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Abstract

Earlier work from this laboratory showed that the human pro-
teoglycan aggrecan from fetal cartilages can induce a CD4*
T cell-dependent inflammatory polyarthritis in BALB/c
mice when injected after removal of chondroitin sulfate chains.
Adult keratan sulfate (KS)-rich aggrecan does not possess
this property. We found that two CD4" T cell hybridomas
(THS and TH14) isolated from arthritic mice recognize bo-
vine calf aggrecan and the purified G1 domain of this mole-
cule, which also contains a portion of the interglobular do-
main to which KS is bound. These hybridoma responses to
G1 are enhanced by partial removal of KS by the endogly-
cosidase keratanase or by cyanogen bromide cleavage of
core protein. KS removal results in increased cellular uptake
by antigen-presenting cells in vitro. After removal of KS by
keratanase, G1 alone can induce a severe erosive polyarthri-
tis and spondylitis in BALB/c mice identifying it as an arthri-
togenic domain of aggrecan. The presence of KS prevents
induction of arthritis presumably as a result of an impaired
immune response as observed in vitro. These observations
not only identify the arthritogenic properties of G1 but they
also point to the importance of glycosylation and proteolysis
in determining the arthritogenicity of aggrecan and frag-
ments thereof. (J. Clin. Invest. 1996. 97:621-632.) Key
words: arthritis « T lymphocytes « keratan sulfate « aggrecan

Introduction

Patients with ankylosing spondylitis, and juvenile and adult
rheumatoid arthritis, exhibit CD4" T cell responses to the hu-
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man cartilage proteoglycan (PG)! aggrecan (1, 2). Injection
of the fetal human cartilage PG into BALB/c mice produces
a disease which has features of both rheumatoid arthritis and
ankylosing spondylitis (3, 4). Both an erosive polyarthritis
and spondylitis are observed after immunization of mice with
PG in complete Freund’s adjuvant (CFA) followed by re-
peated injections of the PG in incomplete Freund’s adjuvant
(IFA). Adoptive transfer (5) and in vivo T cell subset deple-
tion studies (6) indicate that the disease is mediated by CD4"
T cells.

Removal of the chondroitin sulfate (CS) chains from the
core protein of human fetal PG markedly increases the effi-
ciency of induction of the disease (3, 4). Anti-PG antibody re-
sponses are much higher when CS has been removed from PG
(3, 4). In contrast, adult human PG, which contains large
amounts of keratan sulfate (KS) (7, 8), seldom induces arthri-
tis, even after removal of CS. This observation suggested to us
that the KS, which is covalently bound to the PG core protein,
may, like CS, influence the immune responses of PG-reactive
T cells.

To investigate this further, two cloned PG-reactive T cell
hybridomas, TH5 and TH14, obtained from mice with PG-
induced arthritis, were studied. Both the T hybridomas are
CD4*, MHC class II-restricted (9). They probably belong to
the TH1 subset since they secrete IL-2 but not IL-4. The pat-
tern of antigen responsiveness of the T cell hybridomas is
characterized by reactivities to human fetal and adult PG, bo-
vine fetal PG, the G1 domain of bovine PG, and bovine link
protein (LP). TH5 and TH14 recognize different epitopes in
the G1 domain of PG. Associated with the G1 domain of PG
there is KS but not CS (10, 11). The present study shows that
KS can significantly inhibit the reactivities of these T cell hy-
bridomas to these molecules. Removal of KS, or cleavage of
G1 with cyanogen bromide (CNBr) with resultant separation
of the peptides bearing these epitopes from KS chain(s), over-
comes this inhibition and permits increased uptake and more
efficient presentation by antigen-presenting cells (APC). We
show that when G1 alone is injected into BALB/c mice it can
induce an erosive polyarthritis and spondylitis but only after
removal of KS.

1. Abbreviations used in this paper: APC, antigen-presenting cells;
CNBr, cyanogen bromide; CS, chondroitin sulfate; G1, G1 domain of
aggrecan; GAG, glycosaminoglycan; IFA, incomplete Freund’s adju-
vant; KS, keratan sulfate; LP, link protein; NaN;, sodium azide; PG,
proteoglycan aggrecan; PVDF, polyvinylidene difluoride; SI, stimula-
tion index.
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Methods

Mice

Female, 6-8-mo-old, BALB/c retired breeder mice were obtained
from Charles River Canada (St. Constant, Quebec, Canada). Young
female (6-7-wk-old) BALB/c mice (17-20 grams) were used for in-
duction of arthritis.

Reagents

The following reagents were used: cesium chloride (Terochem Chem-
icals, Edmonton, Ontario, Canada); guanidine hydrochloride and io-
doacetamide, Alcian blue, casein, CNBr, diisopropyl fluorophos-
phate, PMSF, pepstatin A, and EDTA (Sigma Chemical Co., St.
Louis, MO); protease-free chondroitin ABC lyase (EC4.2.2.4), kera-
tanase (Pseudomonas) (EC2.1.103) (Seikagaku America, Rockville,
MD); CFA and IFA (Difco Laboratories Inc., Detroit, MI); [*H]thy-
midine (6.7 Ci/mmol) (ICN Biomedical Canada Ltd., Montréal, Que-
bec, Canada); Lympholyte M (Cedarlane Laboratories, Hornby, On-
tario, Canada); Aurodye, sodium iodide (**’T) (Amersham, Oakville,
Ontario, Canada); paraformaldehyde (BDH Chemicals, Ltd., Tor-
onto, Ontario, Canada), 3-(cyclohexylamino)-1-propane sulfonic acid
(United States Biochemical Corp., Cleveland, OH); trypsin, N-tosyl,
L-phenylalanine chloromethyl ketone—treated (Fluka Chemical Corp.,
Ronkonkoma, NY) or trypsin, type 1 (Sigma Chemical Co.).

Antigens

PG. Human PG preparations were isolated as described previously
(3) from 12-20-wk-old human fetuses. Briefly, the epiphyseal and ar-
ticular cartilages were extracted in 4 M guanidine hydrochloride in
the presence of protease inhibitors and the extracts were centrifuged
on a cesium chloride density gradient, first under associative and then
under dissociative conditions. The high buoyant density PG fractions
(A1D1) were isolated and extensively dialyzed against deionized wa-
ter and lyophilized. Bovine PG was isolated with the same methodol-
ogy from adult nasal septum. Native PG preparations were dissolved
in sterile phosphate-buffered saline (PBS), sterilized by ultraviolet ir-
radiation in a laminar flow hood (1-2 h) and assayed for protein by
Lowry’s method (12).

GI domain of bovine PG. This was purified as described previ-
ously by tryptic digestion of an aggregate preparation from calf artic-
ular cartilage (13) and purification by gel chromatography (9). It in-
cludes part of the interglobular domain between G1 and the G2
domain up to the first trypsin cleavage site (R37). This fraction was
dialyzed extensively against PBS, 0.45-pm filter sterilized, and used in
vitro. Bovine G1 preparations were used instead of human G1 prepa-
rations because of the greater quantities which could be obtained of
the former. The T cell hybridomas described below had earlier been
shown to respond as well to bovine fetal PG as to human PG (9).

Digestion of antigens with glycosidases

PG and G1 were dissolved at 15 mg (dry wt)/ml and 250 wg (dry wt)/
ml, respectively, in 0.2 M Tris-HCI buffer, pH 7.4, containing 80 mM
NaCl and the following protease inhibitors: 1 mM EDTA, 1 mM io-
doacetamide, 5 wg/ml of pepstatin, and 2 mM diisopropyl fluoro-
phosphate or 1 mM PMSF. The mixture was digested with either
protease-free chondroitin ABC lyase (0.2 U/mg protein) and/or by
keratanase (2 U/mg protein/ml) at 37°C for 20 h (14). The reaction
was terminated by boiling the mixture for 5 min. The digested samples
were then dialyzed against water, dried on a Speed Vac (Savant In-
struments, Inc., Hicksville, NY), and redissolved in sterile PBS at de-
sired concentrations. The solutions were 0.45-pm filter sterilized and
used in the assays. All native PG or G1 preparations used in the anti-
gen presentation assays were similarly boiled for 5 min and treated
the same way before use in the assays, to control for denaturation of
the PG/G1 molecules by boiling.

Reduction and alkylation of G1 globular domain
Reduction and alkylation were performed as before (8).
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CNBr digestion of G1 globular domain

Purified G1 was treated with CNBr for 24 h as described previously
(15). Briefly, lyophilized G1 was dissolved in 70% formic acid at a
concentration of 250 pg/ml to which was added 12 mg/ml of CNBr
dissolved in acetonitrile. The tubes were flushed with nitrogen,
sealed, and incubated at room temperature for 24 h. The digestion
was terminated by diluting the mixture with 10 times its volume of
water. The mixture was dialyzed against water, lyophilized, and
stored at —20°C. The digested G1 was redissolved in PBS, and 0.45-
pm filter sterilized before use in vitro.

Radiolabeling of G1 domain

The purified bovine G1 was radiolabeled with Na'*I by the chlora-
mine T method (16). The radioiodinated G1 was then separated from
free iodine on Sephadex G-25 (Pharmacia Biotech Inc., Piscataway,
NJ). Depending upon the preparation (three were used), its specific
activity was in the range of 0.8-7.1 X 10° cpm/mg.

Gel electrophoresis of antigens

The antigen preparations were electrophoresed on a 12.5% SDS-
PAGE mini-gel (Bio-Rad Laboratories, Richmond, CA) or on a con-
tinuous 5-15% gradient SDS-PAGE mini-gel, under reducing condi-
tions as described previously (17). After electrophoresis, the proteins
were electrotransferred (60 V, 300 mA) for 75 min in 10 mM 3-(cyclo-
hexylamino)-1-propane sulfonic acid, pH 11, buffer containing 10%
methanol, onto a polyvinylidene fluoride (PVDF) membrane. The
membrane was then stained for total protein content using Aurodye
gold staining according to the manufacturer’s protocol, or stained for
glycosaminoglycan (GAG) chains using Alcian blue, or used for im-
munoblotting as below.

Immunoblotting of antigens

The membrane was immunoblotted with the mouse mAb 1C6 (IgG,)
which is specific for a repeating epitope in the G1 and G2 regions
(18), or with mouse Ab AN9P1 (IgG,,) (16) and mAb 5D4 (IgG,)
(19) specific for KS chains. Briefly, the PVDF membrane was
blocked with 3% BSA in PBS for 1 h and individual lanes were cut
out. The lanes were incubated with the different antibodies for 1 h at
room temperature with shaking, followed by three washes in PBS/
0.1% Tween 20 for 5 min. Rabbit anti-mouse IgG (Zymed Laborato-
ries, Inc., South San Francisco, CA) was then incubated with the
membranes at room temperature for 1 h followed by three washes in
PBS/0.05% Tween 20. The specific antibody binding was visualized
by addition of 'I-protein A (Amersham) followed by autoradi-

ography.

Assays for proteolytic degradation of antigens

Casein assay. Casein was radiolabeled according to the method of
Cawston and Barrett (20). The assay was essentially the same as de-
scribed previously (21). The 3H-labeled casein was diluted with cold
casein to a specific activity of 2.6 X 10° cpm/mg. The keratanase prep-
aration (0.5 U) to be tested for proteolytic activity was mixed with
200 pg of radiolabeled casein in 100 mM Tris/acetate, 50 mM NaCl,
pH 7.3, in a total volume of 250 p.l, in the presence of protease inhibi-
tors (as in keratanase digestion experiments using G1, see above).
The mixture was incubated for 18 h at 37°C, and the digestion was ter-
minated by adding 100 wl of unlabeled “carrier” casein (5 mg/ml) and
150 wl of 10% (wt/vol) of cold TCA. The tubes were centrifuged at
7,000 g at 4°C for 15 min, and aliquots of supernatants were counted
in a liquid scintillation counter (Packard Instruments, Meriden, CT).
Radiolabeled casein digested with trypsin (5 pg/ml) was used as a
positive control for digestion, and counts with digestion buffer alone
served as background control.

Assay for degradation of '?I-G1. The radiolabeled G1 was di-
gested with keratanase as above and divided into two fractions. One
was electrophoresed on a 12.5% SDS-PAGE gel along with undi-
gested radiolabeled G1 and autoradiographed. The second fraction
was precipitated with TCA (as above) and the supernatants were col-



lected as in the casein assay and counted in a gamma counter (LKB-
Wallach, Turku, Finland).

Sequence analysis of G1 globular domain

The purified bovine G1 fragments generated by CNBr digestion or by
endo Asp-N were resolved by SDS-PAGE mini-gel (12.5% gels) and
electroblotted onto PVDF membranes, as described earlier (22). The
membranes were stained with Coomassie brilliant blue R-250 in 50%
methanol for 15 min and destained in 50% methanol, 10% acetic acid
until the bands could be visualized. The bands were cut out and
loaded on a gas phase protein sequenator (model 470A) attached to
phenylthiohydantoin amino acid analyzer (model 120A; both from
Applied Biosystems, Inc., Foster City, CA). The phenylthiohydan-
toin—amino acid derivatives were separated by reverse-phase HPLC
using a C18 column (220 X 2.1 mm).

Aggrecan-reactive T cell hybridomas

The generation of two PG-reactive T cell hybridomas THS and TH14
has been described earlier (9). Briefly, spleen cells from arthritic mice
were cyclically stimulated in vitro with PG and feeder cells. PG-reac-
tive T cells were fused with BW5147 thymomas (kindly provided by
Dr. P. Marrack, Denver, CO) to produce PG-reactive T cell hybrido-
mas (23). These were cloned and two hybridomas THS and TH14
were used for further studies. They were shown previously to be reac-
tive with aggrecan, bovine G1, and LP (9).

Antigen presentation assays

Antigenic reactivity. All assays were performed in DME with 100 U/ml
penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, 0.1 mM non-
essential amino acids, 1 mM sodium pyruvate (Gibco Laboratories,
Burlington, Ontario, Canada), 50 mM 2-mercaptoethanol (BDH
Chemicals, Ltd.), and 5% heat-inactivated FCS (Bockneck Ltd.,
Rexdale, Ontario, Canada). The T cell hybridomas were tested for
their reactivities against antigens by incubating 2 X 10* cells/well with
5 X 10° freshly isolated irradiated (3.3 Gy) syngeneic spleen cells in
quadruplicate with various antigens in a total volume of 200 wl/well,
in 96-well flat-bottomed tissue culture plates (Falcon Labware, Lin-
coln Park, NJ) at 37°C for 24 h with 5% CO,and 95% air. All antigen
concentrations were expressed as nanomolars of protein as described
previously (9). The supernatants (100 pl/well) were harvested 24 h
later and assayed for IL-2 in an IL-2—-dependent mouse cytotoxic T cell
line, CTLL-2 (American Type Culture Collection, Rockville, MD),
proliferation assay (24), by [*H]thymidine uptake as described before
(9). All results are expressed as either mean cpm=SEM or stimula-
tion index (SI) (mean cpm with antigen/mean cpm with medium
alone) of the CTLL cells. The standard errors of at least triplicate de-
terminations were ordinarily < 15% of the mean.

The T cell hybridomas were also tested for reactivity to CNBr
peptides of G1 bound to PVDF membrane after separation on SDS-
PAGE (25). Briefly, the membranes were blocked with PBS/0.3%
Tween 20 for 30 min at 37°C with shaking. The membranes were then
washed three times in PBS/0.3% Tween 20 (5 min each wash), rinsed
thoroughly in water, and stained with Aurodye for 2-18 h. The visual-
ized bands were cut into small pieces of 2 mm?, sterilized under ultra-
violet light for 30-60 min, and added to the wells for the assays of T cell
reactivity.

Use of fixed APC. In some experiments, syngeneic spleen cells
were used as APC after fixation in 1% paraformaldehyde in PBS for
30 min at room temperature, followed by three washes in Hanks’ bal-
anced salt solution.

Uptake and degradation by APC of radiolabeled G1 with or
without treatment with keratanase

Spleen cells from normal mice were used as a source of APC as de-
scribed above (Antigen presentation assays) with the exception that
the cells were not irradiated. Cells (5 X 10°) in 0.5 ml DME complete
culture medium with 5% FCS described above were added to borosil-
icate glass tubes (13 X 100 mm; Fisher Scientific Co., Pittsburgh, PA).

Radiolabeled G1 (native or G1 treated with keratanase) at 1 X 10°
cpm/10° cells was added to each tube, mixed, and incubated at 37°C
for periods up to 475 min. The incubation was terminated by adding
an equal volume of cold PBS/0.1% sodium azide (NaN3) and centri-
fuging the cells at 250 g for 5 min. Cell pellets were washed twice in
PBS/0.1% NaNj and then counted in the gamma counter. To investi-
gate binding to cell surfaces as opposed to endocytosis, cells were
isolated at different times, washed as above, and treated with trypsin
(5 X 10° cells were treated with 1 ml of 0.05% trypsin [Sigma, type I]
in PBS for 10 min at 37°C) to remove cell surface-bound molecules
before isolation. In other experiments, we inhibited endocytosis by
culturing cells with or without 0.1% NaN; which was added 10 min
before the addition of radiolabeled G1.

In further experiments we washed the APC twice with PBS/0.1%
NaNj; as described above to remove unbound G1 after incubation for
30 min with radiolabeled G1=KS and then examined the digestion
and rate of loss of radiolabel from these cells with time up to 120 min.
At each time after binding of radiolabeled G1 to APC, cells were
treated with 4.5% TCA to precipitate any undigested radiolabeled
G1. TCA soluble counts were also measured.

Induction of arthritis

Arthritis was induced in BALB/c mice as described earlier with some
modifications (6). Briefly, mice were immunized with either 100 g
(protein) of adult nasal bovine PG (native or chondroitinase ABC
and/or keratanase digested) or 25 wg (protein) of “native” calf articu-
lar G1 or Gl treated with keratanase. Some animals were injected
with mixtures of two antigens at the same time: 100 wg of bovine
adult nasal PG mixed with either 25 pg of native or keratanase-
treated mature G1 (G1—KS). First injections (intraperitoneal) were
given as an emulsion of CFA (100 wl) with 100 wl of antigen solution,
followed by intraperitoneal boosts of the same amount of each anti-
gen in IFA at 15, 43, 71, and 99 d after the first injection. The injec-
tions were stopped when arthritis first appeared and persisted. Other-
wise they continued for up to a maximum of five injections. PG was
injected in the same way at days 7, 28, 56, and 84 after the initial injec-
tion. Mixtures of G1 and PG were injected according to the PG
schedule.

Clinical characterization of arthritis

Mice were examined for clinical signs of arthritis every second day as
described previously (6). Briefly, front and rear paws and ankles were
examined for swelling, redness, and limitation of movement. Severity
scores were determined on a scale of 0 to 4 for each front paw and
rear paw and ankle as follows: grade 1, mild redness and swelling in
one or more joints; grade 2, moderate redness and swelling in in-
volved joint(s); grade 3, severe redness and swelling involving the
whole paw; grade 4, grade 3 followed by loss of movement in the af-
fected joints. The sum of arthritic scores in all four paws (maximum
16) was taken as the severity score of the mouse.

Histology

Fore and hind paws, ankles, knees, and spines were fixed in 10%
buffered formalin, decalcified, and stained with hematoxylin and
eosin by standard techniques.

Results

Digestion of KS on PG enhances APC-mediated T hybridoma
reactivity. The reactivities of two T cell hybridomas, THS and
TH14, were studied before and after treatment of PG with two
different glycosidases. Treatment of PG with chondroitin ABC
lyase, which removes the CS chains and leaves only residual
pentasaccharides on the core protein (14), had no effect on the
reactivities of either T cell hybridoma (Fig. 1). However, the
treatment of PG with keratanase, which cleaves KS chains at-
tached to the core protein of PG (26), increased the reactivity
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Figure 1. Reactivities of
the T cell hybridomas
THS and TH14 to ag-
grecan with or without
glycosidase treatments.
Native human fetal PG
(filled circles); ABC
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itors.
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of both hybridomas when compared with the untreated PG or
the CS-depleted PG (Fig. 1). The reactivity of THS cells was
significantly higher with KS-depleted PG as compared with
native PG at three different doses (0.5, 5, and 50 nM, respec-
tively). Similar results were obtained at higher concentrations
for the reactivity of TH14. Digestion with chondroitin ABC
lyase either before (Fig. 1) or after (data not shown) kerata-
nase digestion did not further increase the responses of either
THS or TH14. Similar results were obtained in at least two
other separate experiments.
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Figure 2. Demonstration of KS on G1. (A) Immunoblotting of native
G1 (lanes 7-3) with control mouse immunoglobulin (SP2/0), anti-G1
mADb (1C6), and anti-KS mAb (AN9P1) as ascitic fluids and of G1 di-
gested with keratanase and immunoblotted with anti-KS mAb
(AN9P1) (lane 4). (B) Autoradiography of '*I-G1 (10,000 cpm/lane)
run on 12.5% SDS-PAGE before and after glycosidase digestions
(lanes 1-3).
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Presence of KS on purified bovine G1 preparation. Since
these T hybridomas both react with the G1 globular domain of
aggrecan (9), we examined G1 for the presence of KS and CS.
Native G1, keratanase-digested G1, and chondroitin ABC
lyase—-digested G1 were electrophoresed on a 12.5% polyacryl-
amide gel and transferred onto a PVDF membrane. Each
membrane was stained with one of the following: Alcian blue
which stains negatively charged GAG chains; or immunoblot-
ted with an anti-G1 and G2 mAb (1C6), or with one of two
anti-KS antibodies (AN9P1 and 5D4). The anti-KS antibodies
ANOP1 (Fig. 2 A) and 5D4 (not shown) bound to undigested
G1, showing the presence of immunoreactive KS in the puri-
fied G1 preparation. Alcian blue stained native G1, but not
keratanase-digested G1, on a 12.5% SDS-PAGE gel (not
shown). Staining with 1C6, and use of radiolabeled G1 showed
that the native form of G1 migrated as a single band with an
apparent molecular mass of 71 kD (Fig. 2, A and B), but kera-
tanase-digested G1 migrated with increased mobility with an
apparent molecular mass of 64 kD (Fig. 2 B). It still reacted
with antibody to KS, indicating that the digestion was incom-
plete or that the residual KS resists digestion. Chondroitin
ABC lyase treatment of G1 did not change the molecular mass
of the molecule (Fig. 2 B), indicating the absence of CS.

Digestion of KS on G1 enhances APC-mediated T cell reac-
tivity. The responsiveness of THS to keratanase-digested G1
was significantly increased at 0.5 and 5 nM of antigen, but was
similar to native G1 at 50 nM (Fig. 3). The responsiveness of
TH14 to G1 was less sensitive to digestion with keratanase, but
a significant increase of reactivity after KS depletion was ob-
served at 50 nM (Fig. 3). Similar data were obtained on two
other separate occasions, whether or not spleen cells used as
APC were irradiated before use (data not shown).

Absence of demonstrable protease activity in keratanase
preparation. One explanation for the increased T cell reactivity
after keratanase digestion of the antigen could be the release
of immunoreactive peptides by cleavage of the antigen by pro-
teases contaminating the keratanase preparation. However,
under the conditions of use it had no detectable proteolytic ac-
tivity in the sensitive casein degradation assay (data not
shown). In addition, no degradation of '»I-G1 was seen after
keratanase digestion as evidenced by the lack of release of
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Table I. CNBr-digested G1, but Not Keratanase-digested G1,
Can Be Presented by Fixed APC

Nonfixed APC Fixed APC
Antigen THS5 TH14 THS TH14
Medium 429+133  310+200  854+345 674+430
G1 native 7020+532  1413+350  755%648 510%237
G1 KS-depleted 21987+1400 6361800  208*6 399+313

G1 CNBr-
digested

300341060 8615+824 205081277 107181700

Results expressed as cpm (mean+SEM) of CTLL-2 proliferation assays
as in text. BALB/c spleen cells were used as APC either without fixation
or after fixation with 1% formaldehyde. Antigen was G1 in the native
form or after digestion with keratanase or CNBr. The concentrations of
G1 used were 5 nM for THS and 50 nM for TH14.

125]-containing fragments and by the absence of proteolytic
fragments on autoradiography.

Furthermore, if the enhanced reactivity was due to release
of the immunoreactive peptide in vitro, the peptide may have
been presented to the T cells by MHC class II molecules on
the surface of fixed APC (27). However, as shown in Table I,
KS-depleted G1 could not be presented by fixed APC to the
T cells.

Reduction and alkylation of G1 enhances APC-mediated
T cell reactivity. Reduction and alkylation of G1 to produce de-
naturation by removal of intramolecular disulfide bonds en-
hanced T cell responses. Thus, reactivity of the THS hybri-
doma at the suboptimal concentration of 5 nM was increased
from an SI of 36+5.7 for native G1 to 988 after reduction
and alkylation. In comparison, removal of KS alone by kerata-
nase produced an even greater response with an SI of 153+9
or 156+22 if keratanase treatment followed reduction and
alkylation. Thus, denaturation of G1 enhances the T cell re-
sponse, but removal of KS enhances the response even further
to that observed by removal of KS only.

CNBr digestion of G1 enhances APC-mediated T cell reac-
tivity and identifies locations of T cell epitopes. Treatment of
G1 with CNBr produced multiple peptides of 24, 19, 15, and 14
kD detected with Aurodye staining after SDS-PAGE (Fig. 4).

THS responded to the 19-kD CNBr fragment blotted onto a
PVDF membrane (Fig. 4). The amino-terminal sequence of
this fragment was HGIED. Therefore, the epitope is located
between residues 118 and 232 (Fig. 5) in the B region of the
tandem repeat (Fig. 6) of the bovine G1 sequence which has
been described elsewhere (28, 29, and Rosenberg, L., and P.
Neame, unpublished data). This fragment contains no KS at-
tachment sites. These have been shown to reside in the inter-
globular domain of pig laryngeal cartilage and may be present
at residues 352 and 357 in the bovine sequence (Figs. 5 and 6).
TH14 recognized the 15-kD CNBr peptide (Fig. 4) with the
amino-terminal sequence HPVTT starting at residue 41 and
ending at residue 104 (Fig. 5). This is located in the Ig fold of
G1 (Fig. 6). TH14 also showed reactivity, to a lesser extent,
with the 19-kD CNBr peptide (HGIED....) which exhibits
some homology at its amino-terminal end with a sequence at
the carboxy-terminal end of the 15-kD CNBr peptide namely
SD/QATLE (Fig. 5).

The exact sequences of the THS and TH14 epitopes are
now being characterized. Neither of these CNBr peptides of 19
and 15 kD contained detectable KS by immunoblotting of
CNBr-digested G1 with anti-KS mAb (Fig. 4). In addition,
keratanase treatment of CNBr-digested G1 did not alter the
mobility of the 19- and 15-kD peptides on SDS-PAGE (data
not shown).

Cleavage of G1 by CNBr also led to an increased respon-
siveness of both THS and TH14 to G1 compared with native or
keratanase-digested G1 presented by viable APC (Table I).
Keratanase digestion of CNBr-treated G1 did not further en-
hance the reactivity over that to CNBr-treated G1 alone (data
not shown). This was anticipated since KS is not present in the
CNBr peptides recognized by THS and TH14 as shown above.
Moreover, both the CNBr peptides were presented by fixed
APC to the T cells (Table I) indicating that removal of KS by
cleavage of core protein led to recognition and binding of pep-
tides by these T cell hybridomas without digestion mediated
by APC. Further cleavage of antigen cannot be ruled out since
this could be mediated either extracellularly or intracellularly
by the T cell hybridomas.

Uptake of radiolabeled G1 domain by APC is enhanced by
removal of KS from the interglobular domain: degradation is
unaffected. Rapid enhanced cellular binding and/or uptake

Figure 4. Localization of THS

and TH14 epitopes on CNBr pep-
tides of G1. CNBr-digested G1
was run on 12.5% SDS-PAGE
and transferred onto PVDF. (A)
Aurodye staining. (B) Reactivity
*k of THS to individual fragments.
(C) Reactivity of TH14 in re-

sponse to individual CNBr frag-

A - B
kD  NATVE NN
3
24 - \
o
n.- 1 *
155 -
14> S
e £ , T T 11
:.’é:. g 0 10 20 30 40 50
< %5 Si
3
k=]
o
g
<

Cellular Immunity to G1 Globular Domain of Aggrecan and Arthritis

ments. Amino-terminal se-

S| quences of the G1 CNBr
fragments are HGIED for the
THS reactive peptide (*) and
EGEVF for the TH14 reactive
peptide (**).
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BOVINE G1 Figure 5. Bovine G1 sequence
TH14—» showing locations of the TH5 and
VEVSEPDNSLSVSLREPSPLRVLLGSSLTIP[CYFIDPMHPVTTAPTTAPL 52 TH14 cyanogen bromide pep-
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7

tides. This is based on references

-—T

110 28,29, and Neame, P.J., and L.C.

_______ Rosenberg, unpublished data.
3 R 170 Black arrows are CNBr cleavage
230 sites. CNBr peptides recognized

by TH5 (19 kD) and TH14 (15
290 kD) are indicated. Putative KS
8 attachment sites (shaded boxes)
350 are based on the porcine G1 se-
quence (reference 11). The loca-
tions of the I-C-6 epitope se-
quence are also indicated (open

INTERGLOBULAR DOMAIN

boxes) (reference 31). The cysteines are boxed and numbered from the amino terminus to permit comparison to Fig. 6. Sequence homologies in

the THS and TH14 peptides are underlined.

was observed (time 0) after addition of radiolabeled G1 after
removal of KS (Fig. 7 a). In a representative experiment this
was observed both in the absence (Fig. 7 @) and the presence
(Fig. 7 ¢) of NaNj; used to inhibit endocytosis. Thus this in-
creased uptake is due mainly to cell surface binding. On subse-
quent incubation at 37°C, this enhanced binding (*NaNj)
without KS was maintained (Fig. 7, a and c¢), reaching a maxi-
mum by ~ 15 min and reducing thereafter up to 60 min.

The net difference in binding and rate of uptake subse-
quently remained essentially unchanged up to 480 min. When
NaN; was present to permit cellular binding and yet prevent
sodium azide-sensitive endocytosis, binding was increased for
G1+KS and more so for G1—KS up to 15 min and did not
markedly increase thereafter (Fig. 7 ¢). However, binding of
G1 was always enhanced after removal of KS. Thereafter the
differences in the amount bound remained constant. When up-
take/binding of G1 lacking KS (—KS) was examined in the
presence and absence of NaN;, we noted in separate experi-
ments a reproducible transient peak of enhanced uptake in the
absence of NaNj; at 15 min which was never observed in the
presence of NaNj (Fig. 7 b). This would appear to represent a
transient enhanced endocytosis (inhibitable by NaN;) over and
above the enhanced cell surface binding shown in Fig. 7 ¢ (seen

15kD (TH14)
Ig fold

nuees®®®

A
w

with NaNj3). Subsequently, a steady state is reached. When KS
remained on G1 there was no significant change in uptake in
the presence of NaNj (Fig. 7 d). Thus, removal of KS from G1
resulted in increased binding to APC which accounted for the
increased uptake seen in the absence of NaN; (Fig. 7 b).

When binding to the APC surface in the absence of NaN;
was examined by treating cells with trypsin to remove cell sur-
face-bound G1 we found that at 30 min ~ 65-75% of G1-KS
was removed with trypsin. This did not change significantly
with time. This value compared very well with the experiment
shown in Fig. 7, a—d, where we showed that at 30 min ~ 65—
75% of the G1 lacking KS bound in the presence of NaN; com-
pared with that noted in its absence. In this case, the propor-
tion of NaNj-inhibitable binding of the total increased with
time. Thus, these experiments clearly show that removal of KS
leads to enhanced APC association of G1 and that this in-
volves primarily cell surface binding which results in enhanced
endocytosis. These results were reproduced in a subsequent
repeat experiment.

We also examined loss of G1 from APC to see if this is in-
fluenced by KS. When cells were incubated with radiolabeled
G1=KS for 30 min at 37°C, washed, and incubated in the ab-
sence of further G1 to determine loss/digestion of G1, we ob-

Q B 1-C-6 epitope
A CNBr cleavage site (selected)
nn Disulfide bridges

R
Z

10: :
f KS-rich
NH, ) 1 domain []

| G3
domain

CS-rich

domain - COH

Figure 6. Diagrammatic repre-
sentation of the G1 globular
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domain. This demonstrates

the locations of CNBr peptides
containing the THS (19 kD)
and TH14 (15 kD) epitopes
and the location of the 1-C-6
epitope and some of the KS at-
tachment sites in the interglob-
ular domain (modified from
reference 31).
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Figure 7. Influence of KS on uptake of G1 by APC. Uptake of
15-G1 by nonirradiated spleen APC determined with (—) and with-
out (+) removal of KS mainly involves binding to the cell surface.
Cells were cultured with (+) or without (—) NaNj3 (V;). Comparisons
are made for uptake of (¢) G1=KS—Nj, (b) G1-KS=N3, (¢)
G1=KS+Nj3, and (d) G1+KS=N;. Experimental points represent the
means of duplicate determinations. Error bars are shown.

served that 'I-G1 was progressively lost from the cell and that
the rate of loss of G1 (loss of TCA-precipitable undigested G1
from cells) was similar in the presence and absence of KS (Fig.
8). Counts of TCA-insoluble '»I-G1+KS were reduced by
~ 50% within 30 min and much more slowly thereafter. Rela-
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Figure 8. Rate of loss of »’I-G1 bound to and endocytosed by APC.
Radiolabeled G1£KS was bound to APC for 30 min and cells were
washed to remove unbound G1*+KS. They were incubated at 37°C
and the TCA insoluble and soluble G1 were determined with time.
Experimental points represent the means of duplicate determina-
tions. Error bars are shown.

tively few counts were present in the TCA-soluble (digested)
form regardless of time. Thus, the presence of KS had no de-
tectable effect on digestion of G1 in these APC.

Induction of arthritis: clinical characterization. Mice re-
ceived a maximum of five injections of each antigen. However,
when arthritis appeared and persisted in a mouse, injections of
that animal ceased. Injection of native (non—glycosidase-treated)
bovine G1 globular domain bearing KS chains produced ar-
thritis in only one animal (Table II and Fig. 9). When CS or KS
was removed from bovine PG, arthritis was only detected in
1-2 of 20 mice and mean disease severity was low. Moreover,
onset was late (mean of day 107). This lack of ability of bovine
PG to induce arthritis confirms our earlier studies (3). How-
ever, removal of both KS and CS from PG increased the inci-
dence of arthritis for PG to 5 of 20. Yet the mean severity (2.9)
was low. But when KS was removed by keratanase from G1
(G1—KS) and it was injected at a lower molar concentration

Table I1. Induction of Arthritis in BALB/c Mice: Comparison
of Bovine G1 Globular Domain with Bovine PG

Mean day
Antigen (pg protein per injection) of onset Mean severity Incidence

G1 native (25) 76 7.0 1/23
G1-KS removed (25) 67 11.7 14/21
Bovine PG (100) 0 0 0/20
Bovine PG (100) CS removed 107 2.0 2/20
Bovine PG (100) KS removed 84 6.0 1/20
Bovine PG (100) CS + KS removed 86 2.9 6/20
Bovine PG (100) CS removed plus

G1 — KS removed (25) 66 12.9 14/20
Bovine PG (100) CS removed

plus G1 native (25) 0 0 0/9

Maximum total injections was five. Injections ceased when arthritis first
appeared. G1 was prepared from calf articular cartilage and bovine PG
was from adult nasal cartilage.
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Figure 9. Induction of arthritis in mice injected with the G1 globular
domain. Injections, incidence, and onset of arthritis in mice injected
with native G1, G1 treated with keratanase (G1—KS) (A), bovine PG
both native (BPG) and keratanase-treated (BPG —KS), chondroiti-
nase ABC-treated (BPG —CS), and treated with both glycosidases
(BPG—CS+KS) (B).

than PG, 14 of 21 mice developed an arthritis of high severity
and earlier onset (Table II and Fig. 9). It was first noted after
only two injections (Fig. 9). This contrasted strikingly with the
lack of arthritis induced by native G1. Arthritis was character-
ized by early swelling of front and/or hind paws (Fig. 10). No
specific pattern was noted.

The combination of CS-depleted PG with native G1 was
examined to determine whether epitopes on the core protein
of bovine PG other than those on G1 could contribute to ar-
thritis development. This produced no arthritis, but when this
CS-depleted PG was mixed with G1 lacking KS, the incidence,
onset, and severity of arthritis was very similar to that seen
with KS-depleted G1 alone (Table II). PG lacking CS and KS
injected with G1 was not studied. These results point to only a
role for G1 in arthritis induction.

These observations clearly demonstrate the capacity of the
G1 globular domain of PG to induce arthritis but only after re-
moval of KS. Thus, KS can markedly inhibit arthritis induction
and this is also seen in the case of intact PG where an inhibi-
tory effect for CS is also seen in fetal human molecules lacking
KS (3). The arthritis that developed with these antigens was
severe for G1 and moderate for PG (Table II). It was chronic
and persisted from the time of its first appearance for a period
of up to 100 d when the animals were killed (to meet the re-
quirements of the local animal care committee).

Histology. Histological examination of swollen joints 8-17
wk from onset confirmed the presence of an active erosive in-
flammatory arthritis. Swollen front (Fig. 11) paws and knees
(Fig. 11, B and C) contained an abundance of mononuclear
cell and polymorphonuclear leukocyte infiltration both in and
around joints. Erosive destruction of cartilage and bone was
commonly observed in both front and rear paws and in knees
(Fig. 11, B-D). In the latter case the presence of a strong syno-
vitis with formation of pannus over degenerating cartilage was
noted. Knee joints often contained polymorphonuclear leuko-
cytes in joint cavities although they are not so apparent in
Fig. 11 B.

Spondylitis was also observed as a mononuclear cell infil-
tration around the intervertebral discs in the base of the tail
(Fig. 12, B and C). This was observed at the time of the poly-
arthritis. It started immediately adjacent to the annulus (Fig.
12 B), was usually bilateral, and was characterized by a strong

Figure 10. Photographs to show development of arthritis by G1 globular domain. (A) Normal and (B) swollen arthritic hind paws 18 d after ap-

pearance of arthritis after injection of G1 depleted of KS. Bar, 4 mm.
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Figure 11. Histology of arthritis in the appendicular skeleton. 6-wm sections were stained with hematoxylin and eosin and show (A) normal
knee, (B and C) arthritic knee, and (D) arthritic front paw after injection of G1 depleted of KS. The strong synovitis in B 55 d after onset in-
cludes pannus formation and loss of cartilage from the tibial plateau. A higher power view of the cellular pannus tissue is shown in C 20 d after
onset. The intense mononuclear cell infiltration in D is at 115 d after onset. Bars, A, B, and D, 100 pm; C, 50 pm.
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Figure 12. Histology of spondylitis in the axial skeleton. 6-pm sections were stained with hematoxylin and eosin and show (A) normal interver-
tebral disc at the base of the tail showing the central nucleus and the surrounding annulus and the cartilaginous endplates. In B and C are shown
intervertebral discs of mice injected with G1 depleted of KS to show, at 120 d after onset of arthritis, (B) the early mononuclear cell infiltration
adjacent to the annulus and (C) a more advanced pathology in the same site. Bars, 100 pm.

cellular infiltration of adjacent tissue (Fig. 12, B and C). Un-
like in diarthrodial joints, polymorphs were usually absent.

Discussion

Our earlier studies linking cellular immunity to aggrecan, the
major proteoglycan of cartilage, with the development of ar-
thritis in BALB/c mice (3, 4, 6) raised the important question
of the location of the arthritogenic epitope(s) responsible for
induction of this experimental disease. The present study dem-
onstrates that the isolated G1 globular domain of the bovine
molecule, when depleted of KS, can potently induce arthritis
of high severity and chronicity which includes a spondylitis of
the kind previously observed with human fetal PG. That the
arthritogenic epitope(s) responsible for this arthritis is located
in the G1 domain is further indicated by the lack of enhance-
ment when PG depleted of CS chains was included in the im-
munization with G1 depleted of KS.

The work that lead to the identification of the G1 globular
domain resulted from careful analyses of in vitro responses of
two T cell hybridomas THS and TH14 which recognize distinct
epitopes on both human fetal and adult PG (9) and use differ-
ent T cell receptors (9). These epitopes are clearly present on
the G1 globular domain and KS is also bound to core protein
associated with this domain. The presence of KS can also di-
minish in vitro responsiveness of these cells to the G1 globular
domain and the intact PG molecule. Denaturation of G1 by re-
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duction and alkylation or partial removal of KS by digestion of
PG or G1 with keratanase or complete removal of KS by
CNBr cleavage of the core protein of the G1 preparation can
each enhance reactivity of these T cells to both PG and G1 in
vitro. The consequence of this is reflected in vivo by the induc-
tion of arthritis by G1 after KS is removed by keratanase.
Since, on a molar basis, these in vitro effects of keratanase are
similar (compare Figs. 1 and 3), it is likely that the KS chains
present in association with the Gl domain primarily account
for these inhibitory effects on T cell recognition and identify
the inhibitory effect of KS on induction of arthritis observed in
KS-rich adult PG molecules (3).

Whereas calf G1 globular domain (carboxy terminus de-
fined by the last cysteine residue, see Fig. 5) may or may not
contain KS, the G1-G2 interglobular domain of porcine aggre-
can can contain up to two O-linked KS chains on threonine
residues at positions 352 and 357 (11). Similarly the G1-G2 in-
terglobular domain of calf aggrecan may also bear KS chains
(Figs. 5 and 6). These would be located on CNBr fragments
other than those recognized by THS and TH14 explaining the
enhanced responsiveness after CNBr cleavage. Moreover, the
gel electrophoretic mobilities of the CNBr peptides recognized
by THS and TH14 did not change after keratanase treatment,
and they did not stain with the two anti-KS antibodies.

Keratan sulfate on G1 or PG could theoretically inhibit an-
tigen presentation by APC at the levels of binding and endocy-
tosis, intracellular compartmentalization (receptor mediated



or not), enzymatic digestion in endosomal compartments in
APC (27, 30) and/or binding to MHC class II molecules, and
presentation to T cells. Our studies of G1 uptake reveal that
partial removal of KS by digestion of this GAG clearly en-
hances binding to the APC cell surface (shown by trypsin re-
moval of cell surface-bound material and by uptake in the
presence of NaNj to block endocytosis). Endocytosis is also
transiently enhanced when KS is removed. However, the rate
of digestion of G1 by APC is unaffected by the presence of KS.
Thus, the enhanced T cell response resulting from the removal
of KS is associated with increased binding to and endocytosis
by APC.

That carbohydrates can inhibit epitope recognition by T
cells, as well as by antibody (31), was revealed recently when
oligosaccharides attached to an ovalbumin epitope were found
to inhibit T cell recognition of the epitope (32). Oligosaccha-
rides present on glycoproteins have also been shown previ-
ously to protect glycoproteins from proteolytic degradation by
preventing accessibility of proteinases to the core protein (33,
34). KS chains in the region of the G1 domain may also protect
this region against attack by extracellular proteinases but not
by intracellular proteinases since digestion rates within cells
were comparable. The presence of KS could inhibit proteolytic
cleavage and release of the immunoreactive G1 epitopes by
extracellular proteinases.

Our data allow for the possibility that the presence of re-
ceptors for KS on APC could negatively influence cellular up-
take to APC and presentation to T cells. The CD44 receptor
for CS and hyaluronate is present on liver endothelial cells
(35) and this or a similar type of receptor could bind KS. The
observed enhanced binding of G1 to the cell surface on re-
moval of KS suggests that if such a receptor for KS exists on
these cells it may retard G1 binding and/or uptake to APC
rather than causing increased endocytosis. Also, KS may in-
hibit binding if this is via a receptor-mediated binding to the
core protein of aggrecan G1 domain.

Heterogeneity in KS content of G1 described earlier (10,
11) may explain why the differences in T cell recognition of na-
tive versus KS-depleted G1 are more quantitative than qualita-
tive, and explain why T cell reactivity to native G1 increases
with concentration. Molecules may exist which do not contain
KS in some domains. It is well known that KS content varies
considerably with age and in arthritis, increasing with age (8)
and decreasing in disease (36). In the latter case this would fa-
vor immune reactions to the G1 domain.

In immature bovine cartilage, KS is located in the inter-
globular domain between the G1 and G2 domains (9, 11, 37).
In mature cartilage it is also present in the G1 globular domain
in the A, B, and B’ subdomains (37). Fetal cartilage is gener-
ally lacking or deficient in KS compared with the adult (7, 8).
The presence of KS can be viewed as protective against the de-
velopment of immunity to this region of the molecule even
when it is denatured or only partly degraded. This is borne out
by our present observation that removal of KS leads to induc-
tion of arthritis. Moreover, our earlier observation shows that
human adult (3) and bovine (4) PG (rich in KS) depleted of CS
could not induce arthritis, whereas human fetal PG (lacking
KS) depleted of CS could induce arthritis also points to this
protection by KS. However, in the present study we show that
adult bovine PG from adult cartilage could induce arthritis in
some mice but only when KS as well as CS chains are removed.
Clearly both CS and KS inhibit production of arthritis, but

since only KS is associated with the G1 domain, removal of
this GAG alone confers on G1 the capacity to induce arthritis.

CNBr cleavage (mimicking proteolysis in vivo) also pro-
duced KS-free peptides bearing the epitopes recognized by
these T hybridomas. This also enhanced the T hybridoma re-
sponses. Since even fixed APC could present these large CNBr
peptides, T cell hybridomas themselves may mediate further
cleavage of larger peptides produced by extracellular proteoly-
sis. Extracellular proteolysis leading to the release of G1 is
known to result in the generation of fragments of this molecule
which include the Gl globular domain (hyaluronic acid binding
region) (38). Clearly, sites of proteolysis would be critical in
determining whether fragments are produced bearing T cell
epitopes that do or do not contain KS and that are small
enough to be presented without further proteolysis such as
that produced by CNBr. Such extracellular proteolysis could
also result in loss of conformation and hence function (hyal-
uronic acid binding) of the G1 domain as we have shown pre-
viously in synovial fluids of patients with arthritis (38). A loss
of conformation induced by reduction and alkylation clearly
also enhanced T hybridoma responses to G1. But the removal
of KS by keratanase further enhanced the response to the de-
natured molecule. Thus, loss of conformation and loss of KS
can independently enhance T hybridoma responses and pro-
teolysis would likewise be expected to influence T cell re-
sponses in vivo by producing fragments lacking conformation
with or without KS.

Proteolytic cleavage of PG in cartilage often involves a pri-
mary cleavage in the interglobular domain between G1 and
G2 leading to the release of the majority of the PG molecule
(39, 40). G1, in association with LP, ordinarily remains bound
to hyaluronic acid and is thereby retained and becomes con-
centrated in the adult extracellular matrix of articular carti-
lages (41). In chronic rheumatoid arthritis there is likely a sim-
ilar enrichment of this G1 globular domain in cartilage, as is
also observed in synovial fluid (38, 42). Whether arthritogenic
epitopes may be produced would be determined by the cleav-
age of core protein which could result in the presence or ab-
sence of KS on fragments bearing potentially arthritogenic
epitopes recognized by T lymphocytes. Whether these immune
responses to aggrecan, which are observed in rheumatoid ar-
thritis in children and adults (1, 2), are of importance in the
pathogenesis of these diseases remains to be established.
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