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Histidine-rich glycoprotein prevents the formation of insoluble immune complexes
by rheumatoid factor
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SUMMARY

In previous studies we have shown that histidine-rich glycoprotein (HRG), a relatively abundant
plasma protein, can bind to immunoglobulin G (IgG) and inhibit the insolubilization of IgG-
containing immune complexes (IC). It was of interest, therefore, to determine whether HRG can
inhibit the formation of insoluble IC (IIC) resulting from the interaction of rheumatoid factor (RF)
with human IgG-containing IC. Light scattering techniques were used to examine the effect of HRG
on the formation of IIC between RF and IC containing human IgG according to three different
models. In all three models physiological concentrations of HRG could block the formation of IIC
induced by RF. Optical biosensor studies of the RF-IgG interaction also revealed that HRG can
mask the epitopes on IgG recognized by RF. Additional studies examined whether HRG can
solubilize already formed IIC and demonstrated that HRG can, in fact, partially solubilized IIC.
These data indicate that HRG can regulate the formation of IIC induced by RF at three levels:
namely by inhibiting the initial recognition of IgG containing IC by RF, by inhibiting the
subsequent insolubilization of IgG containing IC by RF and by solubilizing already formed IIC.
Collectively, these findings suggest that HRG may be an important inhibitor of the formation of

pathogenic IC in diseases such as systemic lupus erythematosus and rheumatoid arthritis.

INTRODUCTION

Rheumatoid factors (RF) are autoantibodies (aAb) produced
against antigenic determinants on the Fc portion of immu-
noglobulin G (IgG) molecules and have been detected as IgM,
IgA and IgG forms in plasma and tissues.! Two general types
of RF have been described; namely, pathological RFs
associated with RA,? and natural RFs that exist in healthy
individuals.®> Both types of RF are known to bind to the Fc
portion of IgG, but RFs within each type possess several
characteristic differences such as the use of different variable
region sequences and different immunoglobulin isotypes.>
Although pathological RF may be present at low levels in
normal human plasma, the concentration of this RF is often
elevated in the plasma of patients suffering from infections such
as infectious mononucleosis and hepatitis C virus infection.*
On the other hand, sustained levels of pathological RF are
observed in immune complex (IC)-associated autoimmune

Received 5 May 1999; revised 21 June 1999; accepted 21 June 1999.

Correspondence: Dr C. R. Parish, Division of Immunology and
Cell Biology, John Curtin School of Medical Research, Australian
National University, Canberra, ACT 2601, Australia.

diseases such as rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE) and vasculitis.*¢®

Although evidence suggests that natural RF may be
involved in the clearance of 1C,>'° the precise function of
RF and the mechanism(s) regulating its production in vivo is
unclear. Kinetic studies have shown that [gM-RF or IgG-RF
each interact with aggregated IgG or IC with much greater
affinity (~ 100-fold) than with monomeric IgG, indicating that
RF binds specifically to IC containing IgG.*!' Other studies
have shown that human peripheral blood mononuclear
leucocytes secrete RF when cultured in the presence of IC,
but not when cultured in the presence of monomeric IgG,
suggesting that only IC can appropriately display antigenic
determinants that activate B cells to secrete RF.'? In addition,
only prolonged immunization of mice or rabbits with bacterial
antigens has been shown to induce RF production'®!*
indicating that the production of pathological RF, particularly
of the IgG4 subclass, may be a secondary phenomenon that
occurs during chronic infections. These studies collectively
suggest that the production of RF may be a physiological
phenomenon which potentiates the clearance of primary IC.

Histidine-rich glycoprotein (HRG) is a ~80 000 MW
plasma glycoprotein, which is relatively abundant (plasma
concentration ~ 150 pg/ml) and is synthesized by the liver at a
relatively high rate (i.e. plasma half life ~3 days)."”” The
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physiological function of HRG has not yet been established;
however, a number of ligands for the molecule have been
reported: namely; divalent metal ions,'® heparin,'” heparan
sulphate,'® thrombospondin,'? fibrinogen,”® and certain com-
plement proteins.?! These observations suggest that HRG may
play an important role in regulating blood clotting and the
immune system. Detailed conformational studies also indicate
that the molecule has a modular structure, suggesting several
independent binding sites which would enable HRG to bring
two or more ligands together.”” Recently we identified two
previously undescribed ligands for HRG: IgG and Clq. Our
additional studies indicated that HRG inhibits the formation
of insoluble IC (IIC) by maintaining IC in a soluble form, thus
implicating HRG as a key endogenous regulator of the
formation of IC.?* In fact, recent studies indicate that when
HRG is incorporated in IC the IC more effectively interact with
macrophages.?*

In the present work experiments were designed to mimic the
interaction of RF with human IgG containing IC in order to
examine the effect of HRG on the formation of IIC induced by
RF. Additional experiments using an [Asys biosensor, studied
the binding of RF to immobilized human IgG1lxk and the effect
of HRG on this interaction. The results show that physiological
concentrations of HRG can block the formation of IIC
between aggregated human IgG and RF in vitro and also
promote solubilization of already formed IIC. Furthermore,
the biosensor studies show that the binding of RF to IgGlx is
blocked by HRG, indicating that HRG masks the epitope(s) on
IgG recognized by RF. The findings suggest that HRG is a
novel regulator of RF induced IIC formation.

MATERIALS AND METHODS

Reagents

Human IgG, human IgG subclasses (myeloma derived), bovine
serum albumin (BSA, fraction V), ovalbumin (grade V) and
polyoxyethylenesorbitan monolaurate (Tween-20) were pur-
chased from Sigma Chemical Co., St Louis, MO. RF
(60 TU/ml) was supplied by Accurate Chemicals, Westbury,
NY. Carboxymethyl-dextran cuvettes for the [Asys biosensor,
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-
hydroxysuccinimide (NHS) and ethanolamine were purchased
from Affinity Sensors, Cambridge, UK. The homobifunctional
reagent bis-(sulphosuccinimidyl) suberate (BS3), sulphosucci-
nimidyl 6-(biotinamido) hexanoate (NHS-LC-biotin) and
gentle Ag/Ab elution buffer (a cuvette regeneration buffer
gentle to the dextran matrix) were purchased from Pierce,
Rockford, IL. Streptavidin was purchased from Progen
Industries, Brisbane, Australia.

Purification of proteins

Native human HRG of molecular size 80 000 MW was purified
from fresh human plasma as previously described® by
equilibrating a phosphocellulose column with loading buffer
comprising 10 mm sodium phosphate (pH 6-8) containing
1 mm ethylenediamine tetra-acetic acid (EDTA) and 0-5 ™
NaCl (loading buffer). The plasma was mixed with EDTA
and NaCl at the final concentrations as in the loading buffer
and with 4-(2-aminoethyl)-benzenesulphonyl fluoride hydro-
chloride (AEBSF) (ICN Pharmaceutical Inc., Costa Mesa, CA)
at 100 pg/ml and aprotinin (a trypsin inhibitor) at 2 ug/ml. The
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plasma was passed through the equilibrated column and
unbound protein was removed by extensive washing of the
column with the loading buffer. Bound HRG was then eluted
from the column using the same buffer containing 2 m NaCl.

Rabbit anti-ovalbumin IgG was purified from immunized
rabbit serum by Na,SO, precipitation and ion-exchange
chromatography using a diethylaminoethyl (DEAE)-Sephacel
column. The IgG was collected from the breakthrough peak as
described.?® Human IgG (2 mg/ml) was heat aggregated by
incubation at 63° for 40 min in phosphate-buffered saline
(PBS) and then chilling on ice for 2 hr. The aggregated IgG was
separated from non-aggregated IgG by fast-performance liquid
chromatography (FPLC) gel filtration using a Superose 12
column (Pharmacia, Uppsala, Sweden). The aggregated 1gG
was collected in the exclusion volume peak.

Formation of IIC

The formation of IIC was initiated by the addition of human
IgG (from pooled human serum) to solutions of anti-human
IgG antibodies. IIC formation was studied in three different
systems: (1) rabbit anti-human IgG (Fc) antibodies (69 pg/ml)
were incubated without or with different concentrations of
HRG in 0-01 M phosphate buffer (pH 7-4) containing 0-15 m
NaCl and 3 mm NaNj (PBS-Az) in a quartz reaction vessel
(final volume 1 ml) maintained at 37°. IIC formation was
initiated by the addition of human IgG which was either treated
or untreated with HRG at different antigen : antibody ratios;
(2) RF (8 IU/ml) was incubated in PBS-Az without or with
different concentrations of HRG and then IIC formation was
initiated by addition of heat-aggregated human IgG which was
either treated or untreated with HRG at different antigen:
antibody ratios; (3) biotinylated human IgG (b-IgG, from
pooled human serum) (30 pg/ml) was incubated without or
with different concentrations of HRG for 20 min and then
streptavidin (STP) was added to form IC in a quartz reaction
cuvette. After 20 min incubation RF (8 IU/ml), which was
treated or untreated with HRG, was added to the mixture of
STP and b-IgG to initiate the formation of IIC. Because the
absorbance caused by light scattering of a suspension of
particles is related to the average size of the particles, in all
instances the formation of IIC was monitored by measuring the
absorbance of samples at 350 nm using a Varian Cary-1
spectrophotometer, as described.”

Solubilization of preformed IIC by HRG

Ovalbumin at antigen : antibody ratios between 0-005 and 0-05
was added to a solution of rabbit anti-ovalbumin IgG
(900 pug/ml) in PBS containing 10 mg/ml BSA, 3 mm NaNj,
20 pm Zn** (PBS-BSA-Zn-Az) in an Eppendorf tube. Tubes
were rotated for 1 hr at 37°, and then the mixtures were further
rotated for 12 hr at 37° without or with addition of 150 ug/ml
of HRG. In some experiments different concentrations of
HRG were incubated with preformed IIC containing anti-
ovalbumin IgG (900 pg/ml) and ovalbumin at equivalence
antigen: antibody ratio to assess the effect of different
concentrations of HRG on the solubilization of preformed
IIC. In all instances, after 12-hr rotation of IIC with or without
HRG, the samples were centrifuged at 10* g for 1 min to collect
IIC. The pellets were washed three times in PBS and then
dissolved in 0-2 m NaOH. The absorbance of each solution was
measured at 280 nm assuming that the extinction coefficient of
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0-1% (w/v) solution = 1-4 for IgG. The percent precipitation
was calculated for each sample and was plotted against the
ovalbumin/IgG ratio (w/w) or plotted against the concentra-
tion of HRG.

Coupling of streptavidin to the dextran matrix

An TAsys resonant mirror biosensor (Affinity Sensors, Cam-
bridge, UK)?"-?® with a carboxymethyl-dextran sensing cuvette
was used to determine the kinetic constants and affinities of the
binding of RF to immobilized IgG1x. STP was coupled via ¢-
amino groups to the carboxymethyl-dextran sensing surface of
the IAsys biosensor cuvette using EDC and NHS.?"? This was
done by equilibrating the cuvette in PBS buffer containing
0-05% Tween-20 (PBS-T) and then reacting the cuvette with a
mixture of EDC/NHS for 7 min. Unreacted EDC/NHS was
washed away with PBS-T followed by three washes with 0-01 M
sodium acetate buffer (pH 4-5). STP (50 pg/ml) in acetate
buffer was added to the cuvette and allowed to react with the
activated carboxyl groups for 5 min. Uncoupled STP was
removed by washing with acetate buffer, and unreacted
succinimidyl groups were blocked by incubating with ethano-
lamine (1 M, pH 8-5) for 2 min. The cuvette was washed three
times with acetate buffer, and then washed with PBS-T
followed by a wash with 10 mm HCI to remove any non-
covalently bound protein. Consistent with studies using other
proteins®® a biosensor response of ~500 arc seconds was
observed when STP was immobilized to the sensing surface.
According to data provided by the manufacturer this response
represents the coupling of 3 ng of STP per mm? of sensing
surface.

Biotinylation of proteins and their binding to the biosensor
surface

The proteins to be biotinylated (e.g. human IgG and IgGlk)
were dissolved in PBS (pH 7-2) at a concentration of 1 mg/ml
and then reacted with NHS-LC-biotin (1 mg/ml) (Pierce,
Rockford, IL) for 30 min at room temperature. The reaction
was stopped by the addition of Tris—HCI buffer (pH 8-0) to a
final concentration of 100 mm. Unreacted biotin was removed
by washing the sample extensively (five cycles of concentration
and dilution) in a Centricon 10 microconcentrator (Amicon
Inc, Danvers, MA), before storing the biotinylated proteins at —
20° in small aliquots until use.

Biotinylated IgG 1k was coupled to the immobilized STP as
follows. Biotinylated IgG1lx (50 ug/ml) in PBS-T was added to
the STP-coupled dextran cuvette equilibrated in PBS-T, and
allowed to bind to the immobilized STP for 5 min. Non-
specifically bound biotinylated protein was removed by
washing three times with PBS-T, followed by three washes
with 10 mm HCI for 2 min (for three cycles).

Binding of protein ligands to proteins on the biosensor surface

Except where indicated, all experiments were performed in PBS
containing 0-05% Tween-20 and 10 mg/ml BSA (PBS-BSA-T)
and at a temperature of 25°. The BSA (1%, w/v) was included in
the buffer to reduce non-specific binding. The reaction vessel
was stirred continuously by the aid of a propeller. Binding was
measured at 2-s intervals, and the readout from the biosensor
was in units of arc-sec. Each binding reaction was routinely
followed for 5 or 10 min. All binding experiments were
performed at least in duplicate. The ‘Fast Fit’ program
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Figure 1. Formation of IIC between human IgG and either rabbit anti-
human IgG antibodies or RF as measured by light scattering at
350 nm. The results in (a) show the increase in absorbance as a function
of time caused by formation of IIC containing rabbit anti-human IgG
(69 pg/ml) and human IgG at the antigen : antibody ratios of 0:056
(W), 0-1 (O). 0-17 (@) and 0-22 (O). The results in (b) show the
increase in absorbance as a function of time caused by formation of IIC
containing human RF (8 IU/ml) and aggregated human IgG at
concentrations of 20 (M), 40 ((J), 60 (@), 80 (O) and 120 (A) ug/ml.
The results in (c) show the increase in absorbance as a function of time
caused by formation of IIC containing human RF (8 IU/ml) and
monomeric human IgG at concentrations of 60 (M), 120 ([J) and 240
(@) pg/ml. Data are representative of three separate experiments.

supplied by Fisons (Cambridge, UK) was used to evaluate
the kinetic constants.?

Before immobilization of the biotinylated proteins on the
STP-dextran, non-specific binding between the protein ligands
and the STP-dextran was assessed by the addition of different
amounts of the non-biotinylated protein ligands in BSA-PBS-T
to the cuvette. Under these conditions no significant level of
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Figure 2. Effect of HRG on the formation of 1IC between human IgG
and either rabbit anti-human IgG antibodies or human RF as
measured by light scattering at 350 nm. The results in (a) show the
increase in absorbance as a function of time due to formation of IIC
containing human IgG and rabbit anti-human IgG (69 pg/ml) at
equivalence antigen : antibody ratio for a control experiment (H no
additions), and for experiments carried out in the presence of 22-5 ([J),
45 (@), 60 (O), 75 (A) and 150 (A) png/ml of human HRG. The results
in (b) show the increase in absorbance as a function of time due to
formation of IIC containing RF (8 IU/ml) and aggregated human IgG
(120 pg/ml) for a control experiment (M no additions), and for
experiments carried out in the presence of 37-5 ([1), 75 (@), 150 (O)
and 300 (A) pg/ml of human HRG. Data are representative of three
separate experiments.

non-specific binding of any of the protein ligands used in this
study could be detected.

Preliminary experiments were performed to establish the
concentration range of RF suitable for kinetic analysis. PBS-T
was added to the protein-coupled cuvette to establish a baseline
(5 min) and RF was then added in PBS-T at different
concentrations. Binding of the RF was studied by monitoring
the association phase for 5 min. Subsequently, the cuvette was
washed with PBS-T and the dissociation phase was monitored
for 5 min. Bound RF was removed (cuvette regeneration) by
washing with either 10 mm HCI or the gentle Ag/Ab elution
buffer (Pierce, Rockford, IL). The baseline was then re-
established after washing the cuvette with PBS-T. In the HRG
inhibition experiments, HRG (15 pg/ml) was added to the
cuvette, allowed to reach equilibrium for 5 min and then
unbound HRG washed away before addition of RF. As
previously,” we found no evidence that the 10 mm HCI cuvette
regeneration wash significantly affected the ability of the
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proteins to subsequently interact with immobilized proteins on
the cuvette surface.

RESULTS

Formation of IIC containing human IgG and anti-human IgG
antibodies

Previous studies have shown that the formation of IIC between
ovalbumin and anti-ovalbumin IgG can be studied in vitro by
monitoring changes in IIC particle size by absorbance
measurements at 350 nm.>* In the present work IIC containing
human IgG and anti-human IgG antibodies were formed by:
(1) the incubation of polyclonal rabbit anti-human IgG
(specific for the Fc region of human IgG) with monomeric
human IgG; (2) the incubation of human RF with heat-
aggregated human IgG; and (3) the incubation of human RF
with monomeric human IgG.

To study the formation of IIC between rabbit anti-human
IgG and monomeric human IgG, rabbit anti-human IgG
(69 pg/ml) was incubated in PBS-BSA buffer and the forma-
tion of IIC was initiated by the addition of human IgG at
different concentrations in the range 3-9-15-5 ug/ml (Ag : Ab
ratio of ~0-056-0-22). The increase in the average size of the
IIC formed in the suspension was monitored by measuring the
absorbance of the turbid suspension at 350 nm (as described in
Materials and Methods) for 20 min (Fig. 1a). These data show
that incubation of rabbit anti-human IgG with monomeric
human IgG (from pooled human serum) resulted in the
formation of IIC, with maximum formation occurring at an
Ag : Ab ratio of 0-1. To determine whether the nature of the
light chain of human IgG (x or L), as antigen, affects the
formation of IIC, IIC formation also was carried out by mixing
human IgGlk or IgGlA with rabbit anti-human IgG. These
experiments indicated that the light chain of human IgG (as
antigen) has no effect on the formation and precipitation of IIC
(not shown).

The formation of IIC between human RF and aggregated
human IgG was carried out by the addition of RF (8 IU/ml) to
different concentrations of heat-aggregated human IgG (20—
120 pg/ml) in PBS-BSA buffer. Sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) analysis
showed that the majority of RF used in these studies is the
IgG form (not shown). As can be seen from the data in
Fig. 1(b) the formation of IIC under these conditions was
dependent on the concentration of heat-aggregated IgG used in
the incubations. Interestingly, our experiments also indicate
that little if any insolubilization and formation of IIC between
RF and monomeric human IgG occurs in this system (Fig. 1c).

HRG blocks the formation of IIC between human IgG and
anti-human IgG antibodies

The effect of HRG on the formation of IIC between rabbit
anti-human IgG (69 ug/ml) and monomeric human IgG
(6-9 pg/ml) was examined. As shown in Fig. 2(a) preincubation
of rabbit anti-human IgG and human IgG with HRG at 22-5,
45 and 60 pg/ml inhibited the formation of IIC in a dose-
dependent manner. Although little effect was seen at
22-5 pg/ml HRG, higher concentrations (75 and 150 pg/ml)
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Figure 3. Effect of HRG on the formation of IIC between RF and STP
aggregated biotinylated human IgG (b-IgG). In (a) b-IgG (30 ug/ml)
was incubated with STP at 6 (W), 12 ((J), 18 (@), 24 (O) and 60 (A) pg/
ml for 20 min, then RF (8 IU/ml) was added to the STP-b-IgG
complexes and IIC formation was monitored by light scattering. In (b)
b-1gG was preincubated without (M) or with human HRG at 15 (OJ),
30 (@), 75 (O), and 150 (A) pg/ml for 20 min before aggregation by
streptavidin (STP) (18 pg/ml) for 20 min and the addition of RF (8 IU)
to form IIC. Data are representative of three separate experiments.

of HRG resulted in an almost complete blockage of the
formation of IIC in this system.

Interestingly, the preincubation of RF (8 IU/ml) with
different concentrations of HRG in the range 37-5-300 pg/ml
resulted in a HRG concentration-dependent inhibition of the
formation of IIC between RF and heat-aggregated human IgG
(~120 pg/ml) (Fig. 2b). However, HRG was much less
effective at inhibiting IIC formation in this system (compare
Fig. 2a, b)

HRG blocks the formation of IIC between RF and
STP-aggregated biotinylated human IgG

Because HRG was relatively ineffective at blocking the
formation of IIC between human RF and heat-aggregated
human IgG another form of aggregated human IgG was
investigated as antigen. In particular, there was the concern
that heat treatment may destroy HRG binding sites on human
IgG. Thus, it was considered essential to establish whether
HRG could block the formation of IIC between RF and
biotinylated human IgG (b-IgG) aggregated with STP.
Experiments were conducted to determine the optimum ratio
of STP: b-IgG to produce aggregated b-IgG which subsequently
formed IIC upon addition of RF (8 IU/ml). The b-IgG

(30 pg/ml) was incubated with different concentrations of STP
(6-60 pg/ml) in PBS-BSA-Zn in a quartz reaction cuvette for
20 min at 37°. It should be noted that cross-linking b-IgG with
STP resulted in no significant detectable light scattering
(Fig. 3a). However, addition of RF to some solutions of STP-
b-IgGresulted in anincrease in absorbance due to light scattering
by IIC. These experiments indicated that the formation of IIC
with RF (8 IU/ml) and STP-b-1gG is optimal when 18 pg/ml of
STP is used for b-IgG cross-linking (Fig. 3a).

The effect of HRG on the formation of IIC between RF
and STP-b-IgG was examined by preincubating b-IgG
(30 ug/ml) with different concentrations of HRG (15—
150 pg/ml) for 20 min before the addition of STP (18 pg/ml).
After incubating this mixture for 20 min RF was added to
initiate the formation of IIC. Gel filtration studies showed
that the presence of HRG had no effect on the cross-linking of
b-IgG by STP (data not shown). The data show that
preincubation of IgG with HRG inhibits formation of IIC;
inhibition was significant at 15 and 30 pg/ml HRG, with over
60% to 80% blockage of IIC formation occurring at 75 and
150 pg/ml HRG, respectively (Fig. 3b). This is similar to the
inhibitory effect of HRG on the formation of IIC between
human IgG and rabbit anti-human IgG (compare Figs 2a and
3b).

Use of optical biosensor to examine the effect of HRG on
RF-IgG interaction

Because HRG is an IgG binding protein® it may mask epitopes
on IgG recognized by RF. Thus, an IAsys optical biosensor
was used to study the binding of human RF to IgG and the
effect of human HRG on this interaction. Human IgGl
possessing the « light chain (IgGlk) was biotinylated and
bound to STP immobilized onto the sensing surface of an IAsys
dextran cuvette. The binding of RF to immobilized IgGlx,
which may resemble immobilized IC, was carried out by the
addition of RF to the cuvette at different concentrations in the
range 2-16 IU/ml in PBS-T-BSA. In this study, the concentra-
tion of RF is expressed as [U/ml (instead of molarity) as most
published work and clinical evaluations of RF levels in patients
use this unit. As shown in Fig. 4(a) the binding of RF to IgGlk
over a 10-min period exhibited saturation kinetics with near
maximal binding occurring at ~16 IU/ml RF. The biosensor
signal obtained was specific for the binding of RF to the
immobilized IgG1x because preincubation of the RF (8 1U/ml)
with 120 pg/ml of soluble IgG1x inhibited the binding of RF to
immobilized IgG1x (not shown). Analysis of the data using the
‘Fast Fit’ program showed that the association curves could be
fitted to a single exponential. For each binding curve the
observed rate constant (k) was determined and plotted
against the titre of RF. As shown in Fig. 4(b) the plot of ks
against the RF concentration (IU/ml) approximated a straight
line with the slope or on-rate being 14-92 + 2:43 x 107
IU/ml/s and the y-intercept (off-rate) for the interaction being
1:69 + 0-41 x 107s.

The ability of HRG to bind with high affinity to
immobilized IgG? raised the question of whether HRG can
mask epitopes on IgG1x recognized by RF. Consistent with the
data shown in Fig. 4(a), the addition of 8§ IU/ml of RF in PBS-
T-BSA to the cuvette increased the binding signal (association
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Figure 4. Interaction of RF with immobilized human IgGlk. (a)
Human IgGlk immobilized onto the sensing surface of a biosensor
cuvette was reacted with different concentrations (2-16 IU/ml) of RF,
the overlay plots representing the binding of different RF concentra-
tions to the immobilized IgGlxk. (b) The value of ks for the binding
curve for each RF titre was determined using the linearization method
(Fast Fit program) and each value plotted against the concentration of
RF. The plot of &, against RF concentration (IU/ml) approximates a
straight line (@); the slope represents k,, and the y-intercept represents
ko for this interaction. (c) In some experiments before monitoring the
binding of RF (8 IU/ml) to IgGlxk the cuvette was either untreated (no
HRG) or pretreated (+HRG) with HRG (15 pg/ml) for 5 min. Each
data point in (b) represents the mean + SEM obtained from three
separate experiments. The data in (a) and (c) are representative of three
separate experiments.

pattern, no HRG) (Fig. 4c). However, the addition of RF
(8 IU/ml) to a cuvette containing immobilized IgG1k that had
been pretreated with 15 ug/ml HRG did not result in an
increased binding signal, suggesting that HRG blocks the
binding of RF to immobilized IgG1x. Interestingly, under these
conditions the addition of RF to the HRG pretreated cuvette
actually showed a dissociation response, rather than the
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expected association (see Fig. 4c, +HRG). This result may
be caused by RF displacing some of the HRG bound to the
immobilized IgGlk. As the immobilization of b-IgG on the
sensing surface may have created cross-linked IgG molecules
resembling IC, the biosensor data further supports the view
that HRG has the ability to block the binding of RF to IgG
containing IC.

HRG promotes solubilization of already formed I1C

Activation of the classic and alternative complement pathways
has been shown to inhibit the formation of IIC and to promote
solubilization of already formed IIC.*° Therefore, it was
important to examine whether HRG, apart from inhibiting the
formation of IIC and regulating the binding of RF to IgG
containing IC, could promote the solubilization of already
formed IIC. Different concentrations of ovalbumin were added
to rabbit anti-ovalbumin IgG (900 pg/ml) to form IIC and the
IIC either left untreated, or treated with HRG (150 pg/ml), and
then incubated overnight at 37°. After incubation, the IIC that
remained in each sample were collected by centrifugation,
dissolved in NaOH, and the absorbance of each solution was
measured to determine the percent IgG precipitation as
described in the Materials and Methods. A comparison of
the precipitin curves shown in Fig. 5(a) indicates that there was
slightly less precipitate in the incubations in which HRG was
included with the preformed IIC at almost all Ag : Ab ratios.

To explore whether the effect of HRG on the solubilization
of already formed IIC is dependent on the concentration of
HRG, IIC were formed at the equivalence Ag : Ab ratio (i.e.
0-03), and then incubated with different concentrations (56—
450 pg/ml) of HRG. The results indicate that HRG promotes
solubilization of already formed IIC, and that the solubiliza-
tion is dependent on the concentration of HRG (Fig. 5b), with
very significant solubilization (P < 0-006) occurring when the
molar ratio of HRG : IgG is ~1, i.e. 450 ug/ml HRG. There
was also significant solubilization of IIC at 225 pg/ml
(P = 0-02) of HRG, with 150 pg/ml of HRG producing almost
significant solubilization (P = 0-07).

DISCUSSION

Our previous studies® demonstrated that HRG can inhibit the
formation of IIC. Thus, it was important to examine whether
HRG could also inhibit formation of IIC resulting from the
interaction of RF with human IgG. In order to answer this
question three RF models were used. The first involved a
xenogeneic system, namely the interaction of rabbit IgG
specific for human IgG (Fc region-specific) with monomeric
human IgG. The other two systems entailed the formation of
IIC between human RF and human IgG aggregated either by
heat or by cross-linking with STP following biotinylation. It
was found that, in order for RF to form IIC, the human IgG
needed to be aggregated (Fig. 1b, ¢), indicating that RF may
bind weakly to monomeric IgG, and that multimeric interac-
tions may be required for the formation of IIC. These results
are consistent with the reported binding affinity of RF for IC
being 100-fold higher than for monomeric IgG.*!!

A major finding from the present work is that in all three
models of the RF-human IgG interaction, HRG blocks the
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formation of IIC. It is interesting to note that with the rabbit
anti-human IgG-human IgG interaction and the RF-STP-
aggregated b-IgG interaction, HRG could completely inhibit
IIC formation (Figs 2a and 3b). This effect was not observed in
the rabbit anti-ovalbumin/ovalbumin interaction, where HRG
only partially inhibited IIC formation.”® This difference is
probably caused by HRG both directly blocking the epitopes
on human IgG recognized by RF and inhibiting insolubiliza-
tion of RF-human IgG-containing IC. In the case of the
ovalbumin/anti-ovalbumin system HRG would only inhibit IC
insolubilization. The failure of high concentrations (300 pug/ml)
of HRG to completely block the formation of IIC between
human RF and heat-aggregated human IgG (Fig. 2b) may be
an indication of inefficient binding of the HRG to aggregated
human IgG and/or possible alterations in the HRG binding site
upon exposure to heat.

To clarify whether HRG inhibits IIC formation by masking
epitopes on IgG recognized by RF, additional studies were
performed using the optical biosensor. These studies indicated
that human RF binds to immobilized human IgGlk (pre-
sumably mimicking immobilized IC) in a concentration-
dependent and saturable manner (Fig.4a). In contrast,
preincubation of IgG1k immobilized on the biosensor surface
with HRG resulted in a total inhibition of RF binding and, in
fact, significant dissociation of bound HRG was observed.
Dissociation of HRG presumably occurs through the compe-
titive binding of the HRG to RF in solution. These biosensor
data are consistent with HRG masking the site on IgGlk
recognized by the RF used in this study.

Another important finding from the present work is that the
presence of HRG can promote solubilization of already formed
IIC. HRG was much more effective at inhibiting the formation
of IIC (50% inhibition when the HRG : IgG molar ratio was
~1),% than at promoting solubilization (15% solubilization
occurred when the HRG was incubated with IIC at a
HRG : IgG molar ratio of ~1) (Fig. 5b), although such a
result is not that surprising when one considers the poor
accessibility of HRG to IIC. Nevertheless, the ability of HRG to
promote solubilization of already formed IIC in vitro, suggests
that HRG may play an important role in the solubilization and
subsequent clearance of IIC in vivo. Furthermore, we have
recently shown that the incorporation of HRG into IC leads to
enhanced uptake of the IC by monocytes.*

All of the experiments described in this paper were carried
out in a plasma-free system. However, our previous studies
have shown that HRG can inhibit IIC formation in whole
human plasma.® In fact, HRG appears to be the major
endogenous inhibitor of IIC formation in normal human
plasma, plasma depleted of HRG enhancing rather than
inhibiting IIC formation and readdition of HRG restoring the
inhibitory activity of plasma.?® Preliminary experiments were
also performed in which it was shown that HRG could still
inhibit IIC formation between RF and aggregated human IgG
when 10% human plasma, depleted of HRG, was added to the
reaction mixture (not shown).

The present work represents the first report that a plasma
protein (i.e. HRG) is able to block the binding of RF to IC. The
results also suggest that when it is incorporated in IC, HRG
may prevent IC from being recognized by the surface
immunoglobulins on RF-producing B cells. From these results
it is proposed therefore that HRG may directly interfere with
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Figure 5. Effect of HRG on solubilization of already formed IIC. In (a)
IIC were formed between ovalbumin and anti-ovalbumin IgG (900 pg/
ml) at different antigen : antibody ratios (0-005-0-05) and then HRG
(150 pg/ml) was examined for its ability to solubilize the IIC overnight
at 37° (M) and compared with IIC incubated in the absence of HRG
(®@). Data expressed as percent precipitation of anti-ovalbumin IgG
(for details see Materials and methods). (b) Shows the ability of
different concentrations of HRG, following incubation overnight at
37°, to solubilize ovalbumin antiovalbumin IgG (900 pg/ml) IIC
formed at an equivalence (0-03) antigen: antibody ratio. Each data
point in (b) represents mean + SEM of three experiments. Asterisks
indicate the ability of different concentrations of HRG to significantly
solubilize the preformed IIC when compared to IIC formation in the
absence of HRG, i.e. *P = 0:02, **P = 0-006.

the production of RF in vivo. These findings have major
implications for the role of HRG in regulating the production
of RF, and hence the regulation of the humoral immune
response. Similarly, HRG-mediated solubilization of already
formed IIC has important implications for the prevention of
the deposition of pathogenic IIC in tissues (e.g. synovia,
kidney, blood vessel wall) in some IC-associated diseases. The
presence of HRG, by promoting the solubilization and
enhanced clearance of the IIC trapped in tissues, may reduce
the pathogenic effects and immunological consequences
associated with the deposition of IIC.
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