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Rheumatoid factors (RFs) are autoantibodies, which recognize antigens on a constant
region of immunoglobulin G (IgG). Among various RF classes, RF of the IgG class
(IgGRF) forms immune complexes in rheumatoid joints and is implicated in the patho-
genesis of rheumatoid arthritis (RA). To characterize the formation of IgGRF immune
complexes, in the present study, IgGRF was isolated from sera of RA patients, and its
interaction with immobilized IgG was analyzed and compared to that of IgMRF or
IgARF by means of surface plasmon resonance. On gel filtration, the IgGRF was eluted
as a single peak corresponding to IgG, excluding the possible formation of self-associat-
ing IgGRF complexes in solution. Sensorgrams of the interaction of IgGRF with immobi-
lized IgG revealed that it clearly bound to the IgG at 6°C, but not at 30°C. The degree of
interaction decreased inversely with an increase in temperature, suggesting that IgGRF
is much more reactive at lower temperatures. In contrast, the interaction of IgARF and
IgMRF with IgG at 6°C was similar to that at 30'C. The association rate constant (k,) of
IgGRF decreased with an increase in temperature, while those of IgARF and IgMRF
were similar under various thermal conditions. The dissociation rate constant (k,) of
IgGRF was greatly reduced at 25°C, but those of IgARF and IgMREF slightly increased
with an increase in temperature. These results suggested that the mode of interaction of
IgGRF with IgG differed from in the cases of IgMRF and IgARF. The kinetic properties
of the IgGRF-IgG interaction may facilitate elucidation of the IgGRF immune complex

formation in rheumatoid joints.
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Rheumatoid factors (RFs) are autoantibodies reactive with
the constant region of IgG (I). They are found at high con-
centrations in the blood and inflammatory tissues of pa-
tients with rheumatoid arthritis (RA) (2). It has been
shown that rheumatoid contains abundant aggregates of
IgG and RF (2), and therefore RF may contribute to
immune complex formation, complement consumption, and
chronic tissue damage in the rheumatoid synovium (3). RF
reactivity has been detected in all immunoglobulin iso-
types, and IgMRF has been the most frequently studied (1,
4). However, IgGRF is considered to be more important in
the pathology of RA. IgGRF is the most frequently synthe-
sized antibody in the rheumatoid synovium (5), and these
immunoglobulins associate with each other to form large
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immune complexes in the synovial fluid (2, 6). Despite the
close association of IgGRF immune complexes with the
pathology of RA, the mechanism of formation of these com-
plexes remains unclear. It has been shown that the Fe¢
binding activity of IgG4 is localized in the constant region
of IgG, suggesting that IgGRF may not be an actual anti-
body (7). Since the galactose-lacking form of IgG is predom-
inantly present in pathological IgG aggregates in rheuma-
toid joints (8, 9), it has been postulated that this galactose-
lacking form self-aggregates through a mechanism differ-
ent from the classical antigen-antibody interaction (10). On
the other hand, sequence analysis of the VH region of
IgGRF has indicated a somatic mutation characteristic of
an antigen-driven response (11). To understand the rela-
tionship between IgGRF immune complexes and RA
pathology, biochemical characterization of the formation of
IgGRF immune complexes is essential.

In the present study, we applied surface plasmon reso-
nance detection to analysis of the IgGRF-IgG interaction.
This recently developed method allows real time detection
of molecular interactions (12, 13) and permits analysis of
several kinetic parameters. With this detection method, we
analyzed the kinetic parameters of the interaction between
IgGRF and immobilized IgG, and compared them to those
in the cases of other classes of RF's to elucidate the forma-
tion of IgGRF immune complexes. Qur results suggested
that IgGRF was more reactive with immobilized IgG at
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lower temperatures, and that the interaction between
IgGRF and IgG differed kinetically from those in the cases
of other classes of RFs.

MATERIALS AND METHODS

Equipment and Materials—The BIAcore X system, sen-
sor chip CM5, and amine coupling kit used were obtained
from Biacore AB (Uppsala, Sweden). Human IgG, IgM, and
IgA were purchased from Sigma-Aldrich (Tokyo). IgG-Se-
pharose 6 Fast Flow was from Amersham-Pharmacia Bio-
tech (Tokyo). Anti-human Fc region monoclonal antibodies
of the mouse IgG1 subclass (clone SB7H6) and mouse IgMk
subclass (clone G-01) were from Biogenesis Inc. (Sandown,
NH) and Yamasa (Tokyo), respectively. Anti-human IgG,
anti-human IgM, anti-human IgA, anti-human IgD, and
anti-human IgE antibodies were from Medical & Biological
Laboratories (MBL, Nagoya). The Silver Stain II kit used
was from Wako Pure Chemicals (Osaka).

Preparation of RF's from Sera of RA Patients—All proce-
dures for the separation of RFs were carried out at 4°C.
Pooled sera were obtained from 10 RA patients (females
with an average age of 47.2 + 3.6 years) and dialyzed
against 15 mM phosphate buffer, pH 8.0, followed by chro-
matography to isolate the IgG fraction on a column of
DEAE-cellulose (DE-52 from Whatman International
Maidstone, UK). The pass-through fraction [DE(-)] was
used as the purified IgG after being subjected to chroma-
tography on a Superdex 200 HR (10/30) column (Amer-
sham-Pharmacia Biotech.), and the fraction which ad-
sorbed to the DEAE-cellulose column [DE(+)] was used as
the non-IgG fraction. The total IgG was eluted from the
Superdex 200 HR column as a single peak corresponding to
the elution position of human IgG. Three IgGRF fractions
were isolated from the purified IgG obtained from the
pooled sera by means of chromatography on an IgG-Se-
pharose column (1.5 X 20 cm). In brief, the purified IgG
was dialyzed against 50 mM Tris-HC], pH 7.6, containing
150 mM NaCl and 0.05% Tween 20 (TBS-T), and then
applied and recirculated at 4°C for 12 h through an IgG-
Sepharose column equilibrated with the TBS-T at the flow
rate of 1 ml/min. The column was washed with TBS-T until
the absorbance of the eluate at 280 nm was zero, and then
eluted with 0.1 M Glycine/HCI, pH 3.0, to obtain RF. The
pass-through fractions were collected and used for further
chromatography. The RF samples which were eluted from
the IgG-Sepharose column were immediately neutralized
with 1 M Tris-HCl (pH 8.0) to pH 7.0 and used as the
IgGRF fraction [DE(-)IgG(+)]. The pass-through fraction
from the first IgG-Sepharose column [DE(-)IgG(-)] was
then rechromatographed on the same column. The ad-
sorbed fraction was used as the second IgGRF fraction
[DE(—-)IgG(-X+)). The pass-through fraction from the sec-
ond column {DE(-)IgG(-X~)] was again rechromatographed
on the same column, and the adsorbed fraction was used as
the third IgGRF fraction [DE(-)IgG(-X-X+)]. The pass-
through fraction from the third column was used as the
non-RF 1gG [DE(-)IgG{-X~X-)]. Each 1gG sample was then
subjected to chromatography on a Superdex 200 HR (10/30)
column equilibrated with HBS (10 mM Hepes, pH 7.4, with
0.15 M NaCl and 0.005% Tween 20) at 4 and 25°C. All IgG
samples were each eluted from the column as a single peak
at the same position as that of human IgG.
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IgMRF and IgARF were purified from the non-IgG frac-
tion of sera of RA patients [DE(+)] by IgG-Sepharose col-
umn chromatography, followed by gel filtration on a Super-
ose 6 HR (10/30) column (Amersham-Pharmacia Biotech)
equilibrated with HBS. IgM (970 kDa), IgA dimer (390
kDa), and IgA monomer (160 kDa) were eluted separately
from the Superose 6 HR column (see Fig. 1C). Since the IgA
monomer was a major component of the TgA in the pooled
sera of the patients, the IgA monomer and IgM fractions
were collected and used as IgARF and IgMRF, respectively.
The protein concentration of each sample was determined
by means of a standard protein assay (Protein Assay Re-
agent from Bio-Rad Laboratories, CA) based on Bradford’s
method using human IgG (Sigma-Aldrich Japan, Tokyo) as
the standard protein. The protein concentrations of the
IgGRF [DE(IgG(+)], IgMRF, and IgARF fractions were
145, 27.0, and 94.0 pg/ml, respectively. The purities of
IgGRF, IgMRF, and IgARF were confirmed by SDS-PAGE
using Laemmli’s system (14), followed by Western blotting
using monoclonal antibodies against human IgG, IgM, IgA,
IgD, and IgE, respectively.

Measurement of RF Reactivity of the Purified RFs—The
specific RF reactivity of each IgGRF fraction was deter-
mined as its ability to bind to the immobilized IgG Fc
regions on ELISA, using an anti~human IgG-Fd region
antibody-conjugated enzyme (Eitest IgGRF test kit; Eisai,
Tokyo). Absorbance was measured at a wavelength of 405
nm and a reference wavelength of 490 nm with a Model
450 Microplate Reader (Bio-Rad Laboratories, CA). The
IgGRF index was calculated from the absorbance data
according to the following formula:

IgGRF index = F-B/FN-BN,

where F is the absorbance of the sample on an Fc-coated
well, B the absorbance of the sample on a BSA-coated well,
FN the absorbance of normal IgG on an Fe-coated well, and
BN the absorbance of normal IgG on a BSA-coated well.
The RF reactivities of the IgMRF and IgARF fractions were
basically determined with the Eitest IgGRF test kit as for
determination of the RF reactivities of the IgGRF fractions,
but an anti-human IgM antibody and an anti-human IgA
antibody conjugated with horseradish peroxidase were
used as the secondary antibodies instead of the anti-hu-
man IgG-Fd region antibody provided with the kit. Binding
of the secondary antibodies was visualized with 0.1% H,0O,
and 2,2'-azino-di-[3-ethylbenzthianozoline-6-sulfonic acid]
at an absorbance level of 415 nm. The RF reactivities of
IgMRF and IgARF were estimated from the difference in
absorbance (44,,,) between Fc-coated wells and BSA-
coated wells. The specific RF reactivity was taken as the
IgGRF index and AA,, in 1 mg of protein of each sample.
Immobilization of Human IgG on a Sensor Chip—Immo-
bilization of human IgG and BSA on the surface of a sensor
chip CM5 was performed as described in a previous report
(15). A continuous flow of HBS (10 mM Hepes, pH 7.4, with
0.15 M NaCl and 0.005% Tween 20) was maintained over
the sensor surface. The carboxyl groups on the surface were
activated by injecting a solution of 0.2 M N-ethyl-N'{di-
methylaminopropyl)carbodiimide and 0.05 M N-hydroxy-
succinimide. Specific surfaces were obtained by injecting
intact human IgG over the activated surface of flow cell 1
(Fcl) of the chip. To obtain a control surface, BSA was
injected into flow cell 2 (Fe2) of the same chip. The immobi-
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lization procedure was completed by injecting 1 M ethano-
lamine hydrochloride to block the remaining ester groups.
About 15,000 RU of intact human IgG and 12,000 RU of
BSA were immobilized on Fcl and Fc2 of a sensor chip
CMS5, respectively, which was then used as the sensor chip
containing the immobilized intact IgG. RU represents the
amount of protein immobilized on the chip. One thousand
RU is equivalent to 1 ng/ mm?.

Interaction Assay—All assays were performed with BIA-
core X equipment using the sensor chip with the immobi-
lized intact IgG. The proteins were dialyzed against HBS
and diluted in the same buffer to an appropriate concentra-
tion. A continuous flow of HBS (5 pl/min) was maintained
over the sensor surface, and the proteins diluted in HBS
were then injected for 7 min over the surfaces of the chips
at the flow rate of 5 pl/min. After 7 min, a continuous flow
of HBS (5 pl//min) was maintained over the sensor surface
again. For the standard assay, 5.0, 3.125, and 3.125 pg/ml
of the IgGRF, IgMRF, and IgARF samples were used, re-
spectively, and 3.125 pg/ml of an anti-human F¢ mouse
monoclonal IgG antibody or an anti-human Fc¢ monoclonal
IgM antibody was used for testing the samples. In each
case, appropriate concentrations of proteins were employed.
Specific sensorgram data were obtained by subtraction of
the sensorgram results obtained on Fc2 (BSA surface) from
those obtained on Fcl (specific human IgG surface). After
completing the analysis, the surface of the chip was regen-
erated by injecting 35 wl of regeneration buffer (0.1 M Gly-
cine-HCl, pH 2.98, containing 1 M NaCl), followed by
washing with HBS, and then the next sample was injected.

Kinetic Analysis—The association and dissociation rate
constants (k, and k,) were determined from at least two
sensorgrams with different concentrations of proteins using
BIA evaluation software (Ver. 3.0) linked to global analysis.
Linear curve fitting was applied to the entire data set for
global analysis. The association rate (k,) and dissociation
rate (k;) constants were calculated from the sensorgram
values between 10 and 403 s (association phase), and those
between 542 and 823 (dissociation phase). Based on the %,
and k, values, the dissociation constants (K, = ks/k,) were
estimated. For calculation of kinetic parameters for the
interaction of immunoglobulins with immobilized human
IgG, the following molecular weights were used; 150,000 for
IgG, 160,000 for IgA monomer, and 970,000 for IgM. The
resonance response of each sample was determined from
the average resonance units between 393 and 402 s of the
8ENsorgrams.

RESULTS

Furification of RFs of Different Classes of Immunoglobu-
lin—We purified total IgG from the pooled sera of 10 RA
patients (females with an average age of 47.2 * 3.6 years)
by DEAE-cellulose column chromatography. The total puri-
fied IgG from these patients migrated as a single band on
SDS-PAGE under non-reducing conditions (Fig. 1A, lane a),
and dissociated into heavy and light chains under reducing
conditions (Fig. 1A, lane b). Western-blotting revealed that
the total IgG fraction [DE(-)] only contained IgG, i.e. it was
not contaminated by other immunoglobuling or serum pro-
teins (Fig. 1A, lanes c, d, and e). Three IgGRF fractions,
[DEGIgG(+), DE(-)IgG(-X+), and DE(-)IgG(-X-X+)],
were then separated from the highly purified total IgG frac-
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tion based on their ability to bind to an IgG-Sepharose col-
umn. To determine whether or not the isolated IgGRF sam-
ples could form self-aggregates in solution, each sample
was subjected to chromatography on a Superdex 200 HR
column equilibrated with HBS. Each IgGRF sample was
eluted from the column at 4 or 25°C as a single peak (about
150 kDa) corresponding to monomeric IgG (Fig. 1B), ex-
cluding the possible formation of self-associating IgGRF
complexes in the solution. We also purified IgMRF and
IgARF fractions from the DEAE-cellulose—adsorbed frac-
tion [DE(+)] of the same pooled sera by chromatography on
the same IgG-Sepharose column followed by chromatogra-
phy on a Superose 6 HR column equilibrated with HBS
(Fig. 1C). The peaks of the proteins which were eluted at
the same positions as human IgM and human IgA mono-
mers were collected and used as the IgMRF and IgARF
samples, respectively (see below). Silver staining and West-
ern blotting with anti-IgM, anti-IgA, and anti-IgG anti-
bodies revealed that the IgMRF and IgARF samples only
contained the IgM and IgA subclasses, respectively (Fig.
1D), i.e. they were not contaminated by IgG. This strongly
indicated that IgMRF and IgARF did not form immune
complexes with IgG. In addition, IgD and IgE could not be
detected in the IgMRF and IgARF samples on Western
blotting with an anti-human IgD antibody and an anti—
human IgE antibody, respectively (data not shown).
Determination of RF Reactivities Using Surface Plasmon
Resonance—In order to determine whether or not the iso-
lated IgGRF fractions which bound to the IgG-Sepharose
column had RF reactivity, the RF reactivity of each fraction
was determined by means of ELISA using the Fc region of
human IgG as an immobilized antigen. All isolated IgGRF
fractions which bound to IgG-Sepharose interacted much
more strongly with the immobilized Fc¢ region of human
IgG than the total IgG fraction did (Fig. 2A). In addition,
the binding of the IgMRF and .IgARF fractions to the im-
mobilized Fe region of human IgG was significantly higher
than that of the normal human IgM and human IgA,
respectively (Fig. 2B). Therefore, the IgGRF, IgMRF, and
IgARF fractions were considered to have RF reactivity.
Interestingly, the specific RF reactivity of each of the three
IgGRF fractions increased in the order of DE(-)IgG{(-X-X+)
< DE()IgG(-X+) < DE(-)IgG(+) (Fig. 2 A). These results
indicated that each of the IgGRFs which bound differently
to the IgG-Sepharose column had a different specific RF
reactivity. We then analyzed the interaction between
IgGRF and human IgG immobilized on a sensor chip by
means of surface plasmon resonance (Fig. 2C). When the
same concentration (5 pg/ml) of each IgGRF fraction was
injected, IgGRF, which had exhibited the highest specific
RF reactivity [DE(—)IgG(+)] on ELISA, exhibited the high-
est resonance response to the immobilized human IgG. The
resonance units obtained with the three IgGRF fractions
increased relative to the specific RF reactivity, which had
been determined by ELISA, i.e, DE(QIgG(-X-X+) < DE
(DIgG(-X+) < DE(-)IgG(+). Interaction between the non-
RF IgG [DE@IgG(-X-X-)] and immobilized human IgG
could not be detected with this method. Since the results
obtained using surface plasmon resonance were consistent
with those of ELISA, this method of detection can be used
for analysis of the formation of autoimmune complexes
involving IgGRF. In the following experiments, we used the
DE()IgG(+) fraction as the IgGRF sample in order to in-
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Fig. 1. Analysis of the IgG, IgM, and IgA fractions
bound to the IgG-Sepharose column. A: The total
IgG [DE(-)] fraction purified from pooled sera of pa-
tients with rheumatoid arthritis was subjected to SDS-
PAGE on a 5-20% gradient gel under non-reducing con-
ditions (NR, lane a) and on a 10% gel under reducing
conditions (R, lane b). The gels were then stained with
Coomassie Brilliant Blue R-250 (C.B.B.). The total IgG
fraction was subjected to SDS-PAGE on a 10% gel un-
der reducing conditions, followed by Western blotting.
The membranes were then stained with an anti-human
IgG (y-chain) rabbit antibody (lane ¢), an anti-human
IgM (p-chain) rabbit antibody (lane d), or an anti-hu-
man IgA (a-chain) rabbit antibody (lane e). The molecu-
lar weights of protein markers are indicated on the left
of the panels. B: The IgGRF [DE(-)IgG(+)] fraction was
subjected to chromatography on a Superdex 200 HR

h;A
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(10/30) column equilibrated with HBS at 4°C (top) and
25°C (bottom). Arrowheads indicate the elution posi-
tions of human IgM (hIgM), human IgG (hIgG), human
serum albumin (hSA), and ovalbumin (OVA), respec-
tively. C: The non-IgG fraction of RA patient sera [DE-
(+) fraction] was subjected to chromatography on an
1gG-Sepharose column, and the resulting IgG-Sepha-
rose-adsorbed fraction [DE(+)IgG(+)] was subjected to
chromatography on a Superose 6 HR (10/30) column
equilibrated with HBS. Arrowheads indicate the elution
positions of authentic human IgM (hIgM) and human
IgA monomer (hlgA), respectively. The fractions indi-
cated by bars were collected and used as IgMRF and Ig-
ARF, respectively, after being rechromatographed on
the same column. D: The IgMR¥ (lanes a, c, e, and g)
and IgARF (lanes b, d, f, and h) fractions were subjected
to SDS-PAGE on a 10% gel under reducing condition,
followed by Western blotting. Lanes a and b were stain-
ed with silver; lanes ¢ and d, with an anti-human IgM
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vestigate the mode of interaction between IgGRF and IgG
gince this fraction exhibited the highest resonance re-
sponse.

Determination of the Mode of Interaction between RFs
and Intact IgG—The interactions between different immu-
noglobulin subclasses with RF reactivity and human IgG
were compared using surface plasmon resonance. As stan-
dard immunoglobuling that interact with the Fc region of
human IgG, an anti-human Fc¢ mouse monoclonal IgG anti-
body (anti-Fc IgG mAb) and an antihuman Fc¢ mouse
monoclonal IgM antibody (anti-Fc IgM mAb) were used.
Sensorgrams of the interactions of different classes of im-
munoglobulins exhibiting RF reactivity and the anti-Fc
mAb with the sensor chip—immobilized human IgG are
shown in Fig. 3. The anti-Fc IgG mAb and anti-Fc IgM
mAb associated with the immobilized intact human IgG

B0 90 120 150 180

(p-chain) rabbit antibody; lanes e and f, with an anti—
human IgA (a-chain) rabbit antibody; and lanes g and
h, with an anti-human IgG (y-chain) rabbit antibody.
The molecular weights of protein markers are indicated
on the left of the panels.

much more strongly at 25°C than at 6°C (Fig. 3, D and E).
The interaction of IgMRF with the IgG was almost the
same at both temperatures (Fig. 3B). On the other hand,
the interaction of IgGRF with the immobilized IgG was
clearly observed at 6°C, but was very weak at 25°C (Fig.
3A). It is possible that the weak interaction of IgGRF ob-
served with surface plasmon resonance was due to a de-
crease in the monomeric form of IgGRF molecules because
of the formation of IgGRF-IgGRF complexes in the sample
at 25°C. However, the IgGRF fraction was eluted as a single
peak from the Superdex 200 HR column at a position corre-
sponding to that of authentic human IgG even at 25°C (Fig.
1B), suggesting that most of the IgGRF molecules in the

solution at this temperature were in the monomeric form..

Therefore, the interaction of the IgGRF molecules with the
immobilized human IgG was obviously weaker at 25°C
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A B Fig. 2. Specific RF reactivities of the IgGRF,
— IgMRF, and IgARF fractions. A: RF reactivities

g 400r - of the IgGRF fractions. The RF reactivities of the

z S IgGRF fractions were determined by measuring

D E the binding of IgG to the Fc region on IgG-coated

° c plates, as described under “MATERIALS AND

% o METHODS.” The specific IgGRF index was calcu-

8 00k g lated as the amount of IgGRF per 1 mg protein in

€ < each sample. B: RF reactivities of the IgMRF and

& - IgARF fractions. The RF reactivities were esti-

& L 3 mated from the differences in absorbance between

=3 Fc-coated wells and BSA-coated wells at 415 nm
(AA,,s)- The specific RF reactivity was indicated as

0 ™ N E Re AA,,, per 1 mg protein in each sample. C: Sensor-

g T T x T E S grams of the IgGRF fractions. Interactions be-

2 & T X x 3 L 3 D tween the isolated IgGRF fractions and immo-

5 = @ = 5 g :_S-, bilized intact human IgG were analyzed at 6°C us-

< O =3 (3, i=J § ing the BlAcore X system. All BIAcore manipula-

o O I = = tions were performed with a continuous flow of

a g 8 HBS at the flow rate of 5 pl/min, as described un-

der “MATERIALS AND METHODS.” Total IgG

from the pooled sera of the RA patients, or the

C DE(-)IgG(-X-X+), DE()IgG(-X+), DE(-)IgG(+),
- or DE(9)IgG(-X-X-) fraction (5 pg/ml each) was

so-m total 1gG %E&l) :;%(2)( 9 i ?91‘5-‘7((-))(-)(4') i gg('_))(_)(_) digsolved in HBS and then injected for 7 min over

the surfaces of the chips at the flow rate of 5 pl/
min.

&

Response (RU)
7
)- ;

120
— ", __400 _ 400 L C
2 .
2 8 2 2 / ~_
g 3 3
c € 200 €200
2 40 g g
o 3 3
[ony o o
0 0 0
1 1 1
800 0 300 600 800
Time (s)
2000 Fig. 3. Interaction of IgGRF, IgMRF, and IgARF
with immobilized intact human IgG. Interactions
=) 51500— between the isolated RF samples and immobilized in-
x 1500 T tact human IgG were analyzed using the BlAcore X
o Py system at 25°C (black lines) and 6°C (gray lines). All
2 1000 a2 1000 BlIAcore manipulations were performed with a contin-
2 8 uous flow of HBS at the flow rate of 5 pl/min, as de-
3 2 scribed under “MATERIALS AND METHODS.” The
T 500 @ 500 samples dissolved in HBS (35 pl) were then injected
for 7 min over the surfaces of the chips at the flow rate
of 5 ul/min. A, IgGRF (5 pg/ml); B, IgMRF (3.125 pg/
0 1 ! ) Of - ml); C, IgARF (3.125 pg/ml); D, anti-human Fc mouse
0 300 600 900 0] 300 600 900 monoclonal IgG antibedy (3.125 pg/ml); E, anti-hu-
Time (s) Time (s) man Fe mouse monoclonal IgM antibody (3.125 pg/ml).

than 6°C, i.e., the weaker interaction of IgGRF at 25°C than  from the Superdex 200 HR column at 25°C exhibited al-
6°C was not due to the formation of self-associating IsgGRF  most the same resonance response as that eluted from the
at 25°C. In addition, the IgGRF which had been eluted column at 4°C (data not shown), suggesting that the tem-
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perature dependency of the interaction of IgGRF with IgG
was a reversible phenomenon. The interaction of IgARF
with the immobilized IgG was only slightly stronger at 6°C
than 25°C, but was clearly observed at 25°C (Fig. 3C).
Subsequently, the kinetic parameters of the interactions
between RFs and the immobilized IgG were calculated
from sensorgrams obtained at 6°C. Table I shows the asso-
ciation rate (&,), dissociation rate (k,), and dissociation (K;)
constants of the respective RFs and monoclonal antibodies.
In the case of anti-Fc IgM mAb, the &, and &, values could
not be calculated because dissociation of the antibody from
the immobilized IgG was almost undetectable. The K
value of IgGRF was significantly higher than those of
IgMRF, IgARF, and anti-Fc IgG mAb, indicating that the
affinity of IgGRF toward IgG was weaker than those of
IgMREF, IgARF, and the monoclonal antibody. However, the
k, value of IgGRF (k, = 1.07 X 10° [1/Ms]) was slightly
lower than those of the other RF classes or that of the
monoclonal antibody (Table I). In contrast, the &, value of
IgGRF (k, = 2.33 X 10~ [1/s]) was significantly (116- and
15-fold) higher than those of the anti-human Fc¢ mouse
monoclonal IgG antibody and IgMRF, and slightly (4.1-fold)
higher than that of IgARF. These kinetic parameters ob-
tained at 6°C indicated that the association between IgGRF
and the immobilized IgG might occur at a rate similar to in
the cases of the other classes of RFs, but that the immune
complexes generated in the IgGRF interaction might easily
dissociate compared to those involving the other RF classes.
The Effect of Temperature on Interactions between IgG
and RFs—Since the interaction between IgGRF and the
immobilized IgG was stronger at 6°C than at 25°C, the
effect of temperature on this association was compared to
that of interactions between other RF classes and human
IgG (Fig. 4). IsGRF exhibited almost the same resonance
response at 6 and 10°C, but the resonance decreased signif-
icantly when the binding assay was carried out at 15°C. At

TABLE I. Kinetic parameters of the interaction of RF with
immobilized human IgG at 6°C. The parameters were calculated
from the association and dissociation phases of the sensorgrams of
IgGRF, IgMRF, IgARF, the anti—Fc¢ mouse monoclonal IgG antibody
(anti-Fc IgG mAb), and the anti-Fc mouse monoclonal IgM anti-
body (anti-Fc IgM mAb), as described under “MATERIALS AND
METHODS.”

k(1/Ms), . k(1/8) K(M)
(X 10%) (X 10%) (X 10719
IgGRF 1.07 23.3 218
IgMRF 5.16 1.59 3.09
IgARF 2.63 6.58 25.0
Anti-Fc IgG mAb 4.93 0.201 0.408
Anti-Fc IgM mAb N.C. N.C. N.C.

N.C., could not be calculated.
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temperatures over 15°C, the resonance units gradually de-
creased with an increase in temperature (Fig. 4A). At 30°C,
the interaction could not be observed by means of surface
plasmon resonance (Fig. 4A). In contrast, the interaction of
IgMRF with IgG and that of IgARF with IgG showed only
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Fig. 4. Effect of temperature on the interaction between Ig-
GRF and immobilized human IgG. A: Interaction between Ig-
GRF (3.125 pg/ml) and immobilized intact human IgG was analyzed
using the BlAcore X system at 6, 10, 15, 20, 25, and 30°C. B: Rela-
tionship between temperature and the resonance response exhibited
by the purified RF. The resonance response exhibited by purified Ig-
GRF (m), IgMRF (o), or IgARF (a) at each temperature was esti-
mated from the average resonance units between 393 and 402 s in
each sensorgram. The ordinate represents the relative resonance
units calculated from the resonance units of each RF sample at 6°C.

TABLE II. Kinetic parameters of RFs at different temperatures. The parameters were calculated from the association and dissoca-
tion phases of the sensorgrams, as described under “"MATERIALS AND METHODS”

Temperature [gGRF IgMRF IgARF
(°C) k, (1Ms) (% 109 k, (U8) (x 107 k, (1Ms) (X 10%) = &, (Us)(x 107 k, (1/Ms) (X 10Y ky (18) (X 10%)
6 10.70 23.3 515 1.59 26.3 6.58
10 8.08 21.2 67.7 1.59 23.5 7.79
15 2.36 21.1 67.3 2.01 19.5 8.44
20 1.88 23.8 73.7 2.37 21.1 9.49
25 0.95 6.1 71.0 3.41 14.6 8.73
30 N.C. NC. 63.1 4.95 12.9 10.50

= N.C,, could not be calculated. -
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a weak temperature dependency. The resonance response
exhibited by IgMRF at 30°C was higher than that at 6°C
(Fig. 4B). IgARF clearly interacted with the immobilized
IgG, even at 30°C, although the interaction at 30°C was
slightly weaker than that at 6°C (Fig. 4B). These results
indicated that the temperature dependency of the interac-
tion between IgGRF and human IgG differed completely
from those in the cases of IgMRF and IgARF.

The k, and k, values of the RFs at each temperature
were then calculated from the sensorgrams (Table IT). The
k, values of IgGRF were similar at 6 and 10°C, but it was
greatly reduced at 15°C and decreased gradually with tem-
perature over 15°C (Table II). At 25°C, this value was over
10-fold less than it was at 6°C. In contrast, the &, values of
IgGRF at 6, 10, 15, and 20°C were almost the same (about
2 X 107 [1/s]), but this value was distinctly reduced at 25°C
(Table II). It should be noted that the &, value of IgGRF at
25°C is similar to those of IgMRF and IgARF at 25°C (Table
II). The %, and %, values of IgGRF at 30°C could not be cal-
culated because the interaction was almost undetectable.
As for other RFs, the &, values of IgARF decreased only
slightly with an increase in the assay temperature (Table
II) and those of IgMRF were not significantly different at
the different temperatures. In addition, the &, value of the
anti-Fc IgG mAb did not change (data not shown). On the
other hand, the %, values of IgARF and IgMRF increased
slightly and gradually with an increase in the assay tem-
perature (Table II). Therefore, the mode of interaction be-
tween IgGRF and immobilized IgG differed from those in
the cases of other classes of RFs.

DISCUSSION

Rheumatoid factors (RFs) are autoantibodies characteristi-
cally associated with rheumatoid arthritis. These factors
recognize antigens on the Fc region of IgGs. RFs can exist
as any of the immunoglobulin isotypes, but among the vari-
ous RF classes, [gGRF has been implicated in the patho-
genesis of RA since it forms large immune complexes in
rheumatoid joints (2, 5, 6). In the present study, to charac-
terize the formation of these IgGRF complexes, we exam-
ined the interaction of IgGRF with IgG and compared it to
those in the cases of other RF classes by means of surface
plasmon resonance (12, 13). We demonstrated that IgGRF
was more reactive with immobilized IgG at lower tempera-
tures, while the reactivities of other classes of RFs were
hardly affected by any change in the thermal conditions.

In order to analyze the interaction between RFs and IgG,
we successfully purified IgGRF, [gMRF, and IgARF from
pooled sera of RA patients by means of IgG-Sepharose
affinity chromatography after first separating the IgG from
other classes of immunoglobulin by DEAE-cellulose column
chromatography. It is especially interesting that the iso-
lated IgGRF could hardly form self-aggregating complexes
in solution, as demonstrated by the fact that the IgGRF
sample was eluted as a single peak corresponding to mono-
meric IgG on a Superdex 200 HR column (Fig. 1B). In addi-
tion, the isolated IgM and IgA samples contained only IgM
and IgA, respectively, and were not contaminated by IgG
(Fig. 1D). Based on these results, we judged that IgG-con-
taining immune complexes were negligible in the IgGRF,
IgMRF, and IgARF samples prior to the interaction assay.
We then analyzed the interactions of these RF samples
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with immobilized IgG by means of surface plasmon reso-
nance. The resonance response levels exhibited by the three
IgGRFs increased relative to the strength of each specific
RF reactivity, as detected on ELISA, indicating that surface
plasmon resonance is useful for analyzing the formation of
IgGRF immune complexes (Fig. 2). The interaction of
IgGRF with immobilized IgG was clearly observed by
means of surface plasmon resonance. In addition, IgG-Se-
pharose affinity chromatography as well as ELISA showed
that IgGRF molecules avidly bound to IgG or Fc immobi-
lized on the solid phase. However, the -IgGRF from RA
patients apparently failed to efficiently form IgG-IgG self-
aggregating complexes in solution. One possible reason for
this was the use of a relatively low concentration of IgGRF
in the sample (145 pg/ml) employed under our experimen-
tal conditions.

With surface plasmon resonance detection, we found that
the interaction between IgGRF and immobilized IgG de-
creased inversely with an increase in temperature. The
interaction was clearly observed at 6°C but could not be
detected at 30°C. In contrast, [IgMRF and IgARF strongly
interacted with the immobilized human IgG at both 30 and
6°C. Therefore, the effect of temperature on the interaction
of IgGRF with immobilized IgG differed from in the cases
of IgMRF or IgARF. The dissociation constant (K,) for the
IgGRF interaction with human IgG indicates that the affin-
ity between IgGRF and IgG is very weak compared to that
in the cases of other classes of RFs or the anti-Fc¢ mono-
clonal antibodies. However, in order to gain an understand-
ing of interactions in vivo, association rate (k,) and dis-
sociation rate (k,) constants would be more important than
K, values, since K|, values only reflect affinity in the equi-
librium state. It should be noted that at 6°C the association
rate constant (k,) of the IgGRF interaction with human IgG
wasg similar to those in the cases of the other RF classes. It
clearly decreased with an increase in the assay tempera-
ture, while those of IgARF, IgMRF, and the anti-Fc mono-
clonal IgG antibody exhibited similar values under differ-
ent thermal conditions. In contrast, the dissociation rate
constants (k,) of IgARF and IgMRF increased slightly and
gradually with an increase in assay temperature. However,
in the case of IgGRF, the k,; value remained unchanged
from 6 to 20°C, but was greatly reduced at 25°C. These re-
sults clearly demonstrated that k, values were strongly
affected by temperature in the case of the IgGRF-1gG inter-
action, while &, values rather than k, values were slightly
affected in the case of interaction of other RF classes with
IgG. Therefore, the interaction between IgGRF and immo-
bilized IgG could be distinguished kinetically from those in
the cases of other classes of RFs. These results indicate that
the mechanism of formation of immune complexes involv-
ing [gGRF may differ from in the cases of those involving
other RF classes. It was earlier suggested that Fab oligosac-
charides may be inserted into the vacant pocket of Fc,
resulting in the formation of IgG-IgG complexes, which did
not require an actual antigen—antibody interaction (15, 16).
These pockets are considered to be formed due to a defi-
ciency in galactose on Fe oligosaccharides. However, when
all the galactose residues were enzymatically cleaved from
IgG molecules derived from healthy individuals, there was
no detectable binding of the resulting galactose-free IgG or
the intact IgG with immobilized IgG (unpublished observa-
tion). Therefore, the interaction between IgGRF and immo-
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bilized IgG most probably occurred as an actual antigen-
antibody association.

Our results may increase the understanding of the for-
mation of IgGRF immune complexes in rheumatoid joints.
We have shown here that IgGRF was more reactive to
immobilized IgG at a lower temperature, indicating that
IgGRF forms immune complexes much more easily when
the temperature is low. The more important point, however,
is that the association rate constant (&,) of IgGRF exhibited
a value at 6 or 10°C similar to those of other classes of RF's
as well as to that of the anti-Fc monoclonal IgG antibody.
This suggested that the formation of IgGRF immune com-
plexes might occur at a rate similar to in the cases of other
RF classes. In addition, the dissociation rate constant (k,)
for the dissociation of IgGRF from the immobilized IgG was
greatly reduced at over 25°C. The k, value of IgGRF at 25°C
is comparable to those of IgMRF and IgARF (Table II).
These kinetic properties of the IlgGRF-IgG interaction sug-
gest that the formation of immune complexes involving
IgGRF can be accelerated by a significant change in tem-
perature, i.e., IgGRF immune complexes once formed at
lower temperatures may be stabilized (or difficult to disso-
ciate) at higher temperatures. Since IgGRF is the most
abundantly synthesized antibody in the rheumatoid syn-
ovium (5) and a decrease in temperature has been shown to
be associated with disease activity in RA (17, 18), our find-
ings may help in clarifying the relationship between IgGRF
and the disease activity and pathogenesis of RA.

We wish to thank Dr. Shozo Izui (Dept. of Pathology, Univ. of
Geneva) for the helpful discussions.

REFERENCES

1. Johnson, PM. and Faulk, W.P. (1976) Rheumatoid factor: its
nature, specificity, and production in rheumatoid arthritis.
Chin. Immunol. Immunopathol. 8, 414—430

2. Winchester, R.J., Agnello, V., and Kunkel, H.G. (1970) Gamma
globulin complexes in synovial fluids of patients with rheuma-
toid arthritis: partial characterization and relationship to low-
ered complement levels. Clin. Exp. Immunol. 8, 689-706

3. Zvaifler, N.J. (1973) The immunopathology of joint inflamma-
tion in rheumatoid arthritis. Adv. Immunol. 168, 265-336

4. Egeland, T, Lea, T.,, Saari, G., Mellbye, O.J., and Natvig, J.B.
(1982) Quantitation of cells secreting rheumatoid factor of IgG,
IgA, and IgM class after elution from rheumatoid synovial tis-
sue. Arthritis Rheum. 25, 1445-1450

10.

11.

12.

13.

14.

15.

16.

17.

18.

A Matsumoto et al.

. Natvig, JB. and Munthe, E. (1975) Self-associating IgG rheu-

matoid factor represents a major response of plasma cells in
rheumatoid inflammatory tissue. Ann. NY Acad. Sci. 256, 88—
95

. Mannik, M., Nardella, F.A., and Sasso, E.H. (1988) Rheumatoid

factors in immune complexes of patients with rheumatoid
arthritis. Springer Semin. Immunopathol. 10, 215-230

. Zack, D.J, Stempniak, M., Wong, AL., and Weisbart, R.H.

(1995) Localization of an Fe-binding reactivity to the constant
region of human IgG4. Implications for the pathogenesis of
rheumatoid arthritis. J. Immunol. 1565, 5057-5063

. Parekh, R.B, Roitt, L M., Isenberg, D.A., Dwek, R.A., Ansell,

B.M., and Rademacher, TW. (1988) Galactosylation of IgG asso-
ciated oligosaccharides: reduction in patients with adult and
juvenile onset rheumatoid arthritis and relation to disease
activity. Lancet i, 966-969

. Van Zeben, D., Rook, G.A., Hazes, JM., Zwinderman, A.H,,

Zhang, Y., Ghelani, S., Rademacher, TW,, and Breedveld, F.C.
(1994) Early agalactosylation of IgG is associated with a more
progressive disease course in patients with rheumatoid arthri-
tis: results of a follow-up study. Br. J. Rheumatol. 33, 3643
Leader, KA., Lastra, G.C., Kirwan, J.R., and Elson, C.J. (1996)
Agalactosyl IgG in aggregates from the rheumatoid joint. Br. J.
Rheumatol. 35, 335-341

Randen, 1., Pascual, V., Victor, K., Thompson, KM., Ferre, @,
Capra, J.D., and Natvig, J.B. (1993) Synovial IgG rheumatoid
factors show evidence of an antigen-driven immune response
and a shift in the V gene repertoire compared to IgM rheuma-
toid factors. Eur. J. Immunol. 23, 1220-1225

Malmgqvist, M. (1993) Surface plasmon resonance for detection
and measurement of antibody-antigen affinity and kinetics.
Curr. Opin. Immunol. 5, 282-286

Johnsson, B., Léfas, S, and Lindquist, G. (1991) Immobilization
of proteins to a carboxymethyldextran-modifted gold surface for
biospecific interaction analysis in surface plasmon resonance
sensors. Anal. Biochem. 198, 268-277

Laemmli, UK. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227, 680—
685

Roitt, LM., Dwek, R.A., Parekh, R.B., Rademacher, T.W., Alavi,
A, Axford, J., Bodman, K., Bond, A., Cooke, A., Hay, F.C., Isen-
berg, D., Lydyard, P., Mackenzie, L., Rook, G., Smith, M., and
Sumar, N. (1988) Changes in carbohydrate structure of IgG in
rheumatoid arthritis. Recenti Prog. Med. 79, 314-317

Rudd, P.M., Leatherbarrow, R.J., Rademacher, TW., and Dwek,
R.A. (1991) Diversification of the IgG molecule by oligosaccha-
rides. Mol. Immunol. 28, 1369-1378

Aikman, H. (1997) The association between arthritis and
weather. Int. J. Biometeorol. 40, 192-199

Guedj, D. and Weinberger, A. (1990) Effect of weather condi-
tions on rheumatic patients. Ann. Rheum. Dis. 49, 1568-159

J. Biochem.

ZT0Z ‘T Joqo1n0 uo Aisiealun Bubped e /Bio'sfeunolpiopxo-qly/:dny wouiy pspeojumod


http://jb.oxfordjournals.org/

