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Summary

To identify and characterize anti-citrullinated glucose-6-phosphate isomer-
ase (GPI) peptide antibodies in patients with rheumatoid arthritis (RA).
Nine GPI arginine-bearing peptides in human GPI protein were selected and
cyclic citrullinated GPI peptides (CCG-1–9) were constructed. Samples were
obtained from RA (n = 208), systemic lupus erythematosus (SLE) (n = 101),
Sjögren’s syndrome (SS; n = 101) and healthy controls (n = 174). Antibodies
against CCG-1–9 were measured, and anti-citrullinated a-enolase-1 (CEP-1),
-cyclic citrullinated peptides (CCP) and -GPI proteins antibodies were also
examined. Patients with RA were genotyped for HLA-DRB1. The numbers of
shared epitope (SE) alleles were counted and compared with those of the
autoantibodies. Rabbit GPI was citrullinated with rabbit peptidylarginine
deiminase and immunoblot analysis of RA sera performed. The levels of
autoantibodies were compared before and after treatment with TNF antago-
nists in 58 RA patients. Anti-CCG-2, -4 and -7 antibodies were detected in
25·5, 33·2 and 37·0% patients with RA, respectively, and these antibodies
were very specific for RA (specificity, 98·1–99·7%). Altogether, 44·2, 86·1 and
13·9% of RA sera were positive for anti-CEP-1, -CCP and -GPI protein anti-
bodies, respectively. Anti-CCG-2, -4 and -7 antibodies were correlated with
anti-CCP and anti-CEP-1 antibodies and with the presence of HLA-DRB1 SE
alleles. Citrullinated GPI protein was detected using RA sera. Treatment with
tumour necrosis factor antagonists reduced significantly the levels of anti-
CCG-2 and -7 but not of anti-CEP-1 antibodies. This is the first report docu-
menting the presence of anti-CCG antibodies in RA. Anti-CCG-2 and -7
antibodies could be considered as markers for the diagnosis of RA and its
disease activity.
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Introduction

Autoantibodies are the hallmark of rheumatoid arthritis
(RA), although their pathogenic role in the disease remains
controversial. Recently, several studies have reported that
citrullinated proteins are RA-specific autoantigens, and
enzyme-linked immunosorbent assays (ELISA) using cyclic
citrullinated peptides (CCP) are used frequently for the
diagnosis [1]. The citrullinated autoantigen in anti-CCP
antibody-positive individuals seems to be mixed and cross-
reactive [2]. Candidate citrullinated autoantigens that have
been identified in RA include fibrinogen, vimentin, collagen

type II and a-enolase [3–6]. For example, positivity of
autoantibodies to citrullinated a-enolase peptide-1 (CEP-1)
shows high association with the HLA-DRB1 shared epitope
(SE) and smoking, suggesting its importance as a marker
for RA [7]. However, the pathogenic roles of anti-
citrullinated protein antibodies remain elusive, owing partly
to the lack of association with disease activity [8].

Glucose-6-phosphate isomerase (GPI), a major glycolytic
enzyme, was first described as an arthritogenic target in the
K/B¥N T cell receptor transgenic mouse model, and arthri-
tis was sustained almost completely by autoantibodies to
GPI [9,10]. Recently, immunization with human GPI was
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reported to provoke arthritis in the DBA/1 mouse, suggest-
ing that autoimmunity to GPI plays a direct role in arthritis
in genetically unaltered mice [11,12]. In humans, several
groups have described the up-regulated expression of
autoantigen GPI in sera of patients with RA [13,14], as well
as in the joint synovium [15,16]. Conversely, the first report
on anti-GPI antibodies in humans showed a high frequency
of such antibodies in the sera of RA patients [15], although
their frequency is still debated [17–20]. Using our in-house
anti-GPI antibody assay, which employs two different GPIs
(recombinant human GPI and rabbit native GPI), we
reported that only 15% of patients with RA were positive
for anti-GPI antibodies and that the severity of arthritis
correlated with the serum anti-GPI antibody levels [17].
Others have also reported that extra-articular complications
in RA correlated with serum anti-GPI antibody levels [18].

The present study is an extension of our previous investi-
gation [17]. We have assumed a hypothesis that antibodies
against citrullinated part of GPI protein exist in a subset of
patients with RA specifically the same as other anti-
citrullinated protein antibodies (ACPA), and attempt to
further characterize antibodies against citrullinated GPIs in
patients with RA.

Nine cyclic citrullinated peptides spanning the whole GPI
sequence were constructed (CCG-1–9) and the levels of
anti-CCG antibodies measured by ELISA. The antibodies
were also compared with anti-CEP-1, -CCP and anti-GPI
protein antibodies. HLA-DRB1 genotyping was performed
and the numbers of SE alleles were counted. In addition, we
focused on highly specific and SE-related anti-CCGs such as
anti-CCG-2, -4 and -7 and anti-CEP-1 antibodies, and
compared the levels of these antibodies in patients with RA
before and after they received treatment with tumour
necrosis factor (TNF) antagonists. We further investigated
the association between decreased levels of these antibodies
and disease activity.

Materials and methods

Serum samples from patients and healthy controls

Serum, plasma and whole blood samples were collected
from 208 Japanese patients with RA, diagnosed by rheuma-
tologists according to the criteria of the American College
of Rheumatology (ACR) in 1987 [21]. The mean age of the
patients was 54 years (range 16–84 years); 76% were female.
Serum samples were also obtained from 174 healthy control
subjects (HS) (mean age, 27 years; range 18–55 years; 48%
female). Disease control samples were also collected from
patients with systemic lupus erythematosus (SLE; n = 101;
mean age 40 years; range 15–67 years; 88% female) and Sjö-
gren’s syndrome (SS; n = 101; mean age 55 years; range
21–84 years; 97% female). All patients with SLE fulfilled the
1997 ACR classification criteria [22], and all patients with
SS satisfied the Japanese Ministry of Health criteria for the

diagnosis of SS. The criteria of SS included four clinico-
pathological findings, while the diagnosis of SS was based
on the presence of two or more of the following conditions:
presence of anti-SS-A or SS-B antibodies, keratoconjuncti-
vitis sicca, salivary dysfunction and lymphocytic infiltration
of the salivary or lacrimal glands. None of the patients with
SLE or SS had overlapping RA. All samples were collected at
the University of Tsukuba Hospital after informed consent
was obtained from all patients. Samples were also collected
from 58 patients (at least one sample positive for anti-
CCG-2, -4 and -7 or anti-CEP-1 antibodies) with RA before
and 6 months after treatment with TNF antagonists (inflixi-
mab, n = 41; etanercept, n = 15; adalimumab, n = 2). All
antibody-positive patients were grouped into four (anti-
CCG-2, 4, 7 and CEP-1-positive) groups. All patients were
positive for antibodies at baseline (before treatment) in
each group. This study was reviewed and approved by the
ethics committee of the University of Tsukuba.

Synthetic peptides

Nine 19-mer peptides were selected from a human GPI
amino acid sequence containing one, two, three or four
arginine residues. The amino acid numbers of the peptide
region were 12–30, 70–88, 91–109, 131–149, 264–282, 337–
355, 435–453, 457–475 and 540–558 from the N terminal.
In the peptides, arginine was replaced with citrulline resi-
dues and cysteine residues were added to the amino and
carboxyl terminal for circularization (Table 1), and CEP-1
peptide (CKIHAXEIFDSXGNPTVEC, in which X repre-
sents citrulline) [6] was synthesized at the Medical and
Biological Laboratories in Nagano, Japan. Five unmodified
19-mer peptides were also synthesized from human
GPI (G-1: KLQQWYREHRSELNLRRLF; G-2: DLAK
SRGVEAARERMFNGE; G-3: NYTEGRAVLHVALRNRSNT;
G-4: SFCQRVRSGDWKGYTGKTI; G-7: ALMRGKSTEE-
ARKELQAAG).

GPI proteins

Recombinant human GPI (rhGPI) was prepared as
described previously [17]. Briefly, human GPI complemen-
tary DNA (cDNA) was inserted into the plasmid pGEX-4T3
(Pharmacia, Uppsala, Sweden). The resulting clone encoded
amino acids with the whole GPI sequence and linked to glu-
tathione S-transferase (GST)-tagged proteins. The resulting
solution was purified with a glutathione–sepharose column
(Pharmacia). Rabbit native GPI (rabGPI) from rabbit
muscle was used (Sigma, St Louis, MO, USA).

ELISA for peptides

CCG-1–9 and CEP-1 were used at 10 mg/ml (diluted in
50 mM Na2CO3; pH 9·6) to coat 96-well plates (MaxiSorp;
Nunc, Roskilde, Denmark) and incubated overnight at 4°C.
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After three washes with phosphate-buffered saline (PBS),
5% bovine serum albumin (BSA) in PBS was used for
blocking non-specific binding (1 h at room temperature).
After three washes with washing buffer (0·05% Tween-20 in
PBS), sera from patients with RA (n = 208), HS (n = 174)
and disease controls (diluted 1:100) was added. The plates
were then incubated for 1 h at room temperature. After
washing, alkaline phosphatase (AP)-conjugated anti-human
immunoglobulin (Ig)G (Fc fragment-specific; American
Qualex International, San Clemente, CA, USA) was added
to the plate (diluted 1:2000) and then incubated for 1 h at
room temperature. After washing, the colour was developed
with AP reaction solution (containing 9·6% dieth-
anolamine, 0·25 mM MgCl2; pH 9·8) with AP substrate
tablets (Sigma; 1 AP tablet per 5 ml AP reaction solution).
The plates were incubated for 30 min at room temperature,
and optical density (OD) was measured by plate spectro-
photometry at 405 nm. The primary OD reading was sub-
tracted from the OD readings of the control wells (coated
with 50 mM Na2CO3; pH 9·6) to eliminate non-specific
reactions. Measurements were performed in duplicate. All
OD data values shown were the subtracted OD. The cut-off
OD [mean value � 3 standard deviations (s.d.)] was calcu-
lated from the ELISA reactions of HS. Anti-CCP antibodies
were measured by a commercial anti-CCP2 ELISA kit
(Cosmic Corporation, Tokyo, Japan).

ELISA for GPI proteins

To measure anti-GPI antibodies, both rhGPI and rabGPI
were used at 5 mg/ml (diluted in PBS) for coating 96-well
plates (Sumilon; Sumitomo Bakelite, Tokyo, Japan). The
plates were then incubated overnight at 4°C. After three
washes with washing buffer (0·05% Tween-20 in PBS),
Block Ace (diluted 1:4 in PBS; Dainippon Pharmaceuticals
Companys, Osaka, Japan) was used for blocking non-
specific binding (1 h at room temperature). After three

washes, the sera of patients with RA (n = 158) and of
healthy controls (n = 71) (diluted 1:500) was added, and the
plates were incubated for 2 h at room temperature. After
washing, AP-conjugated anti-human IgG was added to the
plates (diluted 1:1000), and the plates were incubated for
1 h at room temperature. After three washes, the colour was
developed with the AP reaction solution with AP substrate
tablets. The plates were incubated for 30 min at room tem-
perature and the OD was measured by plate spectropho-
tometry at 405 nm. The primary OD reading was
subtracted from the OD readings of the control wells to
eliminate non-specific reactions. The control wells were
coated with GST for recombinant human GPI–GST and
with PBS for rabbit native GPI. Measurements were per-
formed in triplicate. The cut-off OD (mean value + 2 s.d.)
was calculated from the ELISA reactions of HS.

HLA-DRB1 genotyping

Genomic DNA was extracted from peripheral blood leuco-
cytes of patients with RA (n = 147) using QuickGene (Fuji-
film, Tokyo, Japan). HLA-DRB1 typing was performed by a
sequence-specific oligonucleotide probe polymerase chain
reaction (PCR) assay (PCR–SSOP) using a WAKFlow
human leucocyte antigen (HLA) typing kit (Wakunaga,
Hiroshima, Japan). The PCR products were hybridized and
measured using a Luminex-200 multi-analyte profiling
system (xMAP; Luminex Corporation, Austin, TX, USA).
Results were analysed using the typing software provided by
the manufacturer.

In-vitro deimination

Rabbit native GPI was diluted to a concentration of
0·3 mg/ml in peptidylarginine deiminase (PAD) buffer
(0·1 M Tris HCl, pH 7·6, 10 mM CaCl2, 5 mM dithiothrei-
tol) and incubated for 3 h with rabbit skeletal muscle PAD

Table 1. Antibody response to citrullinated peptides in patients with rheumatoid arthritis (RA) and in controls*.

Antigen Sequence RA (n = 208) SLE (n = 101) SS (n = 101) HS (n = 174)

RA versus controls

(SLE, SS, HS)

CCG-1 CKLQQWYXEHXSELNLXXLFC 8·7 0 0 0 100

CCG-2 CDLAKSXGVEAAXEXMFNGEC 25·5 0 0 0·6 99·7

CCG-3 CNYTEGXAVLHVALXNXSNTC 14·4 6·0 15·8 1·7 93·4

CCG-4 CSFCQXVXSGDWKGYTGKTIC 33·2 2·0 4·0 0·6 98·1

CCG-5 CFEFWDWVGGXYSLWSAIGLC 3·4 2·0 0 1·7 98·7

CCG-6 CAMLPYDQYLHXFAAYFQQGC 0·5 0 1·0 0·6 99·5

CCG-7 CALMXGKSTEEAXKELQAAGC 37·0 2·0 0 1·2 98·9

CCG-8 CEDLEXLLPHKVFEGNXPTNC 25·0 8·9 2·0 1·7 96·3

CCG-9 CASTNGLINFIKQQXEAXVQC 5·8 5·0 0 1·7 97·9

CEP-1 CKIHAXEIFDSXGNPTVEC 44·2 2·0 0 1·2 98·9

CCP 86·1 6·9 3·4 1·2 97·3

*Values represent the percentages of positivity (RA, systemic lupus erythematosus (SLE), Sjögren’s syndrome (SS) and healthy control subjects

(HS)] or specificity (RA versus controls). RA versus controls: specificity of the negative reaction rate compared with those of the HS and disease con-

trols. X = citrulline.
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(Sigma) at a concentration of 7 units/mg protein at 37°C in
an incubator. Citrullination was terminated by the addition
of 20 mM ethylenediamine tetraacetic acid (EDTA). Deimi-
nation of GPI was confirmed by use of an anti-citrulline
(modified) detection kit (Millipore, Temecula, CA, USA).

Immunoblot analysis

Citrullinated rabbit GPI (cit rabGPI) and rabGPI were
confirmed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Gels were stained either with
Gelcode Blue stain reagent (Thermo Fisher Scientific,
Rockford, IL, USA) or transferred to polyvinylidene difluo-
ride (PVDF) membranes (Bio-Rad, Jupiter, CA, USA) for
immunoblot analysis. After blocking with Block Ace for
1 h at room temperature, the membranes were cut into
strips. Each strip was incubated with 3 ml of sera from
15 patients with RA or from five HS, diluted 1:100 in
Block Ace overnight at 4°C. Horseradish peroxidase
(HRP)-conjugated anti-human IgG (Fc fragment-specific;
American Qualex International) diluted to 1:4000 was
allowed to react with PVDF membranes for 1 h at room
temperature. HRP-conjugated secondary antibody was
visualized using Amersham ECL prime Western blotting
detection reagent (GE Healthcare UK, Little Chalfont,
Bucks, UK).

Statistical analysis

Data were analysed using the Mann–Whitney U-test, t-test
and paired t-test and Pearson’s product–moment coefficient
of correlation to evaluate the distribution and correlation of
antibodies. The c2 test and Fisher’s exact test were used to

evaluate differences in the antibody positivity rates. When
one or more of the variables in the 2 ¥ 2 tables was �5,
Fisher’s exact test was used. A P-value < 0·05 was considered
statistically significant.

Results

Identification of specific anti-citrullinated GPI peptide
antibodies in patients with RA

To examine the presence of anti-citrullinated GPI peptide
antibodies in RA sera, we selected nine peptides from the
GPI sequence. The levels of anti-CCG-1, -2, -3, -4, -7 and -8
antibodies were significantly different between patients with
RA and HS (P < 0·01, P < 0·001, P < 0·001, P < 0·001,
P < 0·001, P < 0·001, respectively, t-test) (Fig. 1a,b). To
determine the disease specificity of the anti-CCGs, we also
screened the sera of other autoimmune diseases, such as
SLE and SS. The summarized data are shown in Table 1.
Among these six peptides, antibodies to CCG-2, -4 and -7
were both highly sensitive compared to the remaining anti-
CCGs and highly specific in patients with RA. The positivity
of anti-CCG-2, -4 and -7 antibodies in RA were 25·5, 33·2
and 37·5%, respectively. The specificities of anti-CCG-2, -4
and -7 antibodies in RA were 99·7, 98·1 and 98·9% com-
pared with the healthy and disease controls, respectively
(Table 1). Anti-CCG-1 antibodies seemed to have low sensi-
tivity and anti-CCG-3 and -8 antibodies were sometimes
detected in the sera of the disease controls, suggesting weak
specificity. Reactivity to CCG-2, -4 and -7 (at least one of
CCG-2, -4 and -7) was detected in 57·2% of the RA
samples. Anti-CEP-1 antibody was detected in 44·2% of the
RA samples and the level was significantly different in the
RA and control samples (P < 0·001, t-test) (Table 1,
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Fig. 1. (a) Antibody levels in patients with
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peptide-1–9 (CCG-1–9) antibodies and
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antibodies were measured in the sera of patients
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immunosorbent assay (ELISA). (b) Antibody
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Anti-CCG-1–9 and anti-CEP-1 antibodies were
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an individual subject. Bar indicates the mean

value. *P < 0·01; **P < 0·001.
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Fig. 1a,b). Of the 208 patients with RA, 86·1% were positive
for anti-CCP antibodies (Table 1).

Antibodies to non-modified peptides (G-1, -2, -3, -4 and
-7) were detected rarely in the sera of the RA patients or the
HS by ELISA (1·9, 3·8, 1·4, 2·4 and 0% of the RA sera and
1·7, 1·7, 2·3, 0·6 and 0% of HS sera, respectively; Supporting
Fig. S1). These findings suggest that anti-CCG antibodies,
especially anti-CCG-2, -4 and -7 antibodies, are highly sen-
sitive and specific for RA.

Comparison of anti-GPI protein antibodies and
anti-CCG antibodies

The positivity and specificity of anti-GPI protein antibodies
is still being debated. Thus, to determine the association
between anti-GPI protein antibodies and anti-CCG-1–9
antibodies, we used ELISA to detect anti-rhGPI and anti-
rabGPI protein antibodies in the RA (n = 158) and HS
(n = 71) sera. The level of anti-rhGPI antibody was signifi-
cantly different between RA (OD mean = 1·038) and HS
(OD mean = 0·736) (P < 0·01, Mann–Whitney U-test),
although a weaker reaction was evident in the control sera
(Fig. 2a). The level of anti-rabGPI antibody was also signifi-
cantly different between the RA (OD mean = 0·041) and HS
(OD mean = 0·015) sera (P < 0·001, Mann–Whitney U-test;
Fig. 2b). The proportion of RA samples positive for anti-
rhGPI antibody was 24·1%, and antibody for rabGPI was
37·1%, while the double-positive rate (both anti-rhGPI and
rabGPI antibodies) was 13·9% in RA, consistent with the
findings of our previous study [17]. Next, we compared the
anti-CCG positivity in anti-GPI protein antibody-positive
and -negative individuals. The positive rates for anti-CCG-
1–9 antibodies in patients positive for both anti-rhGPI and
rabGPI antibodies (n = 22) tended to be higher than in
those negative for both (n = 88) (Fig. 2c). Among anti-
CCGs, the positivity of anti-CCG-1, -4, -8 and -9 antibodies
in the anti-GPI protein antibody positive for both groups
was significantly higher than in the anti-GPI negative for
both groups (Fig. 2c), whereas the remaining anti-CCGs,
CEP-1 and CCP antibody was not. These findings suggest
that anti-CCG antibodies are linked weakly to anti-GPI
protein antibodies.

Correlation between anti-CCG-2, -4 and -7 antibodies
and anti-CEP-1 and CCP antibodies

Next, we investigated the association between anti-CCG and
anti-CEP-1, -CCP antibodies. Among CCGs, anti-CCG-2,
-4 and -7 antibodies were correlated significantly with anti-
CEP-1 antibodies (r = 0·313, P < 0·001; r = 0·264, P < 0·001;
and r = 0·400, P < 0·001, respectively; Pearson’s product–
moment coefficient of correlation; Fig. 2d). Anti-CCG-2, -4
and -7 antibodies were also correlated significantly with
anti-CCP antibodies (r = 0·442, P < 0·001; r = 0·333,
P < 0·001; and r = 0·458, P < 0·001, respectively; Pearson’s

product–moment coefficient of correlation; Fig. 2e). In the
anti-CCP antibody-negative population, anti-CCG-2, -4, -7
and anti-CEP-1 antibodies were positive for 3·5, 3·5, 3·5 and
10·3% patients with RA, respectively. These findings suggest
that anti-CCG-2, -4 and -7 antibodies are associated with
anti-CEP-1 and -CCP antibodies.

HLA-DRB1 shared epitope alleles correlate with
anti-CCG-2, -4 and -7 and anti-CEP-1 antibodies

HLA-DRB1 genotyping was performed in 147 patients with
RA to examine the relationship between anti-CCGs and
anti-CEP-1 antibodies and HLA-DRB1 SE alleles. Six alleles
bearing HLA-DRB1 SE (DRB1*01:01, *04:01, *04:05, *04:10,
*10:01, *14:06) were identified. However, the DRB1*04:04
allele, which is the major SE allele in Caucasians, was not
identified, because it is rare in the Japanese population. The
number of SE alleles in each patient was zero in 41 patients
(27·9%), one allele in 75 patients (51·0%) and two SE alleles
in 31 patients (21·1%). The presence of anti-CCG-2, -4 and
-7, anti-CEP-1 and anti-CCP antibodies was associated
clearly with HLA-DRB1 SE (P < 0·01, P < 0·05, P < 0·001,
P < 0·001 and P < 0·001, respectively; Fisher’s exact test and
c2 test; Fig. 3a). Anti-CCG-2 and -7 and anti-CEP-1
antibody-positive patients were highly likely to have one or
two HLA-DRB1 SE alleles (Fig. 3b). These findings suggest
that anti-CCG-2, -4 and -7 and anti-CEP-1 antibodies are
associated strongly with HLA-DRB1 SE alleles in this Japa-
nese cohort.

Identification of specific reaction to citrullinated GPI
protein in RA patients by Western blot analysis

To confirm the antibody reaction to citrullinated GPI
protein, we performed immunoblot analysis using native
(glycosylated, 93% homology to human GPI) and citrulli-
nated rabbit GPI (cit rabGPI) by PAD. After citrullination,
Gelcode Blue stain bands were identified at approximately
60 kDa protein, suggesting rabGPI and cit rabGPI (Fig. 4a,
left). The presence of citrullinated protein at 60 kDa was
identified specifically by anti-modified citrulline antibodies
(Fig. 4a, right). We also examined the reaction to native and
citrullinated GPI using 20 serum samples from RA patients
and HS (Fig. 4b). Interestingly, the same reaction appeared
in the native and cit GPI in RA group 1 (RA1; n = 5).
However, the reaction to cit GPI in RA2 (n = 1) and RA3
(n = 1) was stronger, suggesting a positive reaction to the
citrullinated epitope of GPI protein. Neither band was
detected in the sera of RA group 4 (RA4; n = 8) and HS
(n = 5).

Treatment with TNF antagonists specifically
down-regulates anti-CCG-2 and -7 antibodies

Whether treatment with TNF antagonists induces changes
in anti-CCP antibody levels remains controversial [23].
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individual subject. Bar indicates the mean value. *P < 0·01; **P < 0·001. (c) Positivity for anti-citrullinated peptide antibodies (ACPA) in anti-whole

GPI antibody-positive and -negative patients. Positivity for anti-citrullinated glucose-6-phosphate isomerase peptide-1–9 (CCG-1–9),

anti-citrullinated a-enolase peptide (CEP)-1 and anti-cyclic citrullinated peptides (CCP) antibodies was evaluated in anti-rhGPI/anti-rabGPI

antibody-positive (GPI +/+; n = 22) and -negative (GPI –/–; n = 88) patients. Positivity of anti-CCG-1, -4, -8 and -9 antibodies in the GPI-positive

group was significantly higher than in the GPI-negative group. Data represent the positive percentage of each antibody. *P < 0·05; **P < 0·01. (d,e)

Relationship among anti-CCG-2, -4 and -7 antibodies and anti-CEP-1 and anti-CCP antibodies. Anti-CCG-2, -4 and -7 antibodies correlated

significantly with anti-CEP-1 antibodies (r = 0·313, P < 0·001; r = 0·264, P < 0·001; and r = 0·400, P < 0·001, respectively) (d). Anti-CCG-2, -4 and -7

antibodies also correlated significantly with anti-CCP antibodies (r = 0·442, P < 0·001; r = 0·333, P < 0·001; and r = 0·458, P < 0·001, respectively) (e).

Data represent the OD 405 (anti-CCG-2, -4 and -7 and anti-CEP-1) or RU/ml (anti-CCP). Each datum point represents an individual subject. Solid

line indicates the correlation among antibodies.
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Anti-GPI antibodies are pathogenic antibodies in K/B¥N
mice [10], and their relationship with RA activity has
already been evaluated in humans [16,17]. In the last step of
this study, we examined the effect of 6-month treatment
with TNF antagonists on the levels of anti-CCG-2, -4 and -7
and anti-CEP-1 antibodies in 58 patients with RA. Before
treatment, anti-CCG-2, -4 and -7 and anti-CEP-1 antibod-
ies were detected in 23, 30, 26 and 29 patients, respectively.

Six-month treatment with TNF antagonists resulted in a
significant decrease in anti-CCG-2 antibodies from OD
1·237–0·906 (P < 0·001, paired t-test; Fig. 5a) and in anti-
CCG-7 antibodies (OD 0·785–0·623, P < 0·05, paired t-test;
Fig. 5b). However, TNF antagonists had no effect on the
levels of anti-CCG-4 antibodies (OD 0·515–0·469;
P = 0·532, paired t-test; Fig. 5c) or anti-CEP-1 antibodies
(OD 0·866–0·861; P = 0·957, paired t-test; Fig. 5d). In each
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Fig. 3. (a) Association between the HLA-DRB1

shared epitope (SE) allele and anti-citrullinated

glucose-6-phosphate isomerase peptide-1–9

(CCG-1–9), anti-citrullinated a-enolase peptide

(CEP)-1 and anti-cyclic citrullinated peptides

(CCP) antibodies. Patients with rheumatoid

arthritis (RA) were divided according to the

HLA-DRB1 SE genotype into two groups and

positivity for anti-CCG-1–9, anti-CEP-1 and

anti-CCP antibodies was evaluated for each

antibody. Anti-CCG-2, -4 and -7, anti-CEP-1

and anti-CCP antibodies were associated with

the presence of HLA-DRB1 SE alleles. SE 0:

patients with null SE alleles (n = 41); SE 1:

patients with 1 SE alleles (n = 75); SE 2: patients

with 2 SE alleles (n = 31); *P < 0·05; **P < 0·01;

***P < 0·001. (b) Percentage of the population

of SE in RA patients with anti-CCG-2, -4 and

-7, anti-CEP-1 and anti-CCP antibodies. A high

proportion of anti-CCG-2, -7 and anti-CEP-1

antibody-positive patients carried one or two

HLA-DRB1 SE alleles.
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Fig. 4. (a) Immunoblotting of native rabbit

glucose-6-phosphate isomerase (GPI) and

citrullinated rabbit GPI (cit rabGPI). Bands

from Gelcode Blue stain after sodium dodecyl

sulphate-polyacrylamide gel electrophoresis

(SDS-PAGE) were identified as rabGPI and cit

rabGPI (left). Anti-modified citrulline

antibodies demonstrated the presence of

citrullinated protein at 60 kDa only in cit

rabGPI well (right). Arrow shows 60 kDa. (b)

Identification of anti-rabGPI and anti-cit

rabGPI antibodies by Western blotting. The

same reaction was shown to rabGPI and cit

rabGPI in rheumatoid arthritis (RA) group 1

(RA1). However, a stronger reaction was shown

to citrullinated GPI in RA2 and RA3. Neither of

them was detected in RA4 and healthy control

subjects (HS). Arrow shows 60 kDa.
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group, the mean value of the disease activity score (DAS)-28
C-reactive protein (CRP) decreased significantly after treat-
ment. In the anti-CCG-2, -4 and -7 and anti-CEP-1-positive
groups, the treatment reduced the DAS-28 CRP from 4·25
to 3·03 (P < 0·001, paired t-test), from 4·27 to 2·70
(P < 0·001), from 4·42 to 3·17 (P < 0·001) and from 4·28 to

3·23 (P < 0·001), respectively. Only the change in anti-
CCG-7 antibodies was correlated significantly with the
change in the DAS-28 CRP (r = 0·500, P < 0·05; Pearson’s
product–moment coefficient of correlation Fig. 5e). These
findings suggest that treatment with TNF antagonists
down-regulates anti-CCG-2 and -7 antibodies, and this
effect seems to be linked to disease activity.

Discussion

To our knowledge, this is the first study to identify anti-
citrullinated GPI peptide and protein antibodies in patients
with RA. Specifically, anti-CCG-2 and -7 antibodies were
highly specific to RA, and their levels correlated with the
presence of HLA-DRB1 SE alleles and with RA disease
activity.

Our analysis also indicated that anti-CCG-2, -4 and -7
antibody levels correlated with anti-CCP and anti-CEP-1
antibodies. The reported sensitivity and specificity of anti-
CCP antibodies for RA are 68 and 96–98% [24]. We meas-
ured anti-CCP antibodies with an anti-CCP-2 ELISA kit in
our Japanese cohort and the results showed similar detec-
tion rates to those reported previously [24]. In the anti-
CCP2 kit, the substrates are selected from a large panel of
randomly generated citrulline-containing peptides; in other
words, the reaction occurs with several citrullinated pro-
teins. Several studies have indicated that anti-CCP antibod-
ies appear before the development of clinically apparent RA
[25–27], although their relationship to disease activity
remains controversial [8].

Fibrinogen, vimentin, collagen type II and a-enolase
have been confirmed as citrullinated autoantigens in RA
[3–6]. The glycolytic enzyme a-enolase was first reported
by Saulot et al. [28]. Subsequently, Lundberg et al. reported
that 37% of patients with RA were positive for anti-CEP-1
(circulating and citrullinated a-enolase peptide) antibodies,
although a smaller proportion of patients (13·9%) was posi-
tive for antibodies against a linear peptide for CEP-1 [6]. In
our study, anti-CEP-1 antibodies were detected in 44·2% of
RA patients, which is almost consistent with the findings of
the above study. Like a-enolase, GPI is an ubiquitous glyco-
lytic enzyme; thus, a similar protocol can be applied for
GPI. The results of our study indicate that anti-CCG-2, -4
and -7 antibodies are highly specific and sensitive to RA, as
well as a clear correlation between anti-CCG-2, -4 and -7
and anti-CEP-1 antibody levels. In our immunoblot analy-
sis, we also detected specific reaction to citrullinated GPI
protein in RA serum.

Anti-GPI protein antibodies were detected previously in
RA, although their prevalence and disease specificity was
not confirmed [16–19] because the sera of patients with
certain control autoimmune diseases (e.g. SLE and SS) and
of healthy controls also react to GPI proteins. In this report,
we examined the correlation between anti-CCGs and anti-
GPI protein antibodies. Most of the anti-CCG antibodies
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Fig. 5. Effect of 6-month treatment with tumour necrosis factor
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anti-cyclic citrullinated a-enolase peptide (CEP)-1 (d) antibodies. The

treatment decreased anti-CCG-2 antibodies (n = 23) [optical density

(OD) 1·237–0·906, P < 0·001, paired t-test] and anti-CCG-7 antibodies

(n = 26) (OD 0·785–0·623, P < 0·05, paired t-test). The same treatment
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were very specific to RA patients and frequently detected in
anti-GPI-protein antibody-positive individuals, but the cor-
relation was significant only in CCG-1, -4, -8 and -9 anti-
bodies owing to the low sensitivity of anti-GPI protein
antibodies. These findings suggest that post-translational
modification of GPI, in addition to other autoantigens, is
important for the reactivity of RA sera. Also, it is possible
that different pathogenetic mechanisms might be involved
in the presence of anti-GPI and anti-CCG antibodies.

The present study confirmed that anti-CCG-2, -4 and -7
and anti-CEP-1 antibodies are associated with HLA-DRB1
SE alleles in a Japanese cohort. Several recent reports have
indicated the association between HLA-DRB1 SE and anti-
citrullinated protein antibodies (ACPA) [5,7,29–33]. With
regard to anti-GPI protein antibodies, we have reported that
the majority of anti-GPI antibody-positive patients were
also anti-CCP-positive and carried HLA-DRB1 SE alleles
[34] and that the HLA-DRB1*04:05/09:01 genotype is asso-
ciated specifically with GPI-reactive T cells in RA patients
[35]. Hill et al. [36] reported recently that immunization
of HLA-DRB1*04:01 transgenic mice with citrullinated
fibrinogen caused arthritis with 35% penetrance, strongly
supporting the notion that SE primarily determines the
reaction to citrullinated antigen in the presence of ACPA.
Furthermore, this association with SE was not confined to
CEP-1 [7], but was noted in most of the citrullinated anti-
gens, including GPI.

In the present study, we evaluated the levels of anti-
CCG-2, -4 and -7 and anti-CEP-1 antibodies before and
after 6-month treatment with TNF antagonists. Surpris-
ingly, the treatment reduced only the anti-CCG-2 and -7,
not the CCG-4 and anti-CEP-1 antibodies levels. We also
evaluated the levels of anti-CCG-2, -4 and -7 and anti-
CEP-1 antibodies in the treatment with disease-modifying
anti-rheumatic drugs (DMARDs) (not using TNF antago-
nists; n = 13) as a control. However, treatment with non-
biological DMARDs showed no significant decrease in the
levels of anti-CCG-2, -4 and -7 and anti-CEP-1 antibodies.
Similarly, several studies have reported that treatment with
TNF antagonists did not decrease significantly the level of
anti-CCP antibodies despite a significant fall in the level of
rheumatoid factor and other markers of disease activity
[37–39]. Anti-GPI antibodies in K/B¥N mice play a patho-
genic role in arthropathy and disease activity; hence, it is
possible that anti-CCG-2 and -7 antibodies are also associ-
ated with the pathogenesis of RA. Further studies are
needed to characterize anti-CCG-2 and -7 antibodies and
their role in RA diseases course and status of RA. The
changes in levels of antibodies need to be analysed in treat-
ment with non-biological DMARDs in a larger number of
samples and with other biologics [for example, anti-
interleukin (IL)-6 receptor antibody and cytotoxic T lym-
phocyte antigen 4-Ig] in the future.

In conclusion, we have identified anti-CCG antibodies in
patients with RA. In particular, anti-CCG-2, -4 and -7 anti-

bodies are highly specific and correlate with SE alleles.
Moreover, the levels of anti-CCG-2 and -7 antibodies are
down-regulated by treatment with TNF antagonists. These
findings suggest that anti-CCG antibodies are potentially
suitable markers for the diagnosis of RA and assessment of
its disease activity.
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Fig. S1. (a) The levels of anti-G-1, -2, -3, -4 and -7 antibod-
ies. Anti-unmodified glucose-6-phosphate isomerase
peptide-1–4 and -7 (G-1–4 and -7) antibodies were meas-
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were rarely detected. Data represent the optical density
values at 405 nm [optical density (OD) 405]. Each data
point represents an individual subject.
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