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Abstract
Objective
To determine whether YKL-39, a recently cloned secretory protein of articular chondrocytes, is arthritogenic in mice.

Methods
Recombinant YKL-39 (r YKL-39) was expressed and purified from E. coli. To induce arthritisin mice, rYKL-39 (1, 10
or 50 gin Freund’sincomplete adjuvant) was injected into the right footpad of mice fromfour different strains
(BALB/c, DBA/1J, C57BL/6 and ICR). The mice received a second immunization with rYKL-39 by intradermal
injection into the root of the tail 10 days after the first immunization. Severity of arthritis was assessed by scoring
each paw on a scale from 0 to 4. Sxty days after the first immunization, the mice were sacrificed and the joints were
examined by immunohistochemistry and radiography. The anti-YKL-39 and anti type I1-collagen (Cll) antibody
titres were also assayed using ELISA.

Results
I mmuni zation with YKL-39 induced arthritisin all strains of mice tested, among which BALB/c was most susceptible.
Histological examination showed synovial proliferation and irregularity of the cartilage surface in YKL-39-injected
BALB/c mice. Moreover, radiographic analysis revealed pathological changes in these mice. The YKL-39-immunised
mice produced not only anti-YKL-39 antibody but also antibody against type Il collagen, suggesting a spreading of
autoimmunity after YKL-39.

Conclusions
YKL-39, a cartilage-related protein, is found to induce arthritis accompanied by pathologic changes in bone and
cartilage. A better understanding of the immune response against cartilage-related components including YKL-39
may help to elucidate the pathological processes of arthritic disorders.
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Introduction

Recent reports have increasingly sug-
gested that immune responses to major
or minor articular joint-derived compo-
nents might lead to arthropathy in ani-
mals and human beings. Type Il colla
gen (Cll), the major component of ar-
ticular cartilage, is widely recognised
to cause inflammatory arthritis when
injected into susceptible animals (1).
Collagen-induced arthritis (CIA) has
clinical and pathological features simi-
lar to human rheumatoid arthritis (RA)
and is therefore commonly considered
to be an animal model of RA. In addi-
tion, other cartilage-derived proteinsin-
cluding aggrecan, link protein, human
chondrocyte glycoprotein-39 (HC gp-
39) (YKL-40 or chondrex), cartilage
oligometric matrix protein (COMP),
and cartilage intermediate layer protein
(CILP) were reported to induce arthri-
tisin animals (2-5). These observations
support the notion that specificimmune
responses directed against articular
component can arise, and that such re-
sponses might play arole in the patho-
genesis of arthritis.

YKL-39, a protein anaogous to HC
gp-39, has been identified as a secreto-
ry protein in conditioned medium of
human chondrocytes (6). YKL-39 con-
tains the N-terminal sequence YKL,
and has 52% amino acid and 56% nu-
cleotide sequence homology to HC gp-
39, which is a candidate autoantigen in
RA. HC gp-39, which is synonymous
with YKL-40 or Chondrex, belongsto
the chitinase family and is a candidate
autoantigen in RA (3), whereas YKL-
39 lacks glutamate in its active site and
in it no chitinase activity has been de-
tected. YKL-39 mRNA isfound mainly
in chondrocytes and, to lesser extent, in
synoviocytes, the lung, and the heart
(6).

Recently, we have reported that a sub-
set of RA patients had antibody against
YKL-39 using a recombinant YKL-39
protein (rYKL-39) (7). We showed that
the production of anti-YKL-39 anti-
body was independent of an anti-HC
op-39 response, suggesting that these
two closely-related proteins are recog-
nized differently in RA patients (7).

344

This finding implies that autoimmunity
to YKL-39 might beinvolved in the pa-
thogenesis of arthropathies as well as
HC gp-39. However, to date, the func-
tion of YKL-39 has not been clarified.
Because HC gp-39 is arthritogenic in
BALB/c mice (3), it seems likely that
YKL-39isdsoapotent inducer of arth-
ritis in susceptible animals. This hypo-
thesis was tested in the present study.

Materials and methods

Mice

Female BALB/c, DBA/1], ICR, C57
BL/6 and ICR mice were purchased
from Nippon SLC (Tokyo, Japan).
They were maintained under routine
laboratory conditions (23-25°C, rela
tive humidity 60% with a 12-hour
light-dark cycle) with standard rodent
food and water ad libitum, and were
acclimatised for at least 1 week in stan
dard housing before studies were initi-
ated. All mice were 9 weeks old at the
time of initial immunization.

Preparation and isolation of
recombinant YKL-39

The entire coding cDNA of the YKL-
39 gene was obtained from cultured
HCS-2/8 cells (a human chondrosarco-
ma cell line) (8) by a reverse transcrip-
tase polymerase chain reaction (RT-
PCR) technique as described previous-
ly (7). The amplified DNA was then
subcloned into the EcoRI and Sall sites
of the plasmid pMAL-His in order to
generate YKL-39-MBP protein (7). For
use in the ELISA, YKL-39 was aso
fused to glutathione S-transferase
(GST) using plasmids of pMal-eHis
and pGEX-4T-1 (9). These plasmids
were expressed in the Escherichia coli
(E. coli) strain pop-J 2104 (TOYOBO
CO., LTD.). The recombinant proteins
were purified from bacterial cell lysates
following published procedures (7),
and checked by sodium dodecyl sulfate
polyacrylamide gel electrophoresis
(SDS-PAGE) with Coomassie staining.
The concentration of the fusion protein
was determined from its absorbance at
280 and 260 nm, which was corrected
for background activity at 320 nm
using appropriately diluted samples.
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Fig. 1. Preparation of recombinant proteins

(a) Constructs of YKL-39 fuson proteins. The en- ©
tire cDNA of human YKL-39 (top) and 3 frag-

ments that encode F1 [390 base pairs (bp),mole-

cular weight (MW) 13.9kD], F2 (390bp, MW 13.9 c
kD) and F3 (402bp, MW 14.4kD) are shown. Toblm ™ S i
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recombinant proteins were separated by 8% TRl —= = = R
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Fig. 2. Severity of YKL-39-induced arthritis. Arthritiswas clinically evaluated using arthritic scores as
described in Materials and Methods: (a) BALB/c, (b) DBA/1J, (c) C57BL/6, and (d) ICR. Ten mice
were immunized with YKL-39 and 10 with MBP in BALB/c. Ten mice were immunized with YKL-39
and 5 were immunized with MBP in the other strains. Differencesin the arthritis scores between YKL-
39 immunized mice and controls (MBP) were analyzed by Student’s t-test. Values are shown as the
average+ SE. *P<0.05, **P < 0.01.
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In addition to the entire protein, YKL-
39 was further divided into three frag-
ments designated F1 (390bp), F2 (390
bp) and F3 (402bp), respectively (as
shown in Fig. 1a). The nuclectide se-
guences of the primersfor PCR were as
follows:

F1 sense: 5'-TTTGGATCCTACAAA-
CTGGTTTGCTACTTTACC-3,
antisense: 5'-AAAGTCGACAGTGA-
AATGAGTGTTTTCTTTCTG-3,

F2 sensee 5-TTTGGATCCGTAA-
GCTGGATCTACCCAGATCAG-3,
antisense: 5 -AAAGTCGACGTGCC-
CATATGTGGGGATGCCCAT-3', and
F3 sense: 5'-TTTGGATCCATGCCA-
TCAGAGAAGGTGGTCATG-3',
antisense: 5'-AAAGTCGACCAAGG-
AGCCAAGGCTTCTCTTGAC-3'.
Nucleotide sequences of the PCR prod-
ucts were confirmed by sequencing.
Each cDNA fragment was then sub-
cloned into the expression vector
pTHT-eHis, which carries six straight
histidines (His), at the C-terminus of
multiple cloning sites for affinity puri-
fication (10). From these constructs, re-
combinant proteins containing an N-
terminal fusion to a thioredotoxin
(THT) and a C-terminal histidine tag
were produced in E. coli.

Induction of arthritis

One, 10, or 50 g of rYKL-39 was
mixed with Freund's incomplete adju-
vant (FIA) at 1:1 and injected intracuta
neously into the right footpad. Control
mice of each strain received the same
amount of the fusion partner, MBP,
with FIA. Ten mice were immunized
with rYKL-39 and MBP in BALBI/c,
and 10 mice were immunized with
rYKL-39 and 5 were immunized with
MBP in the rest of the strains. After 14
days, the mice were injected with the
same amounts of the protein intracuta-
neously into the root of the tail. Then,
the mice were observed daily for the
incidence of arthritis by trained
research assistants who were blinded to
the treatments, and the severity of
arthritis was assessed according to a
published scoring method (3, 11) as
follows: 0 = no change, 1 = mild but
definite redness and swelling of the
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Fig. 3. YKL-39-induced arthritis in BALB/c
mice. (a) The right foot pad of a control mouse
immunized with 50 g of rMBP and (b) the
right foot pad of aYKL-39 (50 g)-immunized
BALB/c mouse 30 days after the first immuniza-
tion.

ankle, 2 = moderate to severe redness
and swelling of the ankle, 3 = redness
and swelling of the entire foot includ-
ing the digits, 4 = maximal inflam-
mation of the entire foot including the
digits. All the mice were observed for
60 days after the first immunization.
Animal care was in accordance with
institutional guidelines.

Enzyme linked immunosor bent assay

Microwell plates (Cook, Dynatech,
Alexandria, VA) were coated overnight
at 4°C with 2.0 g per well of rYKL-
39 or rGST in 100 mM carbonate
buffer (pH 9.4). Thereafter, the plates
were washed 8 times with phosphate-
buffered saline (PBS, at pH 7.4) con-
taining 0.05% Tween-20 (PBST), and
blocked with PBST containing 3%
BSA for 1 hr at room temperature, and
then washed again. To absorb the non-
specific activity against bacterial pro-
tein and rGST, the murine serum sam-
ples were pre-incubated with bacterial
lysate containing non-recombinant
pGEX-His products, and then incubat-

Fig. 4. Histopathologic findings in the paws of BALB/c mice.

Histological findingsin the interphalangeal joint of acontrol mouse immunized with 50 g of MBP.
(a) The interphalangeal joint of amouse immunized with 50 g of YKL-39 showed synovia prolifer-
ation (arrow) and an irregular articular surface (arrowhead)

(b) Accumulation of mononuclear cells was found in the synovial tissue of a YKIL-39 immunized

mouse (large arrowhead)

(c) Findingsin the contralateral (left) paw showed mild proliferation of synovial tissue (arrow)
(d) AC: Articular cartilage, B: Bone. BM; Bone marrow, ST: Synovial tissue. The magnification of

panel ¢ was 100 and of the other panel was 40.

ed in the coated wells in triplicate for
16 hr at 4°C. After washing, the plates
were incubated for 1 hr with HRP-con-
jugated anti-mouse-1gG (Zymed Labo-
retories, Inc.), washed again and react-
ed with o-phenylenediamine as a sub-
strate. After the reaction was terminat-
ed by the addition of 9N H,SO,, absor-
bance at 492 nm was measured using a
Titertek Multiscan (Biorad). For each
sample, the OD value for rGST was
subtracted from the OD value for the
fusion protein to obtain the corrected
OD values (OD sample*). The reactivi-
ty of each serum to the fusion protein
was expressed in units according to the
formula: sample (binding units) = [OD
sample */ (mean OD sample* + 3 SD
of normal sera)] x 100. According to
this formula, 100 binding units is the
cut-off point.

Antibody to type Il collagen (Cll) was
also titred. For this purpose, purified
bovine CIl (Biological Chemical Labo-
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ratory, Osaka, Japan) was used to pre-
coat microwell plates, and ELISA was
performed as described above.

Cellular proliferation to fragments of
YKL-39

Five BALB/c mice from each immuni-
zation group were randomly selected
for the cellular proliferation assay.
Mice were sacrificed at the end of the
observation period by cardiac evacua-
tion, and peripheral blood mononuclear
cells (PBMC) were separated from the
collected blood samples using a stan-
dard gradient centrifugation method
with Ficoll-Pague (Pharmacia Biotech
AB, Uppsala, Sweden). The mononu-
clear cells were maintained in RPMI
1640 medium supplemented with heat-
inactivated 10% fetal calf serum.

The proliferative response of PBMC
against fragments of YKL-39 (F1, F2
or F3) or rTHT was quantified using
the [*H]-labeled thymidine assay, which
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(b)

(d)

Fig. 5. Radiographs of the immunized BALB/c mice. Roentgenogram of the injected paws of mice
immunized with 50 g of MBP (a, b) and rYKL-39 (c, d) are presented. Anteroposterior views (panel
aand c) and lateral views (panel b and d) are shown. The swelling of soft tissue (arrow) and irregular-
ity in the metatarsal articular cartilage (arrow head) are shown in panel ¢ and d. In panel d, bony pro-

jections are clearly visible (BP).

has previously been described in detail
(12). The assay was done in triplicate,
and the response to each fragment was
calculated by subtracting the thymidine
incorporation for rTHT from each
value for the respective fragment used.

Histopathologic analysis

At the end of the study, mice were sac-
rificed and their paws were removed,
fixed with 10% formalin, and decalci-
fied for 24 h. Subsequently, they were
dehydrated in graded alcohol concen-
trations, and processed for embedding
in paraffin wax. Each section through
the joint wascut at 6 m on a micro-
tome and stained with hematoxylin and
eosin.

Radiographic analysis

The hind limbs of the sacrificed mice
were removed and fixed in 10% forma
lin. Radiographs of the fixed limbs
were taken in the anteroposterior and

lateral plane orientations using X-rays
(Hitachi, Japan) at 2 mA and 35 kV for
1 second. Film (Fuji fine-gain film)
was processed by a Fuji automatic film
developer (Fujifilm, Japan).

Satistical analysis

The values were analysed by Student’s
t-test to compare the differences be-
tween groups.

Results

Expression of recombinant YKL-39

In this study, we prepared YKL-39 asa
recombinant fusion protein expressed
in E. coli (Fig. 14). For the first experi-
ments, recombinant protein correspon-
ding to the entire YKL-39 sequence
was prepared as a fusion with either
MBP or GST (Fig. 1b and c). Three
fragments of YKL-39 (F1, F2 and F3)
fused with THT were also prepared,
which had the expected molecular
weights shown in Figure 1c. These pro-
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teins were therefore considered to be of
sufficient purity to use in the following
examinations.

Arthritogenicity of YKL-39 in mice

Our previous study suggested an invol-
vement of the immune response to
YKL-39in RA (7). Therefore we inve-
stigated whether immunization with
YKL-39 could cause arthritis in mice.
For this purpose, mice from four differ-
ent strains (BALB/c, C57B/6, DBA/1J,
and ICR) were immunised with rYKL-
39 and the severity of arthritis was as-
sessed. After the second immunization,
90.9% of ICR mice and 100% of mice
from the other strains started to develop
joint redness and swelling within 2
weeks. Interestingly, arthritis devel-
oped only in the injected paws and not
in the remote joints in al the strains
tested. Therefore the arthritis score re-
presents the change in the injected
paws. Although MBP induced swell-
ing, YKL-39 immunization resulted in
significantly more severe arthritis (Fig.
2). However, each strain showed a dif-
ferent clinical pattern of arthritis. For
example, significant arthritis was ob-
served up to day 28 in C57BL/6 mice
(Fig. 2¢), while it continued for longer
in BALB/c mice (Fig.2d). Thus,
BALB/c mice were shown to be most
susceptible to YKL-39 (Fig. 2a) among
thefour strains. In this strain, the arthri-
tis persisted significantly for about 60
days after immunization.

Figure 3 shows the typical appearance
of arthritis in a YKL-39-immunised
BALB/c mouse, where marked redness
and swelling around the joint is visible
(Fig. 3b). A control mouse is shown in
Figure 3a. Based on these results, we
used susceptible BALB/c mice in the
following assays.

Histopathologic and radiographic
analysis

The paw joints of arthritic BALB/c
mice were analysed histologically at 60
days after theinitial immunization with
rYKL-39 or MBP. Compared to the
control mice (Fig. 4a), the joints of
rY KL-39-immunised mice showed sy -
novial proliferation and irregularity of
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Fig. 6. Antibody production against rYKL-39 and type 11 collagen in the sera of YKL-39 immunised

mice.

(a) A comparison of the humoral responses to rYKL39 in each group is shown. Titers of anti-YKL-39
antibody were very low in control mice (MBP) and in mice immunized with1 g of YKL-39, where-
astitersin miceimmunized with 10 and 50 g of rYKL-39. Serawere diluted 1:2000. (b) Production
of anti-type Il collagen antibody at day 60 is shown. Only the sera of mice immunized with 10 and 50
g of rYKL-39 had raised levels compared to the sera of control (MBP) mice. Sera were diluted 1:10.
Values are given as the mean + SE. Statistical analysis was done by Student’s t-test. *P < 0.05,**P <

0.01.

the articular surface (Fig. 4b). Follicu-
lar accumulation of mononuclear cells
was observed in the synovia tissue of
the ankle joints (Fig. 4c). Although
swelling was not observed clinically,
very mild synovia proliferation was
found in the left hind paw (contralater-
al paw) of YKL-39-immunised mice
(Fig. 4d and ).

To evaluate damage to the bone, we
further performed radiographic analy-
sis of the joints (Fig. 5). Compared to
control mice (Fig. 5a, b), YKL-39im-
munised mice showed marked swelling
of the soft tissug irregularity of the me-
tatarsal bone and bony projections
which were considered to be an arthrit-
ic reaction (Fig. 5c, d). These findings

clearly indicated that immunization
with YKL-39 induced not only inflam-
mation but also bony destruction in
BALB/c mice. No abnormal findings
were found in the joints remote from
the injected paws in the radiologic
investigation.

Antibody production against YKL-39
and CIl in immunised mice

Because arthritis was induced follow-
ing immunization with rYKL-39, we
investigated whether there was a spe-
cific immune response to rYKL-39 in
these immunised BALB/c mice. The
presence of 1gG antibody specific for
ryYKL-39 was measured by ELISA in
serially collected serum samples. As
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shown in Figure 6a, immunised mice
were found to produce anti-YKL-39
antibody during the course of the dis-
ease. The antibody production response
was dose-dependent; the titre was high-
er in the serum of mice receiving 50
gof YKL-39, whereas it was negligi-
ble in mice immunised with 1 g of
the protein (Fig. 6a). In each case, the
antibody titre peaked at day 40, shortly
after the maximal arthritic score was
noted (Fig. 2a).
Because YKL-39 is a human cartilage-
derived protein, it is of interest to ask
whether immunity to YKL-39 might
trigger autoimmunity to other cartilage
components such as Cll. To address
this issue, we measured the titres of
anti-Cll antibody in the sera of BALB/
¢ mice 60 days after the first immu-
nization. The responses were very low
in mice immunized with MBP and low
doserYKL-39 (1 @), whereas signifi-
cantly higher titres were shown in mice
immunised with 10 and 50 g of
rYKL-39 (Fig. 6b). This result suggests
that the production of autoantibody to
Cll was induced after the onset of
arthritis.

Proliferative response of PBMC to
YKL-39 fragments

Finally, we investigated the presence of
cellular immune responsesto rYKL-39
in these arthritic mice. For this purpose,
three fragments (F1, F2 and F3) of
rY KL-39 were synthesized, and there-
sponses of PBMC from un-immunized
or immunised mice to these fragments
were measured using [3H]-thymidine
incorporation. As can be seen in Figure
7, PBMC from mice immunised with
rYKL-39 showed a higher proliferative
response to the F1 fragment than other
fragments (F2, F3).

Discussion

In this study, we have demonstrated
that immunity to a recombinant protein
of the recently cloned gene YKL-39in-
duced inflammatory arthritis with joint
destruction in mice. Although the func-
tion of YKL-39 is still unknown, our
results are thefirst to describe its arthri-
togenicity and possible involvement of
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Fig. 7. Proliferative response of PBMC to Y KL-39 fragments.

Proliferative responses of PBMC obtained from Y KL-39-immunised mice (n = 5) , MBP immunized
mice (n = 5) and non-immunized mice (n = 6) were measured by thymidine incorporation against YKL-
39 fragments. The response to the F1 fragment was significantly higher in PBMC from YKL-39 immu-
nized mice compared to PBMC from MBP immunized mice and non-immunized mice. Similarly,
response of PBMC from YKL-39 immunized mice was higher to F1 fragment than F2 and F3 frag-
ments. Values are the mean + S.E. Differences between groups were analyzed by Student’ st-test. *P <

0.05, **P < 0.01.

this cartilage-related protein in arthro-
pathy.

YKL-39wasfirstidentified asaprotein
secreted from cultured human chon-
drocytes (6) and it accounted for 4% of
protein secreted into conditioned medi-
um of chondrocytes in vitro. Two mu-
rine chitinase-like proteins, Brp39 and
Y m1, were known (13). However, their
amino acid homologies to YKL-39 are
49% and 45% respectively and their
localization and function have not been
thoroughly investigated. Therefore, it
remains to be determined which self-
component is recognised in the affected
arthritic joints after immunization with
recombinant human'Y KL-39.

The arthritis induced by immunization
with YKL-39 represents a novel animal
model of inflammatory arthropathy;
however, it differs from established
models such as CIA in several respects.
First, arthritis of the model reported
here was restricted to a single paw,
whereas CIA causes severe pol yarthri-
tis. Secondly, the arthritis was quite
mild; Histological examination reveal-
ed that YKL-39-induced arthritis was
quite mild compared to CIA in terms of
the degree of synovial proliferation, in-
filtration of mononuclear cells, and

bone and cartilage destruction as shown
by histological examination. One of the
reasons is considered to be the amount
of antigens; YKL-39 or its murine
homologue, if any, seems to comprise
only a minor part of the joint tissue,
whereas Cll is a major component of
cartilage which is abundantly expres-
sed in the joint. Antigenicity of epi-
topes in YKL-39 is aso implicated in
the intensity of the immuologic res-
ponse. However, YKL-39 immuniza-
tion triggered autoimmunity to Cll
(Fig. 6), suggesting that immunity to
minor proteins might trigger an initial
event for the induction of severe arthri-
tis in which major components would
be subsequently targeted in some con-
ditions.

We examined arthritis induction in four
different strains of mice and found that
BALB/c mice were the most suscepti-
ble to YKL-39-induced disease and for
the longest time. For CIA, it has been
reported that the H-2q (e.g. DBA1/J)
and H-2r hapl otypes determine suscep-
tibility (14), whereasH-2d (BALB/c) is
resistant (15) to arthritis. In addition,
BALB/c mice did not produce antibody
against Cll after immunization with
proteoglycan (16). Thus, it seems that
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the MHC restriction for the YKL-39-
induced arthritis model is different
from previously reported models. As
murine T cells responded to recombi-
nant human YKL-39, especially to the
F1 fragment (Fig. 7), it is possible that
an autoantigen homologous to the F1
region of human YKL-39 exists, and
that activated T cells cross-react to mu-
rine self antigen. In addition, it could
be hypothesised that the immune res-
ponse to the murine YKL-39 homolo-
gue induced another autoimmunity
against Cll (Fig. 6). Taken together, it
is suggested again that an immune res-
ponse to a minor articular component
would lead to the spread of autoimmu-
nity to more major components in the
joint.

To date, no mouse protein homologous
to human YKL-39 has been found and
no homology has been detected be-
tween the F1 region of human YKL-39
and previously reported arthritogenic
antigens. Therefore, it is possible that
the F1 fragment may contain an as yet
unreported antigenic epitope which is
responsible for arthritis induction.

In conclusion, we have demonstrated
the arthritogenicity of cartilage-related
protein derived from the recently clon-
ed YKL-39 genein mice. We have also
documented cellular and humoral res-
ponsesto recombinant YKL-39in these
immunised mice. Cartilage-derived se-
cretory proteins, including YKL-39,
may be targets for autoimmune res-
ponses in the joints and such immunity
may further develop into destructive
arthropathy. Identification of such car-
tilage-related proteins and characterisa
tion of the autoimmune responses
against them would help further our un-
derstanding of the pathogenesis and
pathophysiology of human arthropa
thies such as RA.
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