b). These
data indicate that induction of antigen-specific Th17 cells and
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Figure 1 Figure 2
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Synthetic mhdtl numhu 13 and 26 produced marked simula-
tion of gl 6-ph (GPI) primed CD4* T cells.
Mice were sacrificed on day 7 after immunisation. CD4* T cells were
purifiad from spleen calls of GPl-mmunised DBA/1 mice, GPhprimed
CD4+T cells and antigen presenting cells (APCs) were co-cultured
with 10 uM of synthetic paptide for 24 hours, The supematants wore
assayed for interferon (IFN) y and interfeukin (IL) 17 by ELISA. Data are
averages + standard deviation of three culture wells. Representative
data of three independent experiments.

cross-reactivity with mouse GPI might be the pathogenesis of
peptide-induced arthritis.

I isation of h GPlygg_ 335 leads B cells to
produce anti-mouse GPI antibodies

To explore the importance of autoantibodies, we measured
anti-human GP!| antibodies and anti-mouse GPI antibodies in
mice immunised with hGPlygs g4, hGPlg,, g5 and
hGPlygs_gag plus hGPlg,,_ssgby ELISA. Mice immunised with
rhGPI and the two peptides (hGPlyg gag plus hGPlgyy ssg)
produced high titres of anti-human GPI antibodies and anti-
mouse GP| antibodies, and mice immunised with hGPlgqs_339
and hGPly,,_gss hardly produced any anti-human GP!I antibod-
1es. However, mice immunised with hGPlygs 555 produced sig-
nificantly higher titres of anti-mouse GP| antibodies than mice
immunisad with hGPlg,_sss (Figure 6a). It is noteworthy that
immunisation with the two peptides (hGPlyyg ssg plus
hGPlgyy.ssg) induced significantly higher titres of anti-mouse
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GPlyzg g3 Is & major epitope. Mice were sacrificed on day 7 aftar
mwﬂuuon CIN‘Tulem punﬁndirom splanocytes of glucose-
hate i { ised DBA/1 mice. GPI-primed
cD4*T cells and antigen presenting cells (APCa) were co-cultured
with 10 uM of synthetic peptide hGPlays_aag. NGPlyay sag NGPlus sss
of hGPlgyssg for 24 hours. The purity of aach peptide was 90%, The
werg yed for i (IFN) 1 and intedeukin (IL) 17
bjf ELISA. Data aro averages + standard deviation of five cullure-wolla.
**p <0.01 (Mann-Whitnay's U test). Representative data of throe inde-
pandant axperiments.

GP! antibodies than that with hGPlas_s30 alone, whereas the
sevarity and incidence of arthritis in mice immunised with two
peptides (hGPlygs_ gz plus hGPlgy gse) were comparable
with those in mice immunisad with hGPlags.gag alene (Figures
3a and 6a),
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Table 4
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RMynthllbld peptides used for determining a major epitope

Paptide number  Peptido Synrhati plica s
18 327-348 H-YINCFGCETHAMLPYDQYLH-OH
326-330 HAWY INCFGCETHAML-OH
334-348 H-ETHAMLPYDQYLHRF-OH
25 530-558 H-DASTNGLINFIKQQREARVO-OH
542-556 H-TNGLINFIKQQREAR-OH
544-558 H-GLINFIKQQREARVQ-OH
Tha 15-mar pnp‘ltlu ware lfwlhadud
sach core seq id {Gle,p.:g and mmtw
25 peptido (BP!W Amino scid rosiduse tho core
and those to bind the anchors of -A%are
underfined and shown in bold lettors, "

We further investigated the difference of the correlation
between anti-mouse GPI antibodies and arthritis score among
immunisation pattems, Each of the three different immunisa-
tion pattems (thGPl hGPlyys 3sp and hGPlygg g5 plus
hGPlg44-gs8) showed no positive comelation between anti-
mouse GPI antibodies and arthritis score (Table 5).

Next, we investigated the existence of IgG on the cartilage sur-
face by mmunchistology, because GPl were proved to
deposit on the cartilage surface of normal nalve mice [23]. The
cryostat sections of ankle joints from naive mice and mice
immunised with hGPlg,_sse did not show IgG deposit on the
cartilage surface. Howaever, those from mice immunised with
thGP! and hGPlyys.a3p showad IgG deposits (Figure 6b).
Thesa data indicate that anti-mouse GPI antibodies may play
a role in the development of peptide-induced arthnitis,

Discussion

GPI, a ubiquitous glycolytic enzyme, is a new autoantigen can-
didate in autoimmune arthritis [5,6). GPl-induced arthritis is
induced by immunisation of genetically unaltered DBA/1 mice
with rhGP1 [1], We report here the therapeutic efficacies of
mAb to tumour necrosis factor-a and IL-8 and CTLA-4 Ig in
this model [3]. Moreover, CD4+ T cells, especially Th17 calls,
seam to be more important than B calls, because administra-
tion of anti-CD4 mAb or anti-IL-17 mAb markedly ameliorata
the progress of arthntis independent of anti-GP! antibodies
titres [1,2]. Therefore, exploring the epiope of CD4* T calls
and its arthritogenic effect is important for understanding the
pathological mechanisms.

In this study, we investigated the binding motd of I-As from T
cell epitopes considered to bind to |-AS, synthesised peptides
of apdope candidates and identified hGPly,s 5, a8 a major
epfiope. Interestingly, the MHC binding residues of
hGPlygs_32g(WYINCFGCETHAML) at P1, P4 and P7 were
the same as those for bovine Cllgg 4y (GEP-

Figura 3 i
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(b) naive G”m-m

Immunisation with hGPlyg 3eg induces severe polyarthritis. DEAJ1
mice were immunised with 25 g of hGPlyg, gaq NGPlysg ssg OF
hGPlyyysop 0 10 ug oach of hGPlyyy gaq PlS WGPy, ssg and 200
ng of pertussis toxin was injectad intraparitonaally on days 0 and 2 after
immunisation. (a) The mean arthritis scom (£ standard eror of the
maan (SEM)) of five mice in one represontative axpariment of two inde-
pendent exparimonts. (b) Sovera swalling of tha wrist (upper panaels)
and anklo joints (middla panels) in mica immunised with 25 ug of
hGPlygs_ges compared with nalve mice (arrowheads). Histological anal
ysia of haematoxylin & eosin-stained sections of ankia joints taken from
nalve mico and mice on day 14 after hGPly,s 5sg Immunization (lower
paneis) showed sevare synovitis with masaiva infiltration of calls and
hyperplasia of synovial tissue (amowhaeads).

induced arthritis [4]. These findings indicate that the binding
motif (P1 |, P4 F, P7 E) might have high binding affinity with |-
As, and the peptidas with this motif-MHC complexas might be
effectively recognised by TCRs and could be arthritogenic in
some condition, Although immunisation with a fragment of
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Anti-IL-17 monoclonal antibody (mAb) suppresses the develop-
ment of arthrilis. DBA/1 mice were immunised with 25 ug of

hG P35 gag and 200 ng of pertussis toxin was injected intraperito-
neally on days 0 and 2 after immunisation. 100 ug of anti-IL-17 mAb or
isotype control { 1) was ini intrapari lly on day 7
(upper panel) or day 6, 8, and 10 (lower panal) after immunisation
(amow). Maan arthritis acore {+ standard arror of the mean (SEM)) of
fiva mice per group. Reprasentative data of two independant sxperi-
mants. * p < 0,05, Tp < 0.01 (Mann-Whitney's U test),

cyanogen bromide of bovine Cll, CB11 (Clljg4-402), which
contains the dominant epitope, can induce arthnitis, tha sever-
ity and incidence are much lower than arthritis induced by
bovine Cll protein [4]. Other fragments (C88, CB9, CB10 and
CB12) do nol induce arthritis, as is explained by the produc-
tion of anti-bovine Cll antibodies. Immunisation with CB11
fragment produces five times more antibodies to bovine Cll
than any other fragment [4], The observation that administra-
tion of anti-CD4 mAb after the onset of arthritis did not amel-
|arate the arthritis [24,25] and a combination of mAb ta Cll can
passively transfer arthritis to nalve mice [26] also emphasisas
the importance of autoantibodies to the induction of collagen-
induced arthritis.

Our study demonstrated that immunisation with hGPlags_gag
induced antigen-specific Th17 cells, which can cross-react
with mGPlszg.a3g and lead B cells to produce anti-mouse GP!
antibodies. However, immunisation with hGPlg,,_gss could not
even induce hGPlg, 4 gsp-specific Th17 cells. The difference of
ability of Th17 induction between two peptides may come
from MHC-binding affinity and TCR-binding affinity. A peptide
that is likely to bind to MHC class Il with high affinity and inter-
acts strongly with tha T cell receptor tends to stimulata Th1-
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call response, whereas a peptide with low binding affinity to
MHC class Il and T cell receptor tends to elicit Th2<sll
response [27,28]. Although the relationship betwean Th17
differentiation and the strength of TCR signalling and MHC-
binding affinity has not been clarified, it is possible that the dif-
ferance in amino acid sequences batween hGPly,s.a3 and
hGPlgys 555 might affect the I-Aq binding affinity and the TCR
signalling, and consequently lead to the difference in extent of
antigen-specific Th17 calls. In this study, we did not detect
any IL-4 production, which is an adjuvant effect of Mycobac-
terim tuberculosis and pertussis toxin.

In K/BxN mice expressing |-As” as MHC class |l molecules,
mMGPlag,_g4-8pecific CD4+ T cells lead B calls to produce
anti-mouse GP! antibodies [16]. The anti-mouse GPI antibod-
ias from K/BxN mice have such high affinity that IgG transfer
of K/BxN mice can provoke arthritis in normal mice [8]. In com-
panson, the anti-mouse GPl antibodies from GPlinducad
arthritis alone are not sufficient for the development of arthritis
bacause IgG transfer from mica immunised with rhGPl can not
provoke arthritis. However, IgG signalling through FeyR seems
nacessary for the induction of GPl-induced arthritis because
FoyR-deficient mice are resistant o arthritis [1]. Moreover, the
data that transfer of thGPl-primed or hGPlys_gag-primed Th17
calls to natve DBA/1 mice can not induce arthritis emphasises
the necessity of anti-mouse GP| antibodies (unpublished
observation). Considering the data that there are no positive
comelation between anti-mouse GP! antibodies and arthritis
score [[29] and unpublished observation), and arthritis-resist-
ant mice like C57BL/6 produce as high titres of anti-mouse
GPI antibodies as DBA/1 when immunised with thGPI (1 and
unpublished observation), ant-mouse GPl antibodies may play
a subordinate role in the development of GPl-induced arthritis
and peptide-induced arthritis in DBA/1 mice.

In the process of epitope screening, the response to
hGPlgsg-s5e peptide was comparable with that to hGPlgs;_s.g
peptide; however, the response to hGPlg, 5 and
hGPlssy-gsg, Which were synthesised with 809 purity, was
lower than that to hGPlgg s5e peptide. Furthermore, the
responge to hGPlgag 55g, which was re-synthesisad with 80%
purity, was much lowar than to hGPlags_ 355 0r 10 hGPlggg geg
peptide for screening (data not shown). These results could
be explained by differences in the purity of the synthetic pep-
tides. The synthetic peptides used for screening (peptides
numbers 1 to 25, Table 2) were unpurified, and the purity of
each peptide would have been quite different, although the
exact purity was unchecked by the product maker. Therefore,
it is possible that the purity of number 25 peptide might have
been much higher than that of number 18 peptide, or alterna-
tively, number 25 peptide may have contained other peptides

through peptide synthesis.

From a probability point of view, it is possible that other
epitopes exist in some regions of human GPl-amino acid
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Cross. tivity with peptides derived from mouse glucose-6-phosphate isomerase (GPI). (a) Draining lymph node (DLN) celis taken from
WG Plygs, aag-immunised mica on day 5 ware culturad with 10 pM of hGPlgss-sae, MGPlyss 256 NGPlses-sng 0f MGEPlsey. sag for 24 hours. The supar-

18 wWare yed for deukin (IL) 17 by ELISA. Data are avorages + standard deviation of three culture-wells. Roprasentative data of throo
indepandent experiments. (b) DLN calls taken from hGPlgy, geg- OF hGPly,, ssg-immunised mice on day 5 were cultured with 10 uM of hGPl, 5, 44
and MGPlygs a0 0F NGPlgy, sag and MGPly,, s, respactivoly. GoldiStop was added at the last four hours of aach culture. Flow cytomatry tor IL-17
and interferon (IFN) 7 was gated in CO3+, CD4%o" calls. Rep flow cy y data of three indepondent axperiments with two mico par
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Figure 6
{a) Anti-hGPI Abs titers
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Titres of anti-mouse glucose-6-phasphale isomerase (GPI) antibodies were elevated in mice with arthritis. (a) Sera were taken on day 14

from mica i inad with rec

human (th) GPY, hGPlygs _s05. NGPlsy, ssq 0F NGPlye seo plus WGPl _ssg and the titres of anti-human GPI

antibodias and anti-mouse GP1 antibodiea wora wﬂJyaad by ELISA. Each symbol mpmlarlix 2 single mouse. Data are mean optimal density + stand-

data of two ind it

ard devation. tp < 0.01 (Mann-Whitney's U test). R

(b) Ankla joints were taken on day 14 from

mice immunised with thGP1, hGPlyg,_gqg OF hGPIM. soa: Cryostat sections of ankia joints were stained with anti-mouse 1gG (red), and nuciei woro

i with 4' B-di

cour

sequence from which we did not synthesise the peptides,
because |-As may have another binding motif and our synthe-
sised paptides coverad only the 399/558 (71.5%) amino acid
rasidues of human GPi protein, not the whole length. How-
aver, two expenmental pieces of data support that hGPlygs_sag
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2-phenyindole dilactate (blue). Representative data of three independant axpanmants

may be the dominant epitope. One is that immunisation with
hGPlags.a9q provoked arthritis similar to that induced by tiGPI
protein. The other is thal intraperitoneal injection of
hGPlyg5_39¢ after the onset of arthritis significantly ameliorated
tha progress of arthntis (data not shown). Bacause systemic
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