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Introduction

Summary

Systemic immunization of BALB/c mice with human cartilage proteoglycan
(PG) aggrecan induces progressive polyarthritis. The G1 domain of the PG
aggrecan molecule contains most of the T cell epitopes, including three immu-
nodominant (‘arthritogenic’) and at least six subdominant T cell epitopes.
The three dominant T cell epitopes (P49, P70 and P155) were deleted indi-
vidually or in combination by site directed mutagenesis, and the recombinant
human G1 (rhG1) domain (wild type and mutated) proteins were used for
immunization. Close to 100% of BALB/c mice immunized with the wild-type
(nonmutated) rhG1 domain developed severe arthritis, which was 75% in the
absence of P70 (5/4E8) epitope, and very low (< 10% incidence) when all three
dominant T cell epitopes were deleted. The onset was delayed and the severity
of arthritis reduced in animals when dominant T cell epitopes were missing
from the immunizing rhG1 domain. The lack of T cell response to the deleted
epitope(s) was specific, but the overall immune response against the wild-type
rhG1 domain of human PG was not significantly affected. This study helped
us to understand the dynamics and immune-regulatory mechanisms of
arthritis, and supported the hypothesis that the development of autoimmune
arthritis requires a concerted T cell response to multiple epitopes, rather than
the immune response to a single arthritogenic structure.
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human RA and might be a relevant model for, at least a sub-
set of RA. The clinical features shown for PGIA, along with

Rheumatoid arthritis (RA) is an autoimmune disease
that affects approximately 1% of the human population.
Although the aetiology of this disease is not known, it is
strongly believed that T-cell-driven mechanisms against
joint/cartilage-derived macromolecules determine the
organ-specificity of the disease. Among these macromole-
cules, type II collagen, proteoglycan (PG) aggrecan, link
protein, and glycoprotein-39 are the most abundant com-
ponents in cartilage, which became most likely candidates
as autoantigens in RA. Indeed, T cell responses to these
matrix molecules have been detected in patients with RA
[1-8], and cartilage macromolecules induce arthritis, when
used for immunization of genetically susceptible rodents
[9-14].

Systemic immunization of BALB/c mice with cartilage PG
aggrecan induces progressive polyarthritis [11,15]. This PG-
induced arthritis (PGIA) model bears many similarities to

histological studies, radiographic analyses and scintigraphic
bone scans of diarthrodial joints exhibited many similarities
to RA [11,15-17]. PGIA can be transferred only with T cells
from arthritic BALB/c mice to syngeneic recipients [18,19], a
PG-specific T cell hybridoma can induce arthritis [20], and
the depletion of CD4" T cells protects susceptible animals
from arthritis [15,21]. In contrast, while PG-specific anti-
bodies and/or PG-presenting B cells [22] could accelerate the
onset and severity of adoptively transferred disease [18,19],
neither the PG-specific antibodies nor B cells (without T
cells) can transfer arthritis. Moreover, recent genome-wide
screening studies showed that most of the genomic loci for
arthritis incidence were associated with T cell responses, and
only a limited number of quantitative traits linked to anti-
body/B cell function in PGIA [15,23,24]. In conclusion, we
believe that PGIA is a T-cell-dependent antibody-mediated
autoimmune disease [15,22,25].
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Fig. 1. Schematic structure of cartilage PG aggrecan, localizations of
dominant/arthritogenic epitopes in the G1 domain, and Western blots
of wild-type (hPG-G1) and recombinant human G1 (rthG1) domain
proteins. (a) A schematic presentation of the aggrecan molecule with its
different domains. These are the G1, G2, and G3 domains, the inter-
globular domain (IGD), and the glucosaminoglycan (GAG) altered
region. (b) The G1 domain (framed in (a)) consists of 3 loops: A, which
binds to the A loop of link protein and BB’ loops which bind to hyalu-
ronan. The positions of the three dominant/arthritogenic epitopes (P49,
P70 (also named 5/4E8), and P155) in the G1 domain of aggrecan are
indicated by arrows (b) and the corresponding amino acid sequences
are shown (c). The deleted 5 amino acids within these epitopes (created
by site directed mutagenesis) are underlined. Three clones, each having
one (single) epitope deletion, were created, and another clone which
had all three deletions (rhG1-3A). (d) The Western blot shows a
stromelysin-generated and affinity-purified G1 domain (hPG-G1) iso-
lated from native human cartilage PG aggrecan (lane 1; positive control)
as described [22], and the three rhG1 domain proteins used in this
study. Monoclonal antibody G18, which recognizes a linear peptide
sequence in the A loop of human G1 domain [22], and anti-His mouse
monoclonal antibody (Invitrogen) which recognizes the poly His tag at
the C-terminus of the rhG1 were used for immunodetection shown in
(d). Approximately the same amounts of proteins (0-8 g) were loaded
on a 12% sodium-duodecyl/acrylamide gel, transferred onto nitrocel-
lulose membrane and stained with antibodies as described [17].

The aggrecan molecule contains several T cell epitopes
essential for the induction of arthritis, and eventually all the
dominant/subdominant T cell epitopes are present in the G1
domain [15,26,27]. Recently, an extensive study has been
completed to map a total of 143 predicted T cell epitopes
along the core protein of the aggrecan molecule in geneti-
cally susceptible BALB/c mice [27], and in RA-predisposing
DR4/DQ8 allele-specific transgenic BALB/c mice [28]. The
G1 domain of PG aggrecan carries at least three dominant
arthritogenic epitopes (P49, P70 or 5/4E8, and P155)
[20,27,29] and a few subdominant and/or cryptic structures
depending upon the strain-specific haplotype (major histo-
compatibility complex [MHC] in mice) [27,30]. The level of
T cell responses against these three dominant/arthritogenic
peptide sequences highly correlated with the severity of
arthritis in BALB/c mice [22,27,29]. These three dominant
(arthritis-associated) epitopes are present in the A and B
loops of the G1 domain of aggrecan (Fig. 1). The aim of this
study was to investigate the immune pathological function of
these three dominant epitopes when disrupted (deleted)
individually or in combination using site directed mutagen-
esis, and to determine which dominant/arthritogenic
epitope might be critical for arthritis induction.

Materials and methods

Animals, human material, and chemicals

The use of animals for immunization and arthritis induction
was approved by the Institutional Animal Care and Use
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Committee of Rush University Medical Center. The use of
human cartilage PG aggrecan (obtained from joint replace-
ment surgeries) was approved by the Institutional Review
Board. All chemicals (unless indicated) were purchased from
Sigma Chemical Company (St. Louis, MO, USA) or Fisher
Scientific (Chicago, IL, USA).

Baculovirus expression system

As the non-glycosylated G1 domain is completely insoluble
[22], and the Gl domain without glucosaminoglycan-
attachment regions (Fig. 1a) is not secreted by avian or
mammalian cells [31-34], we have used a baculovirus
expression system [14]. This method resulted in relatively
large amounts of secreted rhG1 domains, both wild-type and
mutated. The baculovirus and the recombinant bacmids
were prepared according to the Bac-to-Bac Baculovirus
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Expression System (Invitrogen, Carlsbad, CA, USA). The
c¢DNA coding for the human G1 domain of aggrecan was
generated by reverse transcription of RNA isolated from
human chondrocytes and amplified by polymerase chain
reaction (PCR). A clone in pSecTagll vector (Invitrogen) was
prepared earlier in our laboratory [22] that contained the
first 360 amino acids in the aggrecan molecule (G1 domain
and a short sequence of the interglobular domain up to the
stromelysin cleavage site [VDIPEN,q]). This Gl-coding
domain ¢cDNA (Fig. 1b) was recloned into the donor plasmid
pFastBacl (Invitrogen) along with secretion and poly His
tags from the G1 domain containing pSecTagll vector. T7
and BGH universal primers were used for this purpose. The
T7 (forward) primer had the Xbal linker, and the BGH
(reverse) primer had the Kpnl linker. The PCR product and
the donor plasmid were digested with the two restriction
enzymes, ligated, and DH50 competent cells (Invitrogen)
were transfected with this new pFastBacl-G1 plasmid.

Minipreps were prepared and relevant clones selected by
PCR, which were then sequenced. Recombinant pFastBacl-
G1 donor plasmids with or without mutated G1 domain
were transformed into DH10Bac competent cells (Invitro-
gen) and plated on Luria-Bertini agar plates containing 7 ug/
ml gentamicin, 10 pg/ml tetracyclin, 50 pg/ml kanamycin,
100 pg/ml BlueGal, and 40 pg/ml B-D-isopropyl-thiogalac-
topyranoside. The recombinant bacmid was transfected into
SF9 cells (Invitrogen) using Cellfectin reagent (Invitrogen).
The supernatant containing the virus particles was collected
after 72 h for further amplification and optimization of pro-
tein expression.

Virus amplification was performed in SF9 cells cultured in
SE-900 II SFM medium (Invitrogen) at 0-1 multiplicity of
infection (MOI), and the titre of the produced virus was
measured using the BD BacPAK Rapid Titer kit (BD Bio-
science, Palo Alto, CA, USA). For recombinant protein
expression, ‘High Five’ cells (Invitrogen) were used. These
cells were cultured in Express Five SEM (Invitrogen), and
infected with the recombinant baculovirus at 5-0 MOI at a
cell density of 2 million cells/ml. The supernatant, which
contained the recombinant protein, was collected by centrif-
ugation 3 days after infection. We achieved a yield of about
0-1-0-5 mg of purified thGl domain protein per litre of
insect cell cultures using the combination of anion exchange
Q-Sepharose chromatography and Ni-NTA purification sys-
tem described below (Fig. 1d).

Site directed mutagenesis

Site directed mutagenesis kit (Stratagene, La Jolla, CA, USA)
was used for the deletion of amino acid residues within the
arthritogenic epitopes of the Gl domain of aggrecan
(Fig. 1b—c). Briefly, this PCR-dependent method uses two
complementary primers that contain the mutation of inter-
est (deletion, insertion, or substitution) to perform a PCR on
the used cDNA template (vector plus insert). High fidelity
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DNA polymerase was used to perform PCR on the
pFastBacl-G1 template. The PCR product was used to trans-
form ultracompetent XL10-Gold E. coli cells (Stratagene)
after digestion with the restriction enzyme Dpnl, which
digests only methylated DNA of the template derived from a
bacterial source. Thus, this digestion simultaneously elimi-
nated nonmutated colonies. Selected clones were screened
for the mutation by sequencing the region of interest.

Purification of recombinant proteins using anion
exchange chromatography (Q-Sepharose) and metal
affinity column (Ni-NTA)

First, Q-Sepharose (Amersham Bioscience, Piscataway, NJ,
USA) anion-exchange chromatography was used for prepu-
rification of recombinant proteins. Collected media were
cleared from cells by centrifugation at 5800 x g, the pH
adjusted to pH 10-0, and then run through a Q-Sepharose
column that was equilibrated and washed with phosphate-
buffered saline (25 mM, pH 10-0). The bound proteins were
eluted with a 0-5 M NaCl in 25 mM phosphate buffer
(pH 6:0). The eluted material from the Q-Sepharose column
was collected and dialysed against the washing buffer (0-5 M
NaCl solution in 25 mM phosphate buffer, pH 6-0) prior to
loading on a Ni-NTA column (Qiagen, Valencia, CA, USA).
Unbound proteins were removed from the Ni-NTA column
by extensive washing with 40 mM imidazole in the washing
buffer, and then the recombinant proteins eluted with
300 mM imidazole. The purities of rhG1 proteins were tested
in sodium-dodecyl sulphate acrylamide gel electrophoresis
in reducing condition and Western blotting using different
antibodies (Fig. 1d).

Immunization protocols and assessment of arthritis

Female BALB/c mice were purchased from Charles River
Breeding Laboratories (Kingston colony, NY, USA). Mice
were immunized intraperitonially with 50 g of the different
versions of the recombinant protein (wild-type or mutated
G1 domain of aggrecan) on days 0, 21, 42, 63 and 84. These
injections were given with 2 mg of DDA (dimethyldioctade-
cyl ammonium bromide) adjuvant in 100 pl PBS [35]. This
adjuvant is a bacterium- and oil-free bifunctional (hydro-
philic/lypophylic) quaterner ammoinium basis [35]. Human
PG aggrecan-immunized age-matched BALB/c mice were
used as positive controls [15,17,22]. Mice were scored for
arthritis (paws swelling) three times a week [17], and killed
approximately 2 weeks after the 5th antigen injection (on
days 96-98).

Measurement of antigen specific T cell responses,
antibodies, and cytokines

Sera and spleens were collected from immunized mice killed
at the end of the experiment. Antigen-specific T cell
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responses were measured in quadruplicate samples of spleen
cells (3 x 10 cells/well) in the presence of 10-50 pg/ml of
synthetic peptides representing individual epitopes or 25—
50 pug/ml antigenic proteins. Antigen-specific interleukin
(IL)-2 production was measured in 2-day-old supernatants
by CTLL-2 bioassay, and T cell proliferation was assessed on
day 5 by H’-thymidine incorporation [17,22,27]. The anti-
gen specific T cell response was expressed as stimulation
index, which was calculated as the ratio of the count per
minute (cpm) of H’-thymidine incorporated in antigen-
stimulated cultures relative to the cpm measured in non-
stimulated cultures. PG-specific antibodies were measured
by enzyme linked immunosorbent assay (ELISA) as
described previously [17,27,28,35]. Tumour necrosis factor-
o (TNF-a), IL-1B, IL-4, IL-6, IL-10 and interferon-y (IFN-Y)
were measured in sera collected at the end of experiments,
and in antigen (hPG, rhGl1 or its mutated versions) or pep-
tide-stimulated 3-day old supernatants of spleen cells as
described [17,27,28,35]. The capture ELISA method (BD
Bioscience, San Diego, CA or R & D Systems, Minneapolis,
MN, USA) was used as described previously [17,19].

Results

The immuno-functionality of the rhG1 wild-type (rhG1lwt)
protein (without mutation) was tested in vitro by using a T
cell hybridoma (5/4E8) which is specific to the P70 epitope
(""ATEGRVRVNSAYQDK; core peptide is underlined) [22].
The antigen-specific IL-2 production shown on Fig. 2 was
determined by CTLL-2 bioassay using different synthetic
peptides, rhGlwt protein, human PG aggrecan, and the
mutated rhG1-AP70 protein, which has a 5 amino acid-long
deletion within the P70-84 (5/4E8) epitope (Fig. 1c). The
rhG1lwt domain, the human PG aggrecan, and the synthetic
peptide (""ATEGRVRVNSAYQDK) corresponding to the
P70 (5/4E8) epitope, showed marked stimulation of the 5/
4E8 T cell hybridoma. The rhG1-AP70 failed to stimulate
hybridoma cells, likewise the rhG1-3A which also lacks the
P70-84 [5/4E 8] epitope (Fig. 2). These in vitro stimulation
experiments indicated that rhGlwt domain (Fig. 2), and the
hG1-AP49 and rhG1-AP155 recombinant proteins (data not
shown) contained the P70 (5/4E8) epitope, these recombi-
nant proteins were presented by antigen presenting cells, and
recognized by a peptide-specific hybridoma.

To test how the deletions of one or all three arthritogenic
epitopes in the rhG1 domain protein affect the incidence,
onset, and/or severity of arthritis, recombinant proteins
(rhGlwt and those having deletions within one or all three
dominant epitopes; Fig. 1b) were used to immunize BALB/c
mice. The results of the most characteristic experiments with
these three recombinant proteins (rhGlwt, rhG1-AP70, and
rhG1-3A) are summarized in this paper. In three indepen-
dent experiments, 14 age-matched female BALB/c mice were
immunized with rhGlwt, 12 with rhG1-AP70, 16 with
rhG1-3A (Fig.3a). Mice immunized with mutated rhGl
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Fig. 2. In vitro functional tests of rhG1 domain proteins using T
cell hybridoma 5/4E8, which is specific for P70-84 peptide sequence
within the G1 domain [22,39]. The peptide sequence and the 5-
amino-acid deletion of the P70-84 (5/4E8) epitope are shown in
Fig. Ic. CTLL-2 bioassay was used for the detection of antigen/
peptide-specific IL-2 production. Antigenic peptides/proteins were
presented by irradiated A20 mouse (BALB/c) B lymphoma cells as
described [22]. Human P70-84 synthetic peptide was used at 10, 5
and 1 pg/ml, the P70-84 mouse analogous peptide at 100, 50 and
25 ug/ml, and the rhG1 domain proteins at 4, 0-8 and 0-16 pg/ml.
The human PG aggrecan (hPG) was used at 40, 16 and 1-6 pg/ml
concentrations. (Antigen/peptide concentrations are indicated:
black columns represent the highest, and empty columns the lowest
concentrations in each group). Note, 5/4E8 T cell hybridoma was
stimulated in a dose-dependent manner with antigens (peptides),
except the rhG1-AP70 and rhG1-3A recombinant proteins both
having the same 5-amino-acid deletion within the P70 (5/4E8) core
peptide (Fig. 1c) were negative. *P70 human/mouse (5/4E8) pep-
tide: " ATEGR/QVRVNSAYQ/IDK,.

proteins uniformly responded to the other thG1 domain
protein, but never to the mutated hG1 used for immuniza-
tion or the corresponding synthetic peptide (data not
shown). High incidence with relatively severe arthritis devel-
oped in the rhGlwt-immunized group. Mice immunized
with rhG1-AP70 protein (or with rhG1-AP49 or rhGIl-
AP155, five-nine BALB/c mice with each; data not shown)
developed high incidence of arthritis (75-80% in each case)
with less severe inflammation in arthritic animals compared
to rhGlwt-immunized group (Fig. 3). In contrast, BALB/c
mice immunized with rhG1 lacking three arthritic epitopes
(rhG1-3A) had very low incidence of the disease, and only
one animal developed a very mild arthritis (Fig. 3). These
results indicated that the development of PGIA is likely
dependent on the immune responses to several dominant T
cell epitopes, and that probably a single epitope may not play
a definitive role. Rather PGIA develops as a response to mul-
tiple T cell epitopes.

Histology sections were prepared from ankle joints of
mice immunized with rhG1 domain (wild-type or mutated)
proteins, and compared with sections prepared from ankle
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Fig. 3. Incidence and severity of arthritis in rhG1-immunized mice
compared to hPG-immunized mice. Incidence was significantly lower
only in the rhG1-3A protein-immunized mice (a), whereas the severity
of arthritis (b) was significantly lower in BALB/c mice immunized with
deleted (rhG1-3A or thG1-A70) T cell epitopes. The number of
arthritic/immunized animals are shown inside the columns, and the
levels of significant differences on panel B: *P < 0-05, **P < 0-01. As
PGIA is a progressive autoimmune disease with acute exacerbations and
remissions leading to the complete deterioration of the articular carti-
lage, and ankylosis of peripheral joints (Fig. 4), the maximum arthritis
score (ever reached during the experimental period) is used to show the
maximum cumulative score of each group.

joints of normal (non-arthritic) and human PG aggrecan
(hPG) immunized mice (Fig. 4). Inflammation and synovial
hyperplasia along with leucocyte infiltration were compara-
ble in arthritic joints and reflected the severity of the
inflamed paw. Pannus formation led to cartilage degradation
and bone erosion (Fig. 4).

Antigen (rhG1)-specific T cell response (IL-2 production
and T cell proliferation) was almost uniformly detected in
all (wild-type or mutated) rhG1 protein-immunized mice
(Fig. 5a) independently of the presence or absence of arthri-
tis (Fig. 3a). This was the case when antigen (rhG1 domain
or its mutated versions)-induced cytokine productions
(TNF-a, IFN-v, IL-4 and IL-10) were measured in 3-day old
supernatants of spleen cell cultures. While the hPG usually
induced highest, and the thG1-3A the lowest, cytokine pro-
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duction, the secreted cytokines did not show correlation
with arthritis, and the differences, like in sera (Fig. 5a), never
reached significant levels (data not shown). This might be
the result of the combined affect of multiple T cell epitopes
present in the G1 domain.

Antibody response to PG aggrecan was significantly
higher in mice immunized with hPG than in mice immu-
nized with rhG1 (either mutated or wild-type) proteins. Sera
from mice immunized with thGlwt protein showed signi-
ficantly higher titres to hPG aggrecan than those mice
immunized with either rhG1A-P70 or rhG1-3A (Fig. 5b).
Nevertheless, all three groups immunized with rhG1 pro-
teins showed less antibodies against native hPG aggrecan
when compared to mice immunized with hPG aggrecan
(Fig. 5b). This difference was due to the high B-cell response
to glucosaminoglycan epitopes (Fig. 1a) present in the PG
aggrecan [22] but lacking in recombinant proteins. Mice
immunized with hPG aggrecan (positive control group)
showed significantly higher (auto)antibody titre to mouse
PG than rhG1l-immunized animals (Fig. 5b). These observa-
tions, together, indicate that the G1 domain has a relatively
low number of B-cell epitopes, i.e. G1 domain carries mostly
T cell epitopes.

Concentrations of pro- and anti-inflammatory cytokines
TNF-q, IL-1B, IL-6 and IL-4 were also measured in the sera
of immunized mice, and in spleen cell cultures stimulated
with thG1 domain or its mutated variants. Even though we
can detect a trend in the values of these cytokines corre-
sponding to the level of inflammation seen in immunized
mice, we could not find significant differences in cytokine
levels when different groups of immunized mice were com-
pared (Fig. 5¢).

Discussion

The association between immunity against cartilage compo-
nents and the development of arthritis has prompted many
investigators to question whether the immunity is causally
related to the development of the disease or is a secondary
consequence of cartilage destruction and subsequent expo-
sure of autoepitopes to the immune system. There is evi-
dence in animals (and possibly in humans) that immunity to
cartilage PG aggrecan may play a role in the development or
pathogenesis of some forms of inflammatory arthritis and
spondylitis [1-8,14,36-38]. The presence of autoantigenic
epitopes of aggrecan molecules in articular cartilage,
together with a genetic predisposition, may determine the
organ-specificity of inflammation in susceptible individuals.

In a recent study, arthritogenic epitopes of human PG
aggrecan were mapped [27], and several dominant epitopes
were found, including the three dominant/arthritogenic
sequences discussed in this paper. All three dominant
epitopes were located in the G1 domain of aggrecan. A T cell
hybridoma (5/4E8) specific to one of these epitopes was gen-
erated to determine MHC and TCR binding sites of the cor-
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Fig. 4. Histology of ankle joints of non-immunized (a), human PG aggrecan (hPG), and rhG1lwt and rhG1-AP70 protein-immunized (c,d) BALB/c

mice. All sections were prepared in a sagittal plane and show the structure of ankle joints. (b—d) are inflamed arthritic ankles from mice immunized

with either hPG (b) or rhG1 domain proteins (c,d) approximately five weeks after the onset of arthritis. Synovial hyperplasia accompanied by infiltrating

cells and pannus formation are evident. Arrowheads show cartilage degradation, and thin arrows point to the site of bone erosion. The overall

histopathology of joint inflammation and tissue destruction in rhG1 protein-immunized mice (c,d) is similar, but less extensive than seen in mice

immunized with hPG (b). Sections are stained with haematoxylin and eosin.

responding peptide [39]. Also, in an earlier study that
established a connection between PGIA and RA, PGIA was
induced in BALB/c mice deficient in H2-d (mouse MHC),
but carrying the human leucocyte antigen (HLA) molecules
DR4 or DQ8 [28]. The results of these experiments indicated
that the human HLA was indeed able to present the human
aggrecan epitopes to mouse TCR, and contributed to arthri-
tis induction. When immune responses to predicted T cell
epitopes (synthetic peptides) of the aggrecan molecule were
tested, the three dominant/arthritogenic epitopes of the G1
domain, positive in BALB/c mice, were also positive in DR4
and/or DQ8 transgenic mice [28]. Of a total of 31 positive
peptides tested in four different HLA transgenic mice (HLA-
DR2, -DR3, -DR4, -DQ8), nine epitopes were the same as
those identified earlier in BALB/c mice [27].

The aim of this study was to investigate the role of the
most important arthritogenic T cell epitopes in the hPG
aggrecan, that proved to be arthritogenic in BALB/c mice
[27], employing targeted mutagenesis in sequences encoding
these epitopes. Reduction in incidence, accompanied by less
severe arthritis, occurred only when all three dominant T cell
epitopes were deleted from the thG1 domain. In this exper-
imental group only one out of 16 mice showed mild arthritis,
whereas 75% of rhG1-AP70-immunized mice (single
epitope deletion) developed arthritis, and 13 became

arthritic when 14 mice were immunized with rhGlwt pro-
tein. As shown on Fig. 3, the deletion of a single epitope (e.g.
P70-84) could not abrogate the arthritogenic character of the
human GI1 domain, even though this P70-84 (5/4E8) T cell
epitope seemed to be the most dominant and arthritogenic
sequence within the G1 domain of the human PG aggrecan
molecule [22,27]. These results supported the hypothesis
that PGIA requires the presence of several dominant/arthri-
togenic epitopes in the aggrecan molecule. Thus, it is very
likely that the development of arthritis (at least in PGIA)
requires a coordinated (auto)immune response to multiple T
cell epitopes within the G1 domain of aggrecan.

When we compared the cytokine levels in sera of immu-
nized mice, and in vitro cytokine production to rhGI-stim-
ulation, we could not detect differences between the different
groups, even though a trend was seen toward a correlation
between the levels of proinflammatory cytokines and the
degree of inflammation/arthritis in these animals. This
observation supports another hypothesis that certain regu-
latory events (e.g. T- and B-cell responses, cytokine produc-
tion) are needed to initiate the disease, and the more
epitopes that are recognized by the immune system, the
more severe the inflammation and the disease. Data from
this study, and from several others conducted in animals
[11,15,16,22,28] or using lymphocytes from RA patients
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Fig. 5. Antigen-specific T cell responses and serum antibody and cytok-
ine levels in mice immunized with human PG aggrecan (hPG) or
recombinant hG1 domain proteins (either with wild-type or those hav-
ing a single (rhG1-AP70) or three (rhG1-3A) deleted T-cell epitopes).
Animals and groups represent those shown in Fig. 3. (a) Antigen-spe-
cific IL-2 production and T cell proliferation of splenocytes of mice
immunized with rhG1lwt, rhG1AP70, or thG1-3A, were measured in
vitro using 50 ug/ml synthetic peptide or 10 pug/ml rhG1 protein as
indicated. The results are shown as stimulation indices. Anti-human
(hPG) and antimouse (mPG) antibodies (b), and pro- and anti-inflam-
matory cytokines TNF-a, IL-1B, IL-4 and IL-6 (c) were measured by
ELISA in sera of immunized BALB/c mice at the end of experiment (on
days 96-98).

[2,4,6-8], show that antigenic molecules derived from
immunoprivileged cartilage tissue and lack of self tolerance
may play a role in the aetiology of RA and RA-like models.
The question whether the immune response towards these
molecules occurs as a result of the inflammatory damage to
cartilage (which may expose new antigenic determinants as
foreign structures to the immune system), or is a part of the
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pathological process leading to that damage, remains to be
answered.

Several other studies used T cells from patients with RA or
ankylosing spondylitis and showed cellular immune
responses to a variety of T cell epitopes present in the aggre-
can Gl domain [4-8,38]. Eventually, all positive T cell
epitopes (peptides) identified in human patients with RA or
ankylosing spondylitis, were the same or overlapping with
those found to be positive in wild-type [22,27] or DR4/DQ8
transgenic BALB/c mice [28]. Studies using lymphocytes
from either RA patients [7] or HLA transgenic mice [28,38]
have demonstrated the relevance of the G1 domain of aggre-
can to the pathomechanism of RA [4,6-8]. Together, the
association of RA with certain HLA class II molecules (espe-
cially DR4 and DQ8/DQ6) supports the hypothesis that
these MHC class II molecules can effectively present tissue
(joint/cartilage) antigens to T cells in patients who also have
a defect in immunoregulation, thus predisposing these indi-
viduals to RA.

RA is a complex autoimmune disease, and animal models
for this disease serve simplified experimental settings for the
investigation of disease mechanisms. These animal studies
are employed to determine whether such cartilage antigens
(PG, type II collagen, link protein or glucose-6-phosphate
isomerase) could be causative agents in RA. In the case of
PGIA, an arthritis-susceptible mouse strain (BALB/c) was
used to study an RA-like disease [15] by one of the candidate
autoantigens of human cartilage [11,16]. If the critical role of
either a single or multiple dominant epitopes of these mac-
romolecules becomes evident in human patients with RA,
such knowledge could be used to introduce new innovative
treatments that may involve, for example, inducing tolerance
in patients against these epitopes. Recently, we found that
nasally applied cartilage PG [40], synthetic peptides with
altered peptide ligand of the dominant/arthritogenic
epitopes of aggrecan [27], could indeed effectively induce
tolerance in mice against PGIA, whereas some other altered
peptides accelerated the development of arthritis (unpub-
lished observation).
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