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fibroblasts, thereby negatively regulating the expression of
MMP gene in antocrine and paracrine fashion. In this regard, it
should be pointed out that the addition of exogenous OPN
down-regulated the MMP-13 expression in cultured tendon
fibroblasts of WT mice. Similarly, the addition of OPN to
cultured tendon fibroblast of OPN-deficient mice resulted in the
down-regulation of MMP-13 expression. Thus, we favored the
scenario in which a sharp reduction of OPN expression at day 5
after stress deprivation played a critical role in the subsequent
induction of MMP-13 expression. We reasoned that the re-
duction of OPN expression in tendon tissue of WT mice made it
difficult to maintain the interaction between tendon fibroblasts
and OPN in situ, thus inevitably resulting in the abrogation of
interaction between OPN and its receptor on fibroblasts. To
mimic this environment, we added synthetic peptide GRGDS,
which interferes with the interaction of OPN with its receptor, to
the cultured fibroblasts of WT mice and found that MMP-13
expression was significantly up-regulated, however, control
peptide GRGES was without effect. In accordance with our

results, it was previously reported that IL-1 stimulated MMP-2 -

expression in cultured cardiac fibroblasts and this stimulation
was significantty reduced by OPN. Importantly, the OPN effect
was abrogated by an integrin antagonist, indicating that OPN’s
interaction with its receptor inhibited IL-1-stimulated MMP
expression (Xie et al., 2003). We further demonstrated that the
anti-arv integrin antibody, which also interferes with the binding
of OPN to its avP3 integrin receptor, also significantly
augmented MMP-13. expression when added to the cultured
tendon fibroblasts of WT mice. One may argue that anti-integrin
antibodies and antagonistic peptides may activate integrins
(Carron et al., 2000; D’Alonzo et al., 2002; Humphries et al.,
2005). Therefore, we attempted to inhibit the interaction of OPN
and its receptor by using anti-OPN antibodies. We found that
anti-OPN antibody (M5), which interferes with the binding to
integrin, but not the control antibody (M3), up-regulate MMP-
13 expression. It should be reminded that OPN can be
specifically recognized by numbers of cell surface receptors
including CD44, RGD-recognizing integrins such as a531 and

avB3 and non-RGD-recognizing integrins such as a4p1 and .

‘a9B1 (Weber et al., 1996; Uede et al., 1997; Katagiri et al.,

1999; Yamamoto et al., 2003; Diao et al., 2004). Other MMPs"

might be involved in this remodeling process after stress
deprivation. The lack of OPN interaction with its receptor, due
to the decreased OPN protein expression by anti-sense OPN, led
to the increased MMP-2 expression in mammary epithelial cells
(Ronziere et al., 2005). However, we found that MMP-2
expression did not differ in the absence or presence of OPN
during the course of tendon tissue remodeling.

One critical issue that should be discussed here is the ra-
tionale why the level of MMP-13 expression in cultured
fibroblasts of OPN-deficient mice was not significantly higher
as compared to those of wild-type fibroblasts if OPN negatively
regulated MMP-13 expression. It is possible that cultured
fibroblasts of OPN-deficient mice was stimulated by OPN in
calf serum in culture, although we changed the culture condition
to serum-starved condition prior to MMP-13 assay. In ac-
cordance with this hypothesis, MMP-13 expression in cultured

fibroblasts of OPN-deficient mice was further down-regulated
by the addition of exogenous OPN. Nevertheless, the ab-
rogation of this interaction by M5 antibody, significantly up-
regulated MMP-13 expression in cultured fibroblasts of OPN-
deficient mice. More importantly, in vivo MMP-13 expression
was up-regulated in tendon of OPN-deficient mice at day 14
after denervation-induced stress deprivation, although this up-
regulation was considerably low as compared to those in WT
mice. Taken together, these data suggest that the reduction of
OPN expression, thus abrogation of pre-existing interaction
between OPN and tendon fibroblasts may play akey role during
tendon remodeling by regulating MMP-13 expression.

Osteopontin could also suppress collagen synthesis or induce
fibroblast apoptosis, thereby modulating remodeling process.
We demonstrated that collagen synthesis as defined by type I
collagen gene expression was significantly reduced in tendon
after stress deprivation. However, importantly, the collagen
synthesis did not differ significantly between stress deprived
tendon and contralateral loaded tendon, indicating that sup-
pression of collagen synthesis may not account for the decrease
in collagen fibril diameter after stress deprivation. We were also
unable to detect apoptotic cells during the course of tendon
remodeling.

Based on these results, we postulate the following scenario
for tendon remodeling caused by denervation-induced mechan-
ical stress deprivation. Stress deprivation of the tendon initiates
a dynamic change of OPN expression in fibroblasts, which
induces MMP-13 gene expression, resulting in the degradation
of the tendon ECM. Thus in tendon remodeling, OPN may act
as a transducer of the mechanical stress to the tendon fibroblasts
(Denhardt et al., 2001a). It is therefore possible to control the
remodeling process of musculoskeletal soft tissues by manip-
ulating OPN local expression or interfering in the interaction of
OPN with its receptor.

4. Experimental procedures
4.1. Animals

"Osteopontin-deficient (OPN™") mice were generated
according to the previous study (Rittling et al., 1998). Six-
week-old male OPN ™'~ mice backcrossed 9 times to C57BL/6
mice and age-matched B6 male WT mice were used in the
experiments. The animal experiments were carried out in the
Institute of Animal Experimentation, Hokkaido University
School of Medicine, under the Rules and Regulations of the
Animal Care and Use Committee, Hokkaido University School
of Medicine.

4.2. Real-time quantitative RT-PCR analysis of OPN, MMPF,
and type I collagen transcript expression

To examine the change of OPN mRNA expression during the
course of tissue remodeling, the patellar tendons from the stress
deprived right knee in WT mice were removed at days 0, 1, 3,5,
7, 14, and 42 after surgery. Similarly, the patellar tendons from
the control left knee in WT mice were removed at days 0, 3, 7,
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14, and 21. To clarify the alteration of MMP-2, -13, and Type 1
collagen mRNA, the patellar tendons from bilateral knees in WT
mice were removed at days 0, 3, 7, 14, and 21 after surgery. Total
RNAs were prepared from patellar tendons, and first-strand
c¢DNA was generated with a First-strand cDNA synthesis kit
(Amersham Biosciences, Uppsala, Sweden). Real-time quanti-
tative RT-PCR was performed on LightCycler-FastStart DNA
Master SYBR Green 1 Systems (Roche Diagnostics, Basel,
Switzerland). The specific primers used in this study were as
follows: the sense primer for OPN was 5’-ACGACCATGA
GATTGGCAGTG-3’ and the anti-sense primer was 5'-TTAG
TTGACCTCAGAAGATGA-3’. The sense primer for MMP-2
was 5'-AGATCTTCTTCTTCAAGGACCGGTT-3’ and the
anti-sense primer was 5-GGCTGGTCAGTGGCTTGGGG
TA-3'. The sense primer for MMP-13 was 5’-CATCCATCCC
GTGACCTTAT-3' and the anti-sense primer was 5'-GCATG
ACTCTCACAATGCGA-3'. The sense primer for Type I col-
lagen was 5'-TTTGTGGACCTCCGGCTC-3’ and the anti-

sense primer was 5-AAGCAGAGCACTCGCCCT-3’. The

sense primer for G3PDH was 5’-ACCACAGTCCATGCCAT
CAC-3’ and the anti-sense primer was 5-TCCACCACCCTG
TTGCTGTA-3'.

Values in gene expression level of OPN, MMPs, and type I
collagen were normalized to those of G3PDH in each tendon
sample. For kinetics of gene expression values at day 0 (before
surgery) are expressed as 1. The preliminary study indicated
that G3PDH gene expression levels were not altered after
denervation.

4.3. Immunbhistochemistry

Four-micrometer-sections of formalin-fixed and paraffin-
embedded mouse tendon tissues were made and deparaffined in
xylene, treated with 0.3% hydrogen peroxidase to block en-
dogeneous peroxidase activity. For OPN staining, these sections
were then stained with anti-mouse OPN rabbit IgG (O-17; IBL,
Gunma, Japan), followed by a DAKO EnVision+ system
(DAKO, Carpinteria, CA) as specified by the manufacturers.
For macrophage staining, the sections were stained with anti-
macrophage rat monoclonal, F4/80 antibody (Serotec Ltd,
Oxford, UK) and then biotinylated anti-rat IgG (H+L) (Vector
Laboratories, Inc., Burlingame, CA). After washing, the sec-
tions were treated with ABC complex (Vector Laboratories,
Inc.). Positive staining was visualized by the peroxidase-
diaminobenzidine (DAKOQ, Carpinteria, CA) reaction and the
sections were counterstained with Meyer’s hematoxylin.

4.4. Terminal deoxynucleotidyltransferase-mediated dUTP end
labeling (TUNEL)

TUNEL assay was conducted by using an in situ Apoptosis
Detection Kit according to the manufacturer’s instruction
(Takara Bio Inc., Otsu, Japan). Briefly, the sections were in-
cubated with 15 pg/ml proteinase K for 15 min at room
temperature and then washed with PBS. Endogenous peroxi-
dase was inactivated by 3% H,0, for 5 min at room temperature
and then washed with PBS. Multiple fragmented 3’-OH ends in

the sections were labeled with digoxigenin-dUTP in the pres-
ence of terminal deoxynucleotidyltransferase (TdT) in a humid
atmosphere at 37 °C for 90 min, and then washed with PBS.
Peroxidase-conjugated anti-digoxigenin antibody was then
reacted with the sections at room temperature for 30 min.
Apoptotic nuclei were visualized using the peroxidase-DAB
reaction. The sections were then counterstained with methyl
green. TUNEL-positive cells in the sections were counted under
a light microscope (x 200).

4.5. OPN protein secretion

To determine the secretion of OPN protein from tendon
fibroblasts, OPN protein levels in culture supematant were
measured with an OPN ELISA kit (Kon et al, 2000)
according to the manufacturer’s instructions (IBL, Gunma,
Japan). Briefly, patellar tendons of WT mice and OPN ™" mice
were plated in the medium and cultured for 20 days. Culture
supernatants of 2nd passage fibroblasts (1 x 10* cells/ml) were
collected and subjected to an ELISA analysis. Absorbance at
450 nm was measured with a microplate reader (Bio-Rad,
Richmond, CA).

4.6. Quantitative analyses by transmission electron microscopy

(TEM)

WT mice and OPN ™~ mice were used for this analysis. At 10,
20 and 42 days after femoral nerve transection, the patellar
tendons from both knees in each mouse were removed. A 1 mm-
thick specimen sliced perpendicular to the longitudinal axis of
the patellar tendon axis was cut from each block, and fixed in
glutaraldehyde and osmium tetroxide. The specimen was de-
hydrated and embedded in epoxy resin. Ultrathin sections,
approximately 80 nm, were cut perpendicular to the longitudinal
axis of each specimen. The sections were stained with uranyl
acetate and lead citrate for transmission electron microscopy
(JEM-100CX, Nihon Denshi, Tokyo, Japan). For quantitative
analyses, a randomly selected electron micrograph was takenata
final magnification of x30,000. The diameters of all collagen
fibrils in a 4 pm? area chosen from each micrograph were
measured using an image analysis software (Win Roof; Mitani
Corporation, Tokyo, Japan). A histogram of the diameters of the
collagen fibrils for each patellar tendon was obtained from
summation of the results of the analysis. For each group, an
average histogram was made by calculating the histogram data
obtained. The ratio of the total cross-sectional area of collagen
fibrils to the whole visualized area was defined as the fibril
occupation ratio, and this value was calculated for each patellar
tendon. The fibril occupation ratio, and the number of collagen
fibrils in a 1 pm? were also measured using image analysis
software.

4.7. Purification of OPN protein
Chinese hamster ovary (CHO) cells stably transfected with

murine OPN cDNA were established. Culture supernatant of
transfectants was applied to a formyl-cellulofine column
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(Seikagaku Kogyo, Tokyo, Japan) coupled with purified IgG
from rabbit immunized with synthetic peptide, KSRSFQVSDE
QYPDATDE (referred to as M3 antibody). Eluted fraction with
0.2 M glycine-HCI, pH 2.5 was immediately neutralized and
dialyzed against PBS and was referred to as mOPN/CHO. OPN
concentration was quantified with OPN ELISA kit (IBL,
Gunma, Japan).

4.8. Cell culture of fibroblasts

Fibroblasts were isolated from the patellar tendons of B6
male WT mice and OPN™'~ mice at various time points after
surgery as described previously (Nagineni et al., 1992). The
culture medium used in the present study was made from TIL
medium (IBL, Gunma, Japan) supplemented with 10% fetal calf
serum. The cells (2x10* cells/ml) were serum-starved and
GRGDS peptide (100 pg/ml, ASAHI TECHNO GLASS Co.,
Tokyo, Japan), GRGES peptide (100 pg/ml, ASAHI TECHNO
GLASS Co., Tokyo, Japan), anti-av integrin antibody (Ab)
(RMV7) (50 pg/ml, PharMingen, San Diego, CA), control anti-
rat IgG (50 pg/ml, West Grove, PA), M5 Ab (30 pug/ml), M3 Ab
(30 pg/ml), or mOPN/CHO protein (10 pg/ml) was added and
incubated for 48 h. Total RNA from cells was extracted and
MMP-13 mRNA expression was measured by real-time PCR.

4.9. Anti-OPN antibodies

The M5 Ab was generated by immunizing rabbit with a
synthetic peptide, VDVPNGRGDSLAYGLRS, corresponding
to the internal sequence of mouse OPN and could inhibit the
interaction of OPN with its receptors as described previously
(Yamamoto et al., 2003). The M3 Ab does not interfere with the
binding of OPN to its receptors.

4.10. Statistical analysis

All data were represented as mean=+SE. Significant differ-
ences between two groups were determined with using an
unpaired Student’s r-test. The significance level was set at 0.05.
*P<0.05 versus control; **P<0.001 versus control; NS, not
significantly different.
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A Novel DNA Vaccine Targeting
Macrophage Migration Inhlbltory Factor Protects J oints From
Inflammation and Destruction in Murine Models of Arthritis

Shin Onodera,’ Shigeki Ohshima,! Harukazu Tohyama,! Kazunori Yasuda,' Jun Nishihira,?
Yoichiro Iwakura,® Ikkei Matsuda,* Akio Minami,! and Yoshikazu Koyama'

Objective. Previous studies have demonstrated =~

that neutralization of macrophage migration inhibitory
factor (MIF) by anti-MIF antibodies decreases joint
inflammation and destruction in a type II collagen-
induced arthritis model in mice. The aim of this study
was to develop and describe a simple and effective
method of active immunization that induces anti-MIF
autoantibodies, which may neutralize MIF bioactivity.

Methods. We developed a MIF DNA vaccine by
introducing oligonucleotides encoding a tetanus toxoid
(TTX) Th cell epitope into the complementary DNA
sequence of murine MIF. Mice were injected with this
construct in conjunction with electroporation. The abil-
ity of this immunization to inhibit the development of
collagen antibody—induced arthritis (CAIA) in BALB/c
mice and spontaneous autoimmune arthritis in
interleukin-1 receptor antagonist (IL-1Ra)-deficient
mice was then evaluated.

Results. Mice that received the MIF/TTX DNA
vaccine developed high titers of autoantibodies that
reacted to native MIF. Compared with unvaccinated
mice, vaccinated mice also produced:less serum tumor
necrosis factor « after receiving an intravenous injec-
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tion of llpopolysacchande In addmon, vaccmatlon with
MIF/TTX DNA resulted in significant amelioration of
both CAIA in BALB/c mice and symptoms of auto-
immune arthritis in IL-1Ra-knockout mice.

Conclusion. These results suggest that MIF/TTX
DNA vaccination may be useful for ameliorating the
symptoms of rheumatoid arthritis.

Recent reevaluation of macrophage migration
inhibitory factor (MIF) has suggested that MIF may be
an important mediator of various inflammatory diseases.
In particular, increasing evidence suggests that MIF
plays a key role in the pathogenesis of rheumatoid
arthritis (RA) (1). For example, we previously reported
that in the rheumatoid synovium, MIF is expressed
exclusively in synovial T cells, and that MIF levels in
joint fluid are much higher in patients with RA than in
patients with osteoarthritis (OA) or normal volunteers
(2). Moreover, MIF is known to induce macrophages to
produce tumor necrosis factor @ (TNFa) and nitric
oxide (3) and has been shown to up-regulate. matrix
metalloproteinases and cyclooxygenase 2 messenger
RNA in rheumatoid synovial fibroblasts (4,5). Further-
more, MIF-deficient mice are protected from antigen-
induced arthritis and arthritis induced by anti-type 11
collagen antibodies (collagen antibody-induced arthritis
[CAIA]) (6,7). In addition, both the synovial expression
of MIF and polymorphisms in the MIF gene promoter
have been reported to correlate positively with disease
activity in RA (8,9). These observations strongly suggest
that MIF plays an important role in the pathomecha-
nism of RA. ‘

Monoclonal antibodies to MIF have been shown
to inhibit joint inflammation profoundly in rodent mod-
els of RA (10,11). However, the therapeutic utility of
such monoclonal antibodies is limited by 1) the massive
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amounts of antibody that must be injected each time
(which could generate transient undesirable local and
systemic reactions); 2) the short duration of the protec-
tive effects because of a lack of immune B cell memory,
which necessitates frequent injections; and 3) the fact
that either humanized antibodies (which are usually of
low affinity) or heterogeneous antibodies (the repeated
administration of which will probably generate an anti-
antibody response) would have to be used (12). To
overcome these limitations, researchers have sought to
develop therapeutic vaccines that will elicit autoantibod-
ies against target proteins such as cytokines or patho-
gens.

The aim of the current study was to develop a
vaccine that would generate endogenous anti-MIF anti-
bodies. This was achieved by constructing the MIF/
tetanus toxoid (TTX) DNA vaccine, which encodes a
variant of murine MIF (mMIF), the second loop of
which is replaced by a promiscuous Th cell epitope from
tetanus toxin. The ability of this vaccine to inhibit the
development of arthritis was tested in 2 different murine
arthritis models. One of these models is CAIA, which is
induced in BALB/c mice by injection with a cocktail of
anti-type II collagen monoclonal antibodies followed by
an injection of lipopolysaccharide (LPS). This is a self-
limiting arthritis, the symptoms of which last for ~3—4
weeks after administration of the monoclonal antibod-
ies. The other model involves interleukin-1 receptor
antagonist (IL-Ra)-deficient mice, which at ~5 weeks of
age spontaneously develop an autoimmune polyarthritis
that is characterized by enhanced levels of serum auto-
antibodies against immunoglobulin, type II collagen,
and double-stranded DNA. In close to 100% of the mice
in both models, arthritis develops in the limb joints.

MATERIALS AND METHODS

Mice. BALB/c mice (4 weeks old) were purchased
from Sankyou Laboratory Service (Shizuoka, Japan) and were
maintained under specific pathogen—free conditions. IL-1Ra—
knockout mice were generated as previously described (13).
All animal procedures were conducted according to the guide-
lines of the Hokkaido University Institutional Animal Care
and Use Committee under an approved protocol. Female adult
mice (4 weeks of age) were used in each experiment.

Construction of the MIF/TTX expression plasmid.
Murine MIF complementary DNA (cDNA) was cloned into
the mammalian expression vector pPCAGGS (14). To generate
an immunologically active MIF antigen, an MIF variant whose
second loop region is replaced by a TTX Th cell epitope was
designed. For this purpose, the cDNA region that encodes the
second loop of mMIF (amino acids 32-37 [GKPAQY]) was
deleted from the MIF cDNA and substituted with an Eco RI
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Figure 1. Design and antigenicity of the macrophage migration inhib-
itory factor (MIF)/tetanus toxoid (TTX) DNA vaccine. A, Design of a
DNA construct that expresses a murine MIF (mMIF) variant, the
second loop of which bears a promiscuous Th cell epitope from TTX.
To generate this construct, mMIF cDNA was cloned into the mam-
malian expression vector pPCAGGS, after which the second loop region -
of MIF cDNA was substituted with the Th cell epitope. B, Expression
and antigenicity of wild-type (WT) MIF and MIF/TTX DNAs. COS-7
cells were transiently transfected with the DNA constructs expressing
either WT MIF or MIF/TTX, and their lysates were analyzed by
Western blotting using rabbit anti-mMIF antibody. Resulits are repre-
sentative of 3 independent experiments.

site by standard polymerase chain reaction-based techniques.

Complementary DNA encoding the TTX p30 Th cell epitope
(FNNFTVSFWLRVPKVSASHL) (15) with an Eco Rl site at
both termini was obtained by hybridization of partially over-
lapping oligo. DNAs (sense, GAATTCAACAACTTCAC-
CGTGAGCTTCTGGCTGCGCGTGCCCAA; anti-sense,
GGAATTCCAGGTGGCTGGCGCTCACCTTGGGCACG-
CGCAGCCAGA) and subsequent polymerization with the
Klenow fragment of DNA polymerase. After digestion with
Eco RI, the p30 cDNA was inserted into the Eco Rl site of the
MIF expression plasmid (Figure 1), and a clone bearing a
correctly oriented insert was selected. The MIF/TTX plasmid
DNA was then purified by alkaline lysis followed by 2 rounds
of CsCl density-gradient ultracentrifugation. This preparation
was used for animal vaccination.

Analysis of in vitro expression of MIF/TTX. COS-7
cells were transfected with either the expression plasmid for
wild-type (WT) MIF or MIF/TTX by using Effectene trans-
fection reagent (Qiagen, Valencia, CA) according to the
method recommended by the manufacturer. After 24 hours,
the cells were lysed with 1% Nonidet P40/20 mM Tris HCl, pH
7.6/20% glycerol/l mM EDTA/1 mM phenylmethylsulfonyl
fluoride. The extracts were then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and blotted onto
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polyvinylidene difluoride membranes, which were subse-
quently blocked with 3% skim milk and then incubated with
rabbit anti-MIF antibody. After reacting the membranes with
horseradish peroxidase (HRP)—conjugated donkey anti-rabbit
antibody, the MIF protein was visualized by using a chemilu-
minescence system (Amersham, Arlington Heights, IL).
Intramuscular DNA injection and electroporation.
Gene transfer into muscle by electroporation was performed
essentially as described previously (16). Mice were anesthe-
tized with ether and shaved around their hind legs, after which
a pair of electrode needles (5-mm gap and 0.5-mm diameter;
Nepa Gene, Chiba, Japan) were inserted into an anterior tibial
muscle, and the DNA vaccine (25 ug/25 pl 0.9% saline) was
injected into the portion between the needles. Three electric
pulses (S0V and 50 msec) were applied by using an electric
pulse generation system (T820 and Optimizer 500; BTX, San

Diego, CA) and were followed by another 3 pulses with. .

inverted polarity. The other tibial muscle was then also in-
jected and subjected to electroporation. As a’ result, each
mouse received 50 pg of the naked plasmid. A similar vacci-
nation procedure was repeated 3 weeks later.

Evaluation of anti-MIF antibody titers in sera from
DNA-vaccinated mice, Anti-MIF titers in plasma were deter-
mined by direct enzyme-linked immunosorbent assay
(ELISA). Briefly, individual plasma samples from vaccinated
mice were collected from the tail vein and diluted with 0.1%
bovine serum albumin/phosphate buffered saline (PBS)/0.05%
Tween 20. Small aliquots of diluted plasma (1:200) were added
to 96-well flat-bottomed plates precoated with recombinant
mMIF. The serum anti-MIF antibodies that reacted with the
precoated MIF were detected by HRP-conjugated goat anti-
mouse antibody, followed by color development with a sub-
strate reagent (Techne, Minneapolis, MN). Antibodies raised
in the vaccinated animals were also tested for their ability to
compete with a specific mouse monoclonal antibody for MIF
antigen. Thus, microtiter plates were precoated with the
anti-MIF monoclonal antibody XIV.14.3 (a kind gift from Dr.
Richard Bucala, Yale University). The pooled plasma samples
from animals that had been vaccinated with the MIF/TTX
vaccine or the control pCAGGS plasmid were serially diluted
and preincubated with recombinant mMIF. The reaction mix-
tures were then added to the microtiter plate, incubated for 1
hour, and washed. The amount of MIF bound by the XTV.14.3
monoclonal antibody was then determined by serial incuba-
tion, first with biotin-labeled rabbit anti-MIF antibody and
then with HRP-conjugated biotin—streptavidin complex (Am-
ersham).

Measurement of serum TNFa. It has been reported
that, compared with untreated mice, mice treated with a
polyclonal anti-MIF antibody produce less serum TNF« after
intravenous injection with LPS (17). We tested whether the
anti-MIF antibodies raised by MIF/TTX DNA vaccination
have the same suppressive activity. Thus, 6 weeks after ad-
ministering the MIF/TTX vaccine or the control pCAGGS
construct once to 4-weck-old BALB/c mice, each mouse
was injected intravenously with 200 pl of a mixture of LPS
(0111:B4; 1ug/ml) and D-galactosamine (60 mg/ml). Blood
samples (5 ul) were then collected from the tail vein every 1.5
hours, and serum concentrations of TNFa were measured by
using a mouse TNFa ELISA kit (BioSource, Camarillo, CA)
according to the manufacturer’s protocol.
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Initiation of CIA and evaluation of arthritis. Arthritis
antibody kits were obtained from Immuno-Biological Labora-
tories (Gumma, Japan), and arthritis was induced according to
the manufacturer’s instructions (18). Briefly, 2 weeks after
receiving their second DNA immunization, BALB/c mice were
injected intraperitoneally with a mixture of 4 anti-type II
collagen monoclonal antibodies (2 mg each), followed by
intraperitoneal injection with 50 ug of LPS (0111:B4) 3 days
later (day 0). The incidence of arthritis was judged macro-
scopically by examining each joint for swelling and redness on
days 1, 3, 7, 14, and 21, as described previously (19), and each
joint was graded as follows: grade 0 = normal, grade 1 = light
swelling of the joint and/or redness of the footpad, grade 2 =
obvious swelling of the joint, and grade 3 = severe swelling and
fixation of the joint. The arthritis score was calculated for all 4
limbs; thus, the maximum possible score for each mouse was 12
points. : .

Evaluation of arthritis in JL-1Ra-knockout mice. IL-
1Ra-knockout mice were vaccinated once with MIF/TTX (n =
16) at the age of 4 weeks. Control mice were injected once with
the pCAGGS vector (n = 5) or endotoxin-free saline (n = 6).
The anti-mMIF titers in sera were assessed every 2 weeks, as
previously described. The clinical parameters assessed were
the percentage of arthritic mice, the arthritis score, and paw
swelling. The arthritis score was evaluated as described above.
Paw swelling was assessed by measuring the thickness of the
affected hind paws with 0-10-mm calipers (Mitutoyo, Kana-
gawa, Japan). ,

Histopathology. BALB/c mice given anti-type II colla-
gen monoclonal antibodies were killed under anesthesia on
day 14, while IL-1Ra—knockout mice were killed 16 weeks after
being given the DNA vaccine. The whole hind limbs of the
mice were harvested, fixed in 4% paraformaldehyde in PBS,
decalcified in EDTA, and then embedded in paraffin. Serial
sagittal sections were subjected to hematoxylin and eosin
staining for histologic analyses. For IL-1Ra—knockout mice,
Safranin O and fast green/iron hematoxylin staining was added
to estimate the loss of cartilage proteoglycan. Moreover, MIF
protein expression was examined by immunohistochemistry
using an anti-MIF antibody, as described previously (6).

Statistical amalysis. For statistical analysis, one-way

_ factorial analysis of variance was performed, followed by

Fisher’_s protected least significant difference as a post hoc test.

RESULTS

Design of the MIF/TTX vaccine and analysis of
its in vitro expression. We constructed a DNA vaccine
that encoded an mMIF variant whose second loop
region was replaced with a promiscuous foreign Th cell
epitope from TTX (FNNFTVSFWLRVPKVSASHL)
(Figure 1A). The second loop region of MIF (aa *’Gly-
37Tyr) was selected for TTX epitope insertion on the
basis of the 3-dimensional structure of MIF (20); re-
placement of this region rather than the other loops
seemed less likely to interfere with the quaternary
structure and antigenicity of the trimeric MIF complex.
The chimeric MIF/TTX cDNA construct was then
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cloned into the expression plasmid pCAGGS. Prior to in
vivo administration, we tested whether this construct
produced the right protein by transiently transfecting
COS-7 cells. As shown in Figure 1B, the chimeric
MIF/TTX protein showed mobility on a sodium dodecyl
sulfate electrophoresis gel similar to that of WT MIF.
Moreover, it was recognized by a rabbit antibody raised
against WT mMIF. Thus, insertion of the foreign Th celi
epitope did not affect expression of the molecule or the
antigenicity of its MIF domain.

Generation of anti-MIF antibodies and produc-
tion of serum TNFa in MIF/TTX-vaccinated BALB/c
mice upon injection with LPS. We tested whether the
DNA vaccine could induce a polyclonal antibody re-
sponse that recognized native MIF. Thus, both tibial
muscles of BALB/c mice were vaccinated intramuscu-
larly with 50 pg of WT MIF, MIF/TTX, or vector DNA
in 0.9% saline, with the aid of electroporation. The
animals were vaccinated twice, 3 weeks apart. As shown
in Figure 2A, by 4 weeks after the first vaccination, the
MIF/TTX-vaccinated mice had autoantibodies that re-
acted to native MIF. In contrast, neither the WT MIF
vaccine nor the vector vaccine raised such MIF-reactive
antibodies until 12 weeks after the first vaccination.
These differences were statistically significant (P < 0.05,
MIF/TTX versus pCAGGS) and indicate that by incor-
porating the TTX Th cell epitope, the .immunologic
tolerance of mice to the MIF self protein is bypassed.

We also tested whether the anti-MIF antibodies
generated by the MIF/TTX DNA vaccine could compete
with a MIF-specific monoclonal antibody for the binding
of native mMIF protein. A competition ELISA revealed
that when the polyclonal serum antibodies from vacci-
nated mice were preincubated with recombinant mMIF,
they could compete with anti-MIF monoclonal antibody
14.3 for binding to the MIF protein (Figure 2B).

It has been shown previously that pretreatment of
mice with a polyclonal anti-MIF antibody effectively -

suppresses the rise in serum TNF« levels that is induced
by a subsequent intravenous injection of LPS (17). Thus,
we tested whether the MIF/TTX vaccine-induced anti-
MIF antibodies would also have the same effect. We
observed that when mice vaccinated once with MIF/
TTX were injected with LPS 6 weeks after the vaccina-
tion, their serum TNFea levels were significantly lower
than those of LPS-treated mice injected previously with
vector DNA (Figure 2C) (P < 0.0001, MIF/TTX versus
pCAGGS). Thus, the anti-MIF antibodies generated by
the MIF/TTX DNA vaccine have antiinflammatory prop-
erties, probably because they inhibit the bioactivity of
endogenous MIF.
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Figure 2. A, Effects of immunization with MIF/TTX DNA on elicita-
tion of autoantibodies that recognize native mMIF. BALB/c mice were
vaccinated twice, 3 weeks apart, with 50 ug of pCAGGS, WT MIF

" construct, or MIF/TTX construct in 0.9% endotoxin-free sterile saline

(n = 5 mice per group). Serum samples from these mice were obtained
at various time points, and anti-MIF antibody levels were measured by
enzyme-linked immunosorbent assay (ELISA), using microtiter plates
coated with recombinant mMIF. * = P < 0.05, MIF/TTX versus
pCAGGS. B, Ability of polyclonal anti-MIF antibodies generated by
MIF/TTX DNA vaccination to compete with anti-MIF monoclonal
antibody 14.3 for binding to recombinant MIF. A competitive ELISA
was performed by preincubating pooled sera from the pCAGGS- or
MIF/TTX-vaccinated mice described in A with recombinant mMIF
and then adding the mixtures to a microtiter plate on which monoclo-
nal antibody 14.3 had been immobilized. C, Effect of MIF/TTX DNA
vaccination on lipopolysaccharide (LPS)-induced rise in serum tumor
necrosis factor @ (TNFa) levels. Mice immunized with MIF/TTX or
vector DNA were injected intravenously with LPS 6 weeks after the
vaccination. Serum TNF« levels were measured by ELISA. Values are
the mean * SEM. #* = P < 0.0001, MIF/TTX versus pCAGGS. See
Figure 1 for other definitions.
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Figure 3. Representative results of histologic analysis of tarsocrural joints from A, saline-
treated, B, pCAGGS-vaccinated, and C, MIF/TTX-vaccinated BALB/c mice on day 14.
Marked changes were observed in specimens obtained from saline-treated and pCAGGS-
vaccinated mice, including synovial hyperplasia, inflammatory cell infiltration, extensive
pannus formation at the cartilage-bone junction, and severe cartilage destruction. Speci-
mens obtained from some of the MIF/TTX-vaccinated mice revealed only slight thickening
and proliferation of the synovial lining, mild inflammatory cell infiltration, no pannus
invasion, and intact bone and cartilage structure. (Original magnification X 200.) D,
Arthritis scores (degree of arthritis in all 4 joints of each mouse) following injection of
lipopolysaccharide (LPS). Values are the mean = SEM. * = P < 0.05, *»* = P < 0.005,
MIF/TTX versus pCAGGS. See Figure 1 for other definitions.

We also attempted to measure the ability of the
immune sera to inhibit the in vitro production of TNFa
by LPS-stimulated peritoneal macrophages. However,
reproducible results could not be obtained, possibly
because the sera interfered nonspecifically with TNFa
production. A similar failure has been reported previously
(21). Nevertheless, these observations together indicate
that immunization with MIF/TTX DNA generated anti-
bodies that can specifically recognize native mMIF and
probably neutralize the bioactivity of this molecule.

Effect of vaccination with MIF/TTX DNA on the
development and severity of CIA. In mice with CAIA,
the endogenous production of MIF is enhanced, and
antibodies to MIF have been shown to profoundly
inhibit joint inflammation (7). Thus, we tested whether

the MIF/TTX DNA vaccine would inhibit the develop-
ment of CAIA in this murine model of rheumatoid
arthritis by immunizing 16 BALB/c mice twice with
MIF/TTX DNA. As controls, we also immunized 6
mice with saline and 5 mice with pCAGGS vector. For
histologic evaluation, 3 groups consisting of 3-4
BALB/c mice, respectively, were prepared as de-
scribed above. Two weeks after the second immuni-
zation, the mice were injected first with anti-type II
collagen monoclonal antibodies and then 3 days later
were injected with LPS.

Histologic analysis of the saline- or pCAGGS-
treated mice on day 14 revealed marked pathologic
changes in the tarsocrural joint tissues; these changes
included synovial hyperplasia, inflammatory cell infiltra-
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Figure 4. The MIF/TTX DNA vaccine inhibits the development of sponianeous autoimmune arthritis in interleukin-1 receptor antagonist
(IL-1Ra)-knockout mice and reduces its severity. Four-week-old 1L-1Ra-knockout mice were vaccinated once with MIF/TTX (n = 16), pCAGGS
vector (n = 5), or endotoxin-free saline (n = 6). A, Anti-mMIF serum titers. B, Percentage of arthritic mice. C, Arthritis score. D, Degree of hind
paw swelling. Values are the mean and SEM. * = P < 0.05; #* = P < 0.0001; *+* = P < 0.001; ¥ = P < 0.005, MIF/TTX versus pCAGGS. See

Figure 1 for other definitions.”

tion, extensive pannus formation at the cartilage-bone
junction, and severe cartilage destruction (Figures 3A
and B). In contrast, histologic sections of the tarsocrural
joints from some of the MIF/TTX-vaccinated mice
revealed only slight thickening and proliferation of the
synovial lining, mild inflammatory cell infiltration, no
pannus invasion, and intact bone and cartilage structure
(Figure 3C). Moreover, among animals examined on
days 3, 7, and 14, the MIF/TTX-vaccinated mice had
significantly lower arthritis scores compared with con-
trols, which indicated that the severity of clinical symp-

toms of arthritis was reduced in these animals (P < 0.05
and P < 0.005, MIF/TTX versus pCAGGS) (Figure 3D).

Effect of vaccination with MIF/TTX DNA on the
development of autoimmune arthritis in IL-1Ra-
knockout mice. We also examined whether the MIF/
TTX vaccine can act to block the severity of spontane-
ous arthritis in IL-Ra-knockout mice. Thus, we
immunized IL-1Ra-knockout mice with MIF/TTX
DNA, pCAGGS DNA, or saline once at age 4 weeks.
Analysis of the anti-MIF antibody titers generated over
time in these mice revealed significantly elevated titers 6
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Figure 5. Representative results of histologic analysns of the effects of vaccination with saline (A, D, and G), pCAGGS (B, E, and H), or macrophage
mlgratlon inhibitory factor/tetanus toxoid (C, F, and I). Ankle joints from interleukin- 1 receptor antagonist (IL-1Ra)-knockout mice were collected
16 weeks after vaccination; and specimens were stained with hematoxylin and eosin (A-C) or Safranin O (D-F), or were immunohistologically stained

with polyclonal anti-MIF antibodies (G-I). (Original magnification X 200.)

weeks after the vaccination; these elevated levels were
maintained for at least another 6 weeks (Figure 4A).
The clinical severity of autoimmune arthritis in the
animals was determined by estimating the arthritis score
and the degree of hind paw swelling. The percentage of
arthritic mice at the indicated time points was also
determined.

Twelve weeks after immunization, the percentage
of arthritic mice among animals vaccinated with MIF/
TTX was reduced to 20%, compared with 100% of mice
receiving saline and 80% of mice immunized with

pCAGGS (Figure 4B). Mice vaccinated with MIF/TTX
also had significantly lower arthritis scores at 6, 8, and 12
weeks after the vaccination (Figure 4C). The mean paw
thickness of the MIF/TTX-vaccinated animals was also
significantly lower at 6, 8, and 12 weeks after vaccination
compared with that of the pCAGGS-vaccinated mice
(Figure 4D). At week 16 after vaccination, histologic
examination of the affected ankle joints from saline-
treated IL-1Ra~-knockout mice revealed severe synovi-
tis, pannus formation, cartilage/bone erosion, and posi-
tive immunostaining for MIF in the synovium and
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pannus (Figures 5A, D, and G). The affected ankle
joints from pCAGGS-vaccinated mice also showed se-
vere synovitis, pannus formation, cartilage/bone erosion,
and positive immunostaining for MIF within the syno-
vium and pannus (Figures 5B, E, and H). In contrast, the
affected ankle joints from MIF/TTX-vaccinated mice
showed only very mild synovitis, cartilage/bone erosion,
loss of Safranin O staining of the cartilage, and immu-
nostaining for MIF (Figures 5C, F, and I).

DISCUSSION

In this study, we have shown that active vaccina-
tion against MIF could be a novel approach for the
treatment of RA and, potentially, other autoimmune
disorders as well. It is well known that RA is associated
with the abnormally persistent production of TNFa and
other proinflammatory cytokines, including interleukin-6
(IL-6), IL-8, and IL-1 (22), in inflamed joint tissue. We
focused on MIF as a therapeutic target for RA for the
following reasons. First, MIF up-regulates TNFa pro-
duction by macrophages (2). Second, MIF-deficient
mice generate lower amounts of inflammatory cytokines
such as TNFa in response to LPS stimulation (23).
Third, medium conditioned by cultured rheumatoid
synovial fibroblasts induces peripheral blood mono-
nuclear cells to release TNFa; this effect is blocked by
anti-MIF antibodies (24). These observations indicate
that MIF may be a key upstream regulator of synovial
inflammation in RA (24). Thus, suppressing MIF activ-
ity may be a more effective manner of treating RA than
is suppression of other inflammatory cytokines.

The pathogenesis of the CAIA model may differ
somewhat from that of RA in that type II collagen—
specific T cells are unlikely to be involved in CAIA;
moreover, the initiation of CAIA also requires injection

with LPS. However, this experimental model of arthritis -
has many advantages, namely, this model can cause

arthritis with 100% probability in many strains of mice
irrespective of their major histocompatibility complex
type and within a short period of time (18). Moreover, it
has been reported that MIF plays an important role in
the pathogenesis of the CAIA model (7,25). However,
this model may not be the best one for evaluating the
therapeutic effect of MIF DNA vaccination over a long
period, because CAIA lasts, at most, 3—4 weeks, which is
too short a time period for such an evaluation.

IL-1Ra is an endogenous inhibitor of IL-1, and
polyarthritis spontaneously develops in IL-1Ra-
knockout mice on the BALB/c background, starting at 5
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weeks of age. By 12 weeks of age, almost all mice have
affected joints (19). The histopathologic features of the
lesions closely resembles those in human RA, because
marked synovial and periarticular inflammation and
articular erosion caused by invasion of granulation tis-
sues are observed. In this model, excess IL-1 signaling
due to the lack of IL-1Ra induces T cell-mediated
autoimmunity that results in joint-specific inflammation
and bone destruction. Therefore, this model, which is
characterized by long disease duration, may be suitable
for evaluating over a long period of time the prophylac-
tic effect of a particular approach. Consequently, we
investigated the effect of MIF/TTX DNA vaccination on
the arthritis in this murine model. Our experiments
revealed that a single vaccination with MIF/TTX DNA
was sufficient to suppress the incidence and severity of
arthritis for at least 12 weeks. o .

How neutralization of MIF suppresses the devel-
opment of arthritis in IL-Ra~knockout mice, which is
caused by excess IL-1 signaling, remains to be eluci-
dated. Horai et al (19,26) reported that the joints of
IL-1Ra-knockout animals have high levels of proinflam-
matory cytokines such as IL-1B, IL-6, and TNFq, and
that inhibiting TNFa function effectively suppresses the -
development of arthritis in these animals. This suggests
that a proinflammatory cytokine network promotes the
development of this autoimmune arthritis. Thus, it is
possible that MIF, which is known to up-regulate the
production of TNFa (3,23,24), may be a prominent
upstream component of this network. This hypothesis
will need to be tested in additional studies.

The Th cell-modified vaccine approach we used
in the current study demonstrates the therapeutic poten-
tial of vaccines that generate immune responses against
pathogenic self proteins. By incorporating a promiscu-
ous foreign Th cell epitope into self proteins, the immu-
nologic tolerance to self proteins can be bypassed (27—

' 29). DNA vaccines represent a novel means of

expressing antigens in vivo that will generate both hu-
moral and cell-mediated immune responses, and the
efficacy of DNA vaccines in preclinical animal models
has been well documented (30). DNA vaccines have an
advantage over recombinant protein vaccines in that the
construction and purification of vectors for DNA vacci-
nation are relatively simple. This approach is thus likely
to increase the speed and decrease the effort required to
develop novel protein vaccines. Moreover, this approach
is useful for rapidly screening potential protein immu-
nogens.

Naked cDNA encoding CC chemokines without
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a Th cell epitope has been shown to elicit autoantibodies
that effectively prevent the development of experimental
adjuvant-induced encephalitis (31). The finding that
autoantibodies could be generated without the help of a
Th cell epitope may be related to the fact that oligo-
nucleotide sequences in the plasmid, such as unmethyl-
ated CpG motifs, have been shown to be able to act as
immune adjuvant, thereby accelerating antigen-specific
immune responses (32). However, Hertz et al (33)
reported that unmodified wild-type murine IL-5 cDNA
failed to elicit antibodies, which is consistent with the
inability of wild-type mMIF cDNA to elicit autoantibod-
ies in the current study. :

Thus, the proper selection of a Th cell epitopé, V

and its insertion into the appropriate sites of the cDNA
may be the key to the successful design of an effective
DNA vaccine. Moreover, DNA delivery and DNA vac-
cine potency may be enhanced by electroporation. Sup-
porting this possibility is the study by Selby et al (34),
who reported that mice injected intramuscularly with a
plasmid showed a 7.3-fold increase in luciferase expres-
sion and 8- to 20-fold enhanced antibody titers when
they had also been subjected to electroporation at the
time of immunization.

Active immunization with the MIF/TTX DNA
vaccine reduced the symptoms of CAIA to the same
extent as did therapeutically injected anti-mMIF mono-
clonal antibodies (7). Our preliminary safety studies, in
which we monitored organ weights and the general
histologic features of selected tissue, including the liver,
kidney, and skin, did not reveal differences between
unvaccinated and MIF/TTX DNA-vaccinated mice
(data not shown). Similarly, significant differences in the
wound-healing ability of mice in the 2 groups were not
detected (data not shown). Additional safety studies,
including hematologic examinations, are under way.

In conclusion, administration of Th cell-modified
MIF DNA is a cost-effective, potentially prophylactic
method of vaccination that can inhibit CAIA and spon-
taneous arthritis in IL-1Ra-knockout mice. Thus, active
vaccination against MIF is a novel approach to the
treatment of RA and possibly other autoimmune dis-
eases as well.
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Abstract

Altered N-glycosylation occurs in many diseases. In rheumatoid arthritis (RA), for example, reduction in galactose residues in IgG and an increase
in fucose residues in al-acid glycoprotein have been observed. To further analyse N-glycans in disease, we show N-glycan profiling from whole
serum employing reversed phase high performance liquid chromatography/negative-ion mode by sonic spray ionization ion trap mass spectrometry
with pyridylamination. Profiles from female 15 RA patients and 18 aged-matched healthy women were compared. The most significant change
seen in RA was decreased levels of mono-galactosyl bi-antennary N-glycans, in agreement with the previous reports regarding IgG. We also show
previously unreported differences between isomers and increased tri-antennary oligosaccharides. These results indicate that LC-MS analysis of
whole serum N-glycans can identify N-glycan alterations in RA and that this is a promising method both for studies of RA mechanisms and

diagnosis.
© 2007 Elsevier B.V. All rights reserved.

Keywords: N-glycan; Serum; Rheumatoid arthritis; LC-MS

1. Introduction

N-Glycans are attached to nascent polypeptides in the endo-
plasmic reticulum and modified in the Golgi apparatus by
numerous glycosidases and glycosyltransferases. N-glycans
function as tags for protein localization and clearance, and their
profiles, structures, and ratios are affected by several physiolog-
ical conditions.

One particularly dramatic oligosaccharide change associated
with disease is reduced galactose in IgG N-glycans seen in
patients with rheumatoid arthritis (RA) [1]. Fucosylation of IgG
[2] and N-glycan microheterogeneities in a1-acid glycoproteins
(AGP) [3,4], transferrin [5], haptoglobin {6], a2-macrogloblin
[7], and other plasma proteins [8} have also been reported

* Corresponding authors. Tel.: 481 11 706 9031; fax: +81 706 9032.
‘E-mail addresses: nakagawa@glyco.sci.hokudai.ac.jp (H. Nakagawa),
shin@glyco.sci.hokudai.ac.jp (S.-1. Nishimura).

1570-0232/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi: 10.1016/j.jchromb.2007.03.003

in RA, although how alterations are associated with symp-
toms is not known [9]. Several methods have been applied
to the analysis of IgG N-glycans, such as reversed phase-
high performance liquid chromatography (RP-HPLC), liquid
chromatography-mass spectrometry (LC-MS), lectin analysis,
and high pH anion exchange chromatography-pulsed ampero-
metric detection (HPAEC-PAD) [10].

Here we compared profiles of whole serum N-glycans from
RA patients and healthy women. RP-HPLC using fluorescence-
tagged N-glycans is a useful method to detect alteration of core-
fucosylated bi-antennary oligosaccharides including isomers in
IgG. However, tri-antennary N-glycans which bind other serum
glycoproteins overlap with core-fucosyl and mono-galactosyl
bi-antennary glycans in RP-HPLC analysis [11]. Analysis of

‘N-glycans by mass spectrometry (MS) is often complicated by

low quantitative reliability. Sonic spray ionization ion trap mass
spectrometry (SSI-IT/MS) ionizes mildly with nitrogen gas flow
[12] and is applicable to quantitative analysis of neutral and
sialic oligosaccharides in the negative ion mode [13,14]. Thus we
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combined SSI-IT and MS in order to compare N-glycan profiles
from whole sera of healthy women and female RA patients.

2. Experimental
2.1. Chemicals

Trypsin and chymotrypsin were purchased from Sigma
(Sigma-Aldrich, St Louis, MO). Peptide-N-glycosidase F
(PNGase F, recombinant) was purchased from Roche Diagnosis
(Basel, Switzerland). The following materials were purchased
from the sources indicated: Pronase, Calbiochem (Merck KGaA,
Darmstadt, Germany); Sephadex G-15, Amersham Biosciences
(Piscataway, NJ); Bio-Gel P-4 (200400 mesh), Bio-Rad (Her-
cules, CA); sodium cyanoborohydride, Sigma-Aldrich (St
Louis, MO); and 2-aminopyridine, Wako Pure Chemical Indus-
tries (Osaka, Japan).

2.2. Preparation of serdm N-glycans

Human serum samples were obtained from the Hospital
of Hokkaido University with written informed consent of all
subjects following ethical standards of Hokkaido University.
Groups of 15 female RA patients and 18 female age-matched
healthy controls were median aged 55 and 53 years, ranging from
50-58 and 45-64 years, respectively. One patient was stage 3
and the rest were stage 4, according to staging of Steinbrocker
et al. [15].

Sera were treated as described [11,16] with minor modifica-
tions. Each 50 pl aliquot of sera was heated to 90 °C for 15 min
and incubated with 35 p.g each of trypsin and chymotrypsin for
37 °C for 16 h. Proteases were inactivated by heating, N-glycans
were released by PNGase F, and peptides were then digested by
pronase. N-Glycans were purified by gel-filtration using Bio-Gel
P-4 (1cm x 38 cm, H70) and tagged fluorescently by pyridy-
lamination (PA) [17,18]. PA-glycans were purified by another
gel filtration on a Sephadex G-15 column with 10mM ammo-

nium bicarbonate. To release sialic acid, collected PA-glycan_ ’
fractions were heated to 90°C for 1h at pH 2.0 with HCL.

Neutral PA-glycans were further purified using HPLC (Hitachi
L-7000 HPLC system, Hitachi High-Technologies Co., Tokyo,
Japan) on an amide column (TSKgel Amide-80, 4.6 x 250 mm,
TOSOH, Tokyo, Japan) at a flow rate of 1.0ml per minute
at 40°C with solvent A (3% (v/v) acetic acid - triethylamine
(pH 7.3)/acetonitrile 35:65) and solvent B (3% (v/v) acetic
acid - triethylamine (pH 7.3)/acetonitrile 65:35). The column
was initially equilibrated with solvent A only, and the elution
was changed 7 min after injection to solvent B only. The PA-
oligosaccharide mixture eluted as one peak was detected by
fluorescence (excitation and emission wavelengths of 320 nm
and 400 nm, respectively). Separated N-glycans were then ana-
lyzed by LC-MS.

2.3. RP-HPLC/SSI-IT/MS analysis

Oligosaccharides were separated and their mass chro-
matograms monitored using the L-7000 HPLC system combined

with an M-8000 3DQ ion trap-equipped SSI interface (Hitachi
High-Technologies). Separations were on a reversed phase col-
umn, Develosil C30-UG (2mm x 150mm, Nomura Chem.,
Seto, Japan), at 40°C and in buffer containing 0.2 ml/min of
1 mM ammonium acetate, pH 4.3, with a linear gradient of ace-
tonitrile (from 1.3% at O min to 6.0% at 70 min). MS conditions
were as follows: desolvation temperature, 260 °C; nitrogen gas
pressure, 400 kPa; capillary voltage, 0 V; drift voltage, 80 V; scan
range, m/z 200-2000; and scan time, 500 ms.

Data are presented as means & SD. Statistical significance
was determined using the two-tailed Student’s ¢ test.

3. Results

Chromatograms of serum N-glycans were monitored by
fluorescence and base ion chromatography by mass spectrom-
etry (Fig. 1). N-Glycan structures and linkages are shown in
Fig. 1(C). The oligosaccharide numbering system is accord-
ing to Takahashi et. al. [16], which is a system suitable
to distinguish isomers. As an example of numbering, num-
bers in the range of one hundred indicate the number of
branches, the second number indicates the presence of core
fucose, and the number before the dot bisecting GlcNAc and
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Fig. 1. Chromatograms of serum N-glycans on a reversed phase column using
HPLC. A, fluorescence detection: Ex =320 nm and Em =400 nm. Elution con-
ditions were as follows: column, Develosil C30-UG 2 x 150 mm; temperature,
40°C; solvent, | mM ammonium acetate pH4.3 with a linear gradient of ace-
tonitrile 1.3 to 6.0% in 70 min. B, base ion chromatogram of m/z 200-2000 in
negative mode by SSI-IT/MS. MS is connected after the fluorescence detec-
tor. The asterisk indicates a peak including three major oligosaccharides:
210.2, 200.3, and 300.8. C, N-glycan linkages shown in Fig. 1A. Details
of this numbering system and list are presented in reference [16] and at
http://www.glycoanalysis.info/index.html.

—114—



H. Nakagawa et al. / J. Chromuatogr. B 853 (2007) 133-137

Table 1
Oligosaccharides with. mass numbers and ion types analyzed in this study
Oligosaccharide miz lon type Elution time (min)
200.4 859 [M—2H]*- 36.8-39.2
878 [M—H+Clj*~ 36.8-39.3
1718 [M—H]~ 37.1-39.2
210.1 770 [M = 2H]*- 45.2-47.0
1540 M—-H]- 45.1-47.1
2102 _ 851 (M —2H]>- 47.4-48.7
870 (M—H+CI*- 47.6-48.7
1702 M—H]" 47.5-48.7
210.3 ’ 851 M —2H]*- 48.7-50.0
870 [M—H+CI]*™ 48.7-50.1
1702 [M—H]" 48.7-49.9
300.8 1042 [M —2H}*- 47.7-49.8
1061 [M—H+Cl)>- 47.7-499
2104 932 [M —2H}P*" 50.4-52.2
951 [M=H+CI? 50.4-52.5
1864 - [M~H]" - 50.4-51.9
211.1 871 (M= 2H]>~ 60.4-62.8
1743 [M—H}~ 60.6-62.2
211.2 952 M—2H)>"" 63.0-65.7
211.4 1034 . (M —2H)* 65.6-67.6
1052 [M—H+CI}* 65.5-67.8

For example, 300.8 was detectéd at m/z1042 and corresponds to [M — 2H]*
ion, and 1060 corresponds to [H —H + CI)?~ ions. The mass chromatogram of
1042 (£ 1) such as that seen in Fig. 2B-2 was recognized between 47.7-49.8 min.

to the right of the period represents a serial number. A list
of numbers and structures is presented in reference [16] and
on the website http://www.glycoanalysis.info/index.html. Each
oligosaccharide was detected with several ions; N-glycans iden-
tified and types of ions are shown in Table 1. Amounts of
N-glycans were calculated based on areas of their mass chro-
matograms. Three N-glycans overlapped at the point marked by
an asterisk in Fig. 1 [13]. Mass spectra of this peak included the
following signals: 851, 870 and 1702 were from 210.2 or 210.3,
which are isomers of fucosylated mono-galactosyl bi-antennary
oligosaccharides, and 1042 and 1061 were from the tri-antennary
oligosaccharide 300.8 (Fig. 2A). These N-glycans could not be
distinguished by fluorescence analysis. On the other hand, mass
chromatograms separated these species, and areas of these N-
glycans were determined quantitatively (Fig. 2B). In Fig. 2B-1,
the mass chromatogram of 851 m/z showed separation of iso-
mers 210.2 and 210.3 on RP-HPLC, and only 300.8 appeared in
mass chromatograms of 1042 (Fig. 2B-2).

A comparison of RA patients and healthy women is shown
in Fig. 3. A previous study showed that the mass chro-
matogram area was correlated with the chromatography area
by fluorescence [14]. The ratio of a specific oligosaccharide

is calculated on the mass chromatogram from the area of the .

peak of that glycan relative to the total area of 9 glycans,
which is defined as 100%. In RA patients, 210.3, an isomer
of fucosylated mono-galactosyl bi-antennary oligosaccharide,
was significantly decreased (P < 0.001), as was the 210.2 isomer
(P <0.01). On the other hand, the tri-antennary N-glycan 300.8
(P <0.01) was increased in RA relative to control subjects.
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Fig. 2. Analysis of the peak marked by an asterisk in Fig. 1B using mass spec-
trometry. A, mass spectrum of the peaks. Signals m/z 1042 and 1061 were from
300.8, and 851, 870 and 1702 were ions of 210.2 and 210.3. B-1; separated iso-
mers 210.2 and 210.3 detected by mass chromatogram of m/z 851 £ 1 correspond
to [M — 2H]?~ ions of these isomers. B-2; Mass chromatogram of m/z= 1042 1
corresponding to the [M — 2H)?" ion of tri-antennary oligosaccharide, 300.8.
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Fig. 3. Comparison of oligosaccharide ratios between 15 RA patients and 18
age-matched healthy women. A previous study showed that the mass chro-
matogram area was correlated with the chromatography area by fluorescence -
[14]. The ratio of a specific oligosaccharide is calculated on the mass chro-
matogram from the area of the peak of that glycan relative to the total area of
9 glycans, which is defined as 100%. Error bars show SD. Asterisk shows sta-
tistical significance using two-tailed Student’s  test; *P <0.05; **P <0.01 and
**%P <(0,001. P values of 210.2, 210.3, 300.8 and 211.4 are 0.00599, 0.00019,
0.00493 and 0.04637 respectively.

4. Discussion
Twenty years have passed since the finding that IgG N-

glycans are altered in RA. Such N-glycan alterations have also
been reported also other serum proteins; thus alterations in serum
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N-glycans in RA are anticipated but have not yet been reported
because of technical difficulties. Here, we undertook glycomic
analysis of whole sera using RP-HPLC/SSI-IT MS and suc-
ceeded in showing such alterations in RA patients.

In previous comparisons of serum N-glycans from RA to
age-matched healthy women, galactose residues were report-
edly decreased [1,10]. Here we report two new findings. First,
decreases in the mono-galactosyl oligosaccharide isomer 210.3
were more significant than those of another isomer, 210.2.
These isomers differ in a branch that binds galactose, and it
has been suggested that their ratio reflects a difference between
IgG subclasses [19,20]. IgG subclasses have different proper-
ties and their activities depend on the type of antigen [21]. Thus
oligosaccharide alterations associated with IgG subclass may be
critical.

Another altered tri-antennary oligosaccharide may be derived
from AGP, a major serum glycoprotein. AGP increases in
RA, and alteration in its glycans detected by lectin binding
has been reported [3]. Another major glycoprotein, transferrin,
accounts for a small proportion of the tri-antennary oligosac-
charides found in healthy adults [22], and IgG and haptoglobin
reportedly exhibit bi-antennary [23,24] rather than tri-antennary
oligosaccharides. However, alteration in AGP N-glycans in RA
is reported to involve only fucosylation, and proteomic analysis
of serum in RA using 2-D PAGE and lectins shows changes in
IgG, haptoglobin, and two unknown glycoproteins, but not in
AGP [8]. Thus, the observed increase in tri-antennary oligosac-
charides may occur in glycoproteins other than AGP, supporting
the importance of analyzing whole serum N-glycans rather than
just oligosaccharides on purified glycoproteins. Further analy-
sis, such as quantitative glyco-proteomics analysis, is required.
Another reported alteration in RA, an increase in fucosylated
tri-antennary species, was not analyzed in this study, possi-
bly because it was a minor peak [11]. In Fig. 2A, the m/z
1115 signal coincides with fucosylated tri-antennary oligosac-
charide, but signals from some samples were too weak to be
detected in mass chromatograms. Following improvements in
sensitivity or resolution, the method utilized here is applicable
to other disease or oligosaccharide alterations. SSI-IT/MS can
also be used to analyze sialyl oligosaccharides and distinguish
isomers using MS" [12,13]; thus a combination of SSI-
IT/MS and RP-HPLC should be widely applicable to N-glycan
analysis.

Weak acid lysis for sialic acids were used in this and the
previous studies [19,20,23]. Conditions are different with each
reference, because the result may differ by tube material and size,
sample volume and heating unit using which affect heating. We
confirm the conditions, at 90°C, pH 2.0 with HCI, for 60 min
using our tube and heater.

- In conclusion, glycomics of whole serum using RP-
HPLC/SSI-IT MS showed decreased mono-galactosyl bi-
antennary oligosaccharides in RA patients, as reported
previously. We also report two new findings: a difference in
mono-galactosyl oligosaccharide isomers in RA patients and
increased levels of tri-antennary N-glycans. Glycomics analy-
ses can provide valuable information relevant to disease and

should aid the progress of the research about disease mecha-

nisms. Changes in IgG glycan profiles are useful for early stage
diagnosis of RA [25]. This method does not require IgG purifi-
cation and can provide information about other serum proteins.
It also could facilitate diagnosis, because early stage diagno-
sis, which is not yet achievable, is critical for treatment [26,27].
Future studies should focus on well designed, large scale groups
including subjects of various ages, sex, disease progression, and
values of serum proteins including IgG subclass.
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Abstract

Sialic acid, which is located at the end of the carbohydrate moiety of cell surface glycoconjugates, is involved in many biologic responses, such as
intercellular reactions and virus—cell fusion, especially in hematopoietic cells. Here we provide experimental evidence that the sialic acid of cell .
surface glycoconjugates has a role in osteoclast differentiation. Lectin histochemical study demonstrated the existence of both alpha (2,3)-linked-
sialic acid and alpha (2,6)-linked-sialic acid in mouse bone marrow-derived macrophages and in the RAW264.7 macrophage cell line, which are
osteoclast precursors. Flow cytometric analysis of surface lectin staining revealed the kinetics of these sialic acids during osteoclastogenesis: alpha
(2,3)-linked-sialic acid was abundantly expressed throughout osteoclastogenesis, whereas alpha (2,6)-linked-sialic acid levels declined at- the
terminal stage of osteoclast differentiation. To investigate the role of sialic acid in osteoclast differentiation, we performed an osteoclastogenesis assay
with or without exogenous sialidase treatment. Desialylated cells formed TRAP-positive mononuclear cells, but did not become multinuclear cells
despite the normal expression of osteoclast markers such as cathepsin K, integrin 3, and nuclear factor-ATcl. Flow cytometric analysis also
demonstrated that exogenous sialidase effectively removed alpha (2,6)-linked-sialic acid, but only slightly changed the alpha (2,3)-linked-sialic acid
content, suggesting that alpha (2,6)-linked-sialic acid might be involved in osteoclast differentiation. Findings from knockdown analysis using small
interfering RNA oligonucleotides against alpha 2,6-sialyltransferase support this idea: alpha (2,6)-linked-sialic acid-deficient cells markedly inhibit
the formation of multinuclear osteoclasts. Our findings suggest that alpha (2,6)-linked-sialic acid of cell surface glycoconjugates has a role in
osteoclast differentiation, possibly via its role in the cell-cell fusion process.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Osteoclasts are bone-resorbing cells that have a pivotal role
in bone remodeling. Osteoclasts are differentiated from
hematopoietic precursors of the monocyte/macrophage lineage
and form multinuclear giant cells via cell-cell fusion {2,35].
Multinucleation is thought to be an essential step in the
structural and functional differentiation of osteoclasts, because
mononuclear osteoclasts cannot efficiently resorb bone. Recent
studies revealed candidate molecules involved in osteoclast
fusion: E-cadherin [17], macrophage fusion receptor [37],
terminal high mannose type oligosaccharide-mannose receptor
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[22], ADAM9 [25], CD98 {33], P2X; receptor [6], CD9 [11],
and dendritic cell-specific transmembrane protein [15,38]. The
complex mechanisms that govern cell—cell fusion in osteoclast
differentiation, however, are not fully understood. ,

It is well established that cell fusion is a biologically and
pathophysiologically important event in vivo and occurs not
only in osteoclasts, but also among foreign body giant cells
[18,24], myoblasts [5], sperm and egg [9,26], and virus and
cells [32,23]. Among these, cell surface sialic acid is
implicated in some fusion mechanisms. The best known
fusion mechanism is the sialic acid recognition and binding
mechanism in virus—cell fusion. In parainfluenza virus—cell
fusion, sialic acid residues of the uninfected host cell surface
are recognized by the hemagglutinin of the virus protein, and
interactions between these molecules mediate fusion of virus
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