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Juvenile idiopathic arthritis (JIA) is the most common
rheumatic disease in childhood. JIA is an umbrella term for
a heterogeneous group of diseases characterized by arthritis
of unknown cause persisting for at least 6 weeks with an
onset before the age of 161. According to the criteria of the
International League of Associations for Rheumatology
(ILAR), 7 subgroups have been defined on the basis of clin-
ical findings such as number of joints affected, disease
course, or nonarticular manifestations2. These subgroups are
probably distinct entities, and, with the exception of the
rheumatoid factor (RF) positive polyarthritic subgroup, JIA

is considered to be different from rheumatoid arthritis (RA).
The pathogenesis of all subgroups of JIA is unknown.
However, a variety of observations indicate an (auto-)
immunological process. The inflamed synovium reveals a
dense infiltration with activated lymphocytes, plasma cells,
and macrophages, and the synovial fluid (SF) contains a
great number of activated T cells3-5. Distinct HLA associa-
tions for the JIA subgroups have been described6,7, but the
corresponding presented antigens remain to be discovered.

The arthritis developing in K/BxN mice is considered a
model of RA, a disease of human adults. In this model,
arthritogenic antibodies targeting the ubiquitous cytosolic
enzyme glucose-6-phosphate isomerase (GPI) are
produced8. They develop only in the presence of the MHC
allele H-2g7, resembling the long-known HLA association in
human disease. By transfer of these antibodies the disease
can be elicited even in naive lymphocyte-deficient recipi-
ents8,9. The clinical picture is similar to that of the human
disease: the inflammatory process is restricted to the joints,
where massive pannus formation, synovitis, leukocyte inva-
sion, and cartilage and bone erosion can be observed.
Further, the inflammatory process is dependent on inter-
leukin 1 and tumor necrosis factor-α10, both therapeutic
targets in human disease.

Evaluation of GPI as a target of arthritogenic antibodies
in RA yielded conflicting results. The initially observed high
frequency of such antibodies in sera of RA patients, but not
in Sjögren’s syndrome11, has been challenged by other
investigators who found that GPI is not a specific
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ABSTRACT. Objective. Antibodies recognizing the ubiquitous cytosolic enzyme glucose-6-phosphate isomerase
(GPI) cause arthritis in the K/BxN mouse model. Studies have shown that these antibodies are not
specific for rheumatoid arthritis (RA) in humans. We evaluated GPI as a target of autoantibodies in
juvenile idiopathic arthritis (JIA).
Methods. We studied 324 serum and 48 synovial fluid (SF) samples from 103 patients with JIA, 36
with RA, and 8 with arthralgia and 11 controls. Anti-GPI antibodies were assessed by densitometri-
cally evaluating immunoblots and ELISA using native and recombinant GPI. We determined the GPI
activity of the soluble antigen in serum and SF.
Results. Although several samples contained anti-GPI-IgG antibodies, this was not specific for JIA
or its subgroups, or for RA. Other proteins in the GPI preparation were also frequently recognized
by antibodies. Additionally, we observed increased GPI activity in patients with the systemic mani-
festation of JIA, but not in other patients. Neither anti-GPI concentrations nor GPI activity were
associated with disease activity.
Conclusion. In addition to the findings in RA, our results indicate that GPI is not a general target of
autoantibodies in JIA. (J Rheumatol 2004;31:1630–8)
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autoantigen in RA12-15. Recently, however, anti-GPI-IgG
was indeed found to be elevated in the SF of RA patients
compared to patients with osteoarthritis16.

Given the similarities of JIA and the K/BxN mouse
model, we asked if GPI could be a target of autoantibodies
in JIA, and analyzed sera and SF for the presence of anti-
GPI antibodies and GPI activity. We also analyzed anti-
bodies against 2 other proteins, phosphoglucomutase
(PGM) and creatine kinase M (CKM), which were shown to
contaminate the GPI preparation used in a previous study11.

MATERIALS AND METHODS
Patients and samples. A total of 324 serum samples from 99 JIA patients
(Table 1), 34 RA patients, 8 with arthralgia (noninflammatory joint pain),
and 11 controls, as well as 48 SF samples from 29 patients with JIA (Table
1) and 2 with RA were collected with informed consent and with approval
by the Ethics Committee of the University of Tuebingen. All patients were
outpatients of the rheumatology departments of either the Children’s
University Hospital or the University Hospital of Internal Medicine in
Tuebingen. All samples were centrifuged for 10 min at 2500 g, and super-
natants were stored at –20°C until analysis. Due to limited sample size it
was not possible to analyze each sample in every assay of this study. The
following numbers of samples were assayed in the anti-GPI assays: 313 of
the 324 serum samples (26 immunoblot only, 61 ELISA only, 226 both),
and 44 of the 48 SF samples (5 immunoblot only, 15 ELISA only, 24 both).
GPI activity was determined for 299 serum samples, including those for
which both anti-GPI assays were done. Patients were classified by qualified
rheumatologists according to the revised criteria of the International
League of Associations for Rheumatology in cases of JIA (n = 103
patients)2, or the criteria of the American College of Rheumatology
(ACR)17 for RA (n = 36 patients). All control subjects were free of acute or
chronic disease.

Immunoblot analysis. A total of 252 serum samples and 29 SF samples
were checked for the presence of antibodies against GPI by densitometri-
cally evaluated immunoblots. A rabbit muscle GPI preparation (Sigma, St.
Louis, MO, USA) and human κ light chain (Biotrend, Cologne, Germany)
were subjected to a 15% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). The whole gel was electroblotted onto a 0.45 µm
nitrocellulose membrane (Invitrogen, Carlsbad, CA, USA). After the
membrane was blocked in 5% w/v skim milk powder in phosphate buffered
saline–0.05% Tween-20 (PBST) for 3 h at room temperature, it was cut
longitudinally into strips. Each strip was probed with a sample at a dilution
of 1:100 in 5% skim milk powder in PBST on a shaking platform overnight
at 4°C. After washing 6 times with PBST, bound IgG was detected by incu-

bation with a peroxidase-conjugated F(ab‘)2 fragment of affinity purified
goat anti-human-IgG(Fc) (Rockland Immunochemicals, Gilbertsville, PA,
USA) at a dilution of 1:20,000 in 5% skim milk powder in PBST. After
washing 6 times with PBST, bands were visualized using a chemilumines-
cent substrate (SuperSignal West Pico chemiluminescent substrate; Pierce,
Rockford, IL, USA). Chemiluminescence was recorded with a CCD
camera (Raytest, Straubenhardt, Germany) using the Diana 1.6 software
(Raytest), and was densitometrically evaluated using Aida 2.1 software
(Raytest). The chemiluminescence of each band from IgG binding to the
GPI preparation was compared to the one measured for the human κ light
chain.

The GPI preparation was also examined on a 10% SDS-PAGE with
subsequent Coomassie staining. Bands of interest were excised, digested
with trypsin, and characterized by MALDI-Re-TOF-MS.

ELISA results. Recombinant human GPI was prepared by inserting bp 104
to bp 1792 from the cDNA coding for human GPI (accession no.
NM000175) into the plasmid pET-15b (Novagen, Madison, WI, USA). The
resulting clone allowed the expression of the entire human GPI with an N-
terminal His-tag, separated by 10 amino acids from the start codon of GPI.
Recombinant human CKM and recombinant human PGM were prepared
analogously using bp 79 to bp 1231 (accession no. NM001824) and bp 214
to bp 1914 (accession no. NM002633), respectively. After cloning, relevant
regions of the plasmid were checked twice by sequencing. Recombinant
proteins were prepared by growing Escherichia coli [strain
BL21(DE3)pLysS; Novagen] harboring the corresponding plasmid in L-
broth (supplemented with 50 µg/ml ampicillin and 34 µg/ml chloram-
phenicol) at 37°C to an OD550nm of 0.6. Then expression was induced by the
addition of 1 mM isopropyl beta-D-thiogalactopyranoside (IPTG).
Bacterial culture was continued for another 220 min.

Proteins were purified according to the manufacturer’s recommenda-
tion (pET System Manual, Novagen). In brief, cells were harvested by
centrifugation at 10,000 g for 10 min at 4°C. After storage at –20°C
overnight, the pellet was resuspended in BugBuster (Novagen) supple-
mented with 25 U/ml benzonase nuclease (Novagen). After incubation of
20 min at room temperature on a shaking platform, cellular debris was
removed by centrifugation. The supernatant was loaded onto a HisBind
(Novagen) column pretreated as recommended. After washing with 10
column volumes binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM
Tris-HCl, pH 7.9) and 6 volumes washing buffer (60 mM imidazole, 0.5 M
NaCl, 20 mM Tris-HCl, pH 7.9), proteins were eluted in fractions with 1 M
imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.9, supplemented with
0.02% sodium azide. The purity and integrity of the proteins were judged
by SDS-PAGE analysis. Concentrations were determined by the Bradford
method.

For ELISA, optimal coating conditions were determined to be 20 µg/ml
for recombinant human GPI and CKM, the GPI preparation from rabbit
muscle (Sigma), and bovine serum albumin (Sigma), whereas recombinant

Schepp, et al: Antibodies in JIA 1631

Table 1. Demographics of the patients with JIA; 324 serum samples (99 patients) and 48 SF samples (29 patients)
were obtained from a total of 103 patients.

JIA Classification No. of Current Age, Age at Disease Onset,
Patients (M/F) yrs, mean (range) yrs, mean (range)

Oligoarticular, persistent 26 (10/16) 11.03 (4.92–16.02) 5.34 (1.50–15.00)
Oligoarticular, extended 10 (1/9) 13.25 (8.62–18.91) 3.94 (0.75–10.50)
Polyarticular, RF negative 17 (1/16) 10.62 (2.56–18.01) 5.90 (1.25–15.25)
Polyarticular, RF positive 5 (2/3) 18.71 (17.08–21.37) 11.55 (2.00–16.75)
Systemic 9 (6/3) 11.57 (5.43–17.56) 5.64 (1.25–13.00)
Psoriatic 6 (4/2) 12.13 (3.78–20.52) 6.71 (1.00–12.00)
Enthesitis related 13 (11/12) 14.62 (11.56–18.89) 10.19 (2.00–17.00)
No category 17 (7/10) 11.40 (3.33–22.20) 6.14 (1.25–16.00)
Total 103 (42/61) 12.18 (2.56–22.20) 6.45 (0.75–17.00)
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human PGM was used at 5 µg/ml to coat microtiter plates (Maxisorp,
Nunc, Roskilde, Denmark) at 4°C overnight. Plates were blocked with a
gelatin-based blocking reagent (Roche, Mannheim, Germany) at 37°C for
1 h. Samples were added at a dilution of 1:400 in blocking reagent at 4°C
overnight. Bound IgG was detected with a horseradish peroxidase-conju-
gated F(ab‘)2 fragment of affinity purified goat anti-human-IgG(Fc)
(Rockland Immunochemicals) used at 1:5000 dilution in blocking reagent.
Substrate solution (3,3’,5,5’-tetramethylbenzidine, TMB; Pierce) was
added at room temperature for 20 min before color development was
stopped by the addition of an equal volume of 2 M H2SO4. The
OD450nm–630nm was measured by plate spectrophotometry. A blank value was
included for each sample and subtracted from the values obtained for the
specific antigens. Measurements were performed in duplicate and stan-
dardized between experiments with a human serum moderately positive for
anti-GPI, anti-CKM, and anti-PGM (as determined by immunoblotting).
Thus, 287 serum samples, from 96 JIA patients, 34 RA patients, 8 arthralgia
patients, and 11 healthy individuals, and 39 SF from 28 JIA patients were
screened for IgG binding to recombinant human GPI, CKM, and PGM, as
well as the rabbit muscle GPI preparation, and bovine serum albumin
(BSA).

Measurement of GPI activity, lactate dehydrogenase (LDH) activity, and
hemoglobin concentration. Enzymatic GPI activity was measured in a
kinetic spectrophotometric assay (Sigma) according to the manufacturer’s
recommendations. In brief, samples were incubated with an excess of D-
fructose-6-phosphate, nicotinamide-adenine dinucleotide phosphate
(NADP), and glucose-6-phosphate dehydrogenase. The reduction of NADP
to NADPH was monitored at 340 nm every 10 s for 720 s. The linear slope
was used to calculate the activity. We assayed 299 serum samples from 95
JIA patients, 34 RA patients, 6 arthralgia patients, and 10 healthy individ-
uals, and 35 SF samples from 20 JIA patients and 2 RA patients. To rule out
that elevated GPI activities were due to hemolysis, the serum hemoglobin
concentration was determined for 200 samples using a commercial deter-
mination system (Sigma). In brief, serum hemoglobin acts as a peroxidase,
leading to color development upon incubation with TMB and hydrogen
peroxide.

Lactate dehydrogenase activity was also determined in a kinetic spec-
trophotometric assay (Sigma) according to the manufacturer’s guidelines.
The oxidation rate of lactate to pyruvate was measured by recording the
concomitant reduction of NAD to NADH that resulted in an increase of
OD340nm.

Statistical analysis. Statistical analyses were performed using JMP 4.0.0
(SAS Institute, Cary, NC, USA). For testing significance of differences,
Tukey-Kramer HSD tests were applied for multiple comparisons of ELISA
data, immunoblot data, and GPI activity data after a one-way ANOVA.
Dunnett’s method was used for comparing the same data of each group of
patients with the healthy controls. Student’s t-test was performed for pair-
wise comparisons. A p value less than 0.01 was considered statistically
highly significant.

RESULTS
Analysis of IgG-targeting GPI by immunoblotting. We tested
252 serum samples from 87 JIA, 6 arthralgia, and 32 RA
patients, and 9 healthy individuals, as well as 29 cell-free SF
from 19 JIA patients and 2 RA patients in immunoblots,
using the same commercial preparation of GPI from rabbit
muscle as the one used in the initial publication on the pres-
ence of anti-GPI in sera of patients with RA11. Surprisingly,
in addition to GPI other proteins were targeted by IgG from
samples from both JIA patients and controls. To characterize
the contaminating proteins the commercial GPI preparation
was separated by SDS-PAGE. Bands of interest were

excised and subjected to MALDI-Re-TOF-MS analysis. In
accord with published data the major contaminating proteins
were identified as phosphoglucomutase (PGM)15 and crea-
tine kinase M (CKM)13 (both rabbit).

To estimate the concentration of antibodies targeting
these proteins, the chemiluminescence of each band in the
immunoblot (Figure 1) was determined densitometrically.
After subtraction of the background, the ratio of this chemi-
luminescence to that measured for IgG binding to human κ
light chain was calculated. Using this method it was possible
to semiquantitatively determine the concentration of IgG
targeting any protein in the commercial GPI preparation
individually. We found no increased prevalence of anti-GPI-
IgG in any disease sample we examined (Figure 2A). The
same was valid for antibodies against CKM and PGM (data
not shown). Nevertheless, GPI and the other proteins are
frequently targeted by autoantibodies in the serum of
patients and healthy controls. Additionally, no significant
enrichment or depletion of antibodies against the GPI prepa-
ration was found in SF compared to serum (Figure 2B).

Analysis of IgG-targeting GPI and other proteins from the
commercial GPI preparation by ELISA. To quantify anti-
bodies targeting human GPI, CKM, and PGM indepen-
dently, these proteins were recombinantly expressed in E.
coli and purified. Using serum samples identified as highly
reactive or not reactive in the immunoblots, optimal condi-
tions for ELISA were established. Additionally, the GPI
preparation and, as an unrelated antigen, BSA were included
in this assay. Thus, 287 serum samples from 96 JIA, 8
arthralgia, and 34 RA patients and 11 healthy individuals, as
well as 39 SF samples from 28 JIA patients, were evaluated.
Among the disease groups tested no significant difference
was observed in the concentration of anti-GPI-IgG (Figure
3A) or anti-CKM-IgG or anti-PGM-IgG (data not shown).
In SF, these antibodies were found at slightly lower concen-
trations (p < 0.001) compared to the serum (Figure 3B).

As we did find autoantibodies in both the immunoblot
assay and the ELISA, we assessed their association with
disease activity. Disease activity was determined by the
acute phase protein C-reactive protein (CRP) and the
erythrocyte sedimentation rate (ESR). The CRP represents a
snapshot of disease activity, whereas ESR represents the
recent disease history. Both are laboratory standard values
for the assessment of disease activity in arthritis. We
detected no correlation between the concentration of anti-
GPI and CRP levels (Spearman’s rho = –0.0610) or ESR
(Spearman’s rho = 0.0306) (Figure 4).

GPI activity. In the initial publication on the presence of
anti-GPI in human rheumatic disease, Schaller, et al
reported increased concentrations of soluble antigen
measured as GPI activity in the sera and SF of RA patients
as compared to patients with osteoarthritis11. Therefore we
determined GPI activity in 299 serum samples from 95 JIA
patients, 6 with arthralgia, 34 with RA, and 10 healthy indi-

The Journal of Rheumatology 2004; 31:81632
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viduals, as well as in 35 SF samples from 20 JIA patients
and 2 RA patients. We could not confirm a significant
increase of the mean GPI activity in RA patients compared
to healthy individuals, or most JIA patients. In all
subgroups, some individuals exhibited augmented serum
GPI activity. A highly significant (p < 0.01) elevation of the
mean serum GPI activity, however, was observed in the
group of patients with the systemic variant of JIA (Figure
5A). Furthermore, extremely high activities were measured
in synovial fluids in all the JIA subgroups (Figure 5B).

With erythrocytes being the largest reservoir of GPI
activity in blood, the possibility that the elevated GPI activ-
ities were due to hemolysis was ruled out by measuring the
hemoglobin concentration in the samples assayed for GPI
activity. Lysis or necrosis of other cell types was assessed by
measuring lactate dehydrogenase activity. In serum, no rela-
tionship was found between GPI activity and hemoglobin
concentration or LDH activity (data not shown). In SF,
however, there was a strong correlation between GPI and
LDH activity (r = 0.98; data not shown), suggesting that the
extremely high GPI activities in the joint cavity could be
due to massive localized cell death. However, these high SF
GPI activities are not linked to elevated serum GPI activi-
ties. Again, as for the IgG antibodies, we did not observe a
relationship between serum GPI activity and disease activity
as measured by ESR and CRP levels. Additionally,
increased serum GPI activity was not associated with
elevated concentration of anti-GPI-IgG (Spearman’s rho =
–0.1825; Figure 6).

DISCUSSION
Our results reveal that GPI as well as CKM and PGM serve
as targets for autoantibodies in healthy individuals as well as
patients with RA. In accord with recent findings and some

contrasting initial results11, we could confirm that these anti-
bodies, and in particular anti-GPI-IgG, are not specific for
RA12-15.

We also show for the first time that neither anti-GPI nor
anti-CKM or anti-PGM antibodies are specific for JIA or
any subgroup of JIA, suggesting that, as in RA, anti-GPI
reactivity seems not to be a general pathogenic mechanism
in JIA, and that these antibodies do not play a dominant role
in the activation of arthritic autoimmunity.

To date, anti-GPI antibodies have not been evaluated in
JIA in detail, although Matsumoto, et al included 19 sera
from 4 JIA patients in their study. These samples showed a
slight increase in GPI reactivity14, but due to the patients’
ages (29 ± 6 years) and disease durations (mean 17 years),
these samples probably do not represent early steps in the
pathogenesis of JIA.

In contrast to the IgG antibodies, we did find very high
concentrations of the proposed antigen in the SF, and to a
lesser degree also in the serum of some patients with JIA. In
accord with the studies from Matsumoto, et al18 in the
murine system and Schaller, et al11 in patients with RA,
where immunohistochemistry of the joint cavity showed an
augmentation of GPI, this could indicate a mechanism by
which GPI or antibodies to GPI could precipitate joint
disease. We did not find any correlating elevation of anti-
GPI-IgG antibodies in either SF or serum of patients with
JIA. In our opinion, this again would argue against a specific
immune-mediated role of GPI in the pathogenesis of JIA,
confirming results in RA12-15.

The parallel increase of GPI and LDH activity in SF
suggests an increased cell death in the inflamed tissues,
resulting in the release of cytosolic enzymes like LDH and
GPI. In this scenario, GPI activity in the joint in particular
would represent a marker of increased cell turnover,

Schepp, et al: Antibodies in JIA 1633

Figure 1. Representative immunoblots of 8 JIA patients (lanes 1–8). Serum samples were used at a dilution of
1:100 to probe strips on which an SDS-PAGE separation of a GPI preparation from rabbit muscle and human κ
light chain had been electroblotted (after blotting a whole gel, strips were cut longitudinally and probed with indi-
vidual sera). Besides GPI, serum IgG recognizes PGM and CKM from the GPI preparation. Lane 9 contains HRP-
labeled molecular weight marker. Human κ light chain was included in each assay as an internal standard.
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The Journal of Rheumatology 2004; 31:81634

Figure 2. Densitometric evaluation of immunoblots to determine reactivity against GPI from rabbit muscle. Anti-GPI-IgG was
quantified by the quotient chemiluminescence GPI/chemiluminescence κ light chain. Boxes represent the 25th and 75th percentiles,
whiskers 5th and 95th percentiles. Bar indicates the median. A. Serum reactivity from patients with different diagnoses. B.
Comparison of all samples from serum and SF. Oligo: oligoarticular, poly: polyarticular, cat.: category.
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Figure 3. ELISA reactivities against recombinant GPI. A. Serum reactivity from patients with different diagnoses. B. Comparison
of all samples from serum and SF.
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suggesting an indirect correlation with disease activity.
However, with few exceptions, GPI activity did not corre-
late with elevated CRP or ESR as laboratory markers of
disease activity.

Our data do not allow any conclusion concerning initia-
tion of disease, as we studied very few patients at disease
onset. This question has been addressed by Matsumoto, et
al, who investigated 225 arthritis patients (RA) with recent
onset of disease, where no increased anti-GPI antibodies
could be observed14. Whether these observations also apply
to JIA remains to be seen.

The contradictory results regarding anti-GPI antibodies
in adult RA have been explained by the fact that the initial
study, showing significantly increased anti-GPI antibodies,
included many patients with the aggressive Felty’s
syndrome11. We also analyzed patients with systemic JIA,
the most severe subgroup of JIA. Although some of these
patients did show pronounced clinical and laboratory
disease activity, their samples did not differ in anti-GPI anti-
body concentration from other JIA subgroups or healthy
individuals. These patients, however, often had an elevated
concentration of GPI in their serum, as assayed by GPI
activity, which again could be attributed to an increased cell
death due to the systemic inflammatory disease activity.

Thus, although anti-GPI-IgG clearly is an arthritogenic
antibody in the mouse model, these antibodies do not repre-
sent a general pathogenic principle in human disease, in
either adult RA or in JIA.
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