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Abstract

The production of reactive oxygen species (ROS) by polymorpho-
nuclear leukocytes (PMN) can be induced by immune complexes and
is an important component of phagocytosis in the killing of microor-
ganisms, but can also be involved in inflammatory reactions when
immune complexes are deposited in tissues. We have observed that
fluid-phase IgG can inhibit the generation of ROS by rabbit PMN
stimulated with precipitated immune complexes of IgG (ICIgG) in a
dose-dependent manner, acting as a modulatory factor in the range of
physiological IgG concentrations. This inhibitory effect is compatible
with the known affinity (Kd) of monomeric IgG for the receptors
involved (FcRII and FcRII). The presence of complement compo-
nents in the immune complexes results in a higher stimulation of ROS
production. In this case, however, there is no inhibition by fluid-phase
IgG. The effect of complement is strongly dependent on the presence
of divalent cations (Ca> or Mg?*) in the medium, whereas the stimu-
lation of ICIgG (without complement) does not depend on these
cations. We have obtained some evidence indicating that iC3b should
be the component involved in the effect of complement through
interaction with the CR3 receptor. The absence of the inhibitory effect
of fluid-phase IgG in ROS production when complement is present in
the immune complex shows that complement may be important in vivo
not only in the production of chemotactic factors for PMN, but also in
the next phase of the process, i.e., the generation of ROS.

Introduction

Key words

« Polymorphonuclear
leukocytes

« Reactive oxygen species

o Immune complex

. 1gG

« Complement

It is well known that polymorphonuclear
leukocytes (PMN) can undergo a rapid meta-
bolic change, known as the respiratory burst,
when exposed to a variety of stimuli (1); this
includes an increased rate of oxygen con-

sumption, a marked activation of the pen-
tose-phosphate pathway and the generation
of reactive oxygen species (ROS; O,", H,0,,
OH-, singlet oxygen, etc.). The production of
these highly reactive compounds which have
microbicidal properties is a component of
the process of phagocytosis, being thus im-
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plicated in the mechanisms of defense. How-
ever, in some instances it may be involved in
inflammatory reactions, since these com-
pounds may be released from the cells and
contribute to tissue damage (2).

It is well established that the interaction
of particles or surfaces with leukocytes me-
diated by Fcy receptors (immune complexes
of IgG - ICIgQG) can trigger the respiratory
burst. However, divergent findings have been
reported as to the ability of complement
(C3b and iC3b) to induce the generation of
ROS upon interaction with the cells. Some
experiments have shown that C3b or iC3b is
not able to induce the generation of ROS by
human monocytes and PMN (3); other ob-
servations, however, have indicated an ac-
tive role of these complement components in
triggering the respiratory burst (4,5). Also,
some evidence has been presented indicat-
ing that the production of ROS by PMN is
dependent on a synergic mechanism involv-
ing Fcy and complement receptors (6).

Regardless of the importance of deter-
mining which kind of receptors are able to
trigger this mechanism by themselves, an-
other relevant issue is to know the behavior
of these cells in the production of these
compounds under physiological conditions,
when the phagocytes interact with immune
complexes which contain IgG or IgG and
complement components, since in vivo there
is a high concentration of fluid-phase IgG
which possibly could compete for the Fcy
receptors. We analyze this question by in
vitro experiments with rabbit PMN using as
a stimulus two types of immune complexes
in the form of precipitates: ICIgG and oval-
bumin and the same immune complexes with
complement components incorporated by
previous incubation with whole serum
(ICIgG-C).

Material and Methods

The preparation of the antigen (chicken
ovalbumin), the purification of rabbit IgG
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anti-ovalbumin antibodies, the preparation
of ICIgG with ovalbumin in the equivalence
zone, as well as the isolation of rabbit blood
PMN were performed as described (7).

Media and solutions

Phosphate-buffered saline (PBS) contain-
ing 0.9% NaCl and 8 mM sodium phosphate
buffer, pH 7.2, was used. Hanks’ medium
was prepared as described (8). Luminol
(Sigma, St. Louis, MO, USA) was dissolved
in dimethylsulfoxide (DMSO) at a concen-
tration of 2 mM; for the experiments this
stock solution was diluted with Hanks’ me-
dium (the final concentration of DMSO was
0.45%, vIv).

Animals

New Zealand rabbits were used as blood
donors for the isolation of PMN as well as of
normal or immune serum.

Preparation of antigen-antibody-complement
complexes

Immune complexes of ovalbumin and
IgG antibodies were prepared at equivalence
(7). Complement was added to ICIgG for the
preparation of the ICIgG-C complexes as
follows: after centrifugation and washing
three times with PBS, the antigen-antibody
precipitates were incubated with fresh rabbit
serum at the proportion of 182 ug of immune
complex per ml of serum for 30 min at 37°C
(7,9). The immune precipitates were then
washed three times with PBS by centrifuga-
tion at 4°C and resuspended in Hanks’ medi-
um containing 15 mM HEPES, pH 7.2, and
0.1% gelatin. The quantity of immune com-
plexes is always reported as the mass of
protein before the addition of complement.
Protein concentrations in the immune pre-
cipitates were determined by the micro-bi-
uret method. We found that after formation
of ICIgG-C the mass of the immune complex
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increased by 44%. To test for the comple-
ment-fixing capacity of the ICIgG, the re-
sidual CHs, (50% hemolytic unit of comple-
ment) was determined (10) in the superna-
tant after incubation of the immune com-
plexes with serum. It was found that 182 pg
of ICIgG consumed 29.8 CHs, units.

Treatment of rabbit serum to inactivate some
complement components

Rabbit serum used as a source of comple-
ment was subjected to three types of treat-
mentin order to selectively inactivate comple-
ment components: a) heat inactivation at
56°C for 30 min to block the activity of C1,
C2 and factor B; b) depletion of C3 by
treatment of serum with zymosan using 15
mg of zymosan per ml of serum at 37°C for
I h (10); c) inactivation of C3 and C4 by
treatment of serum with 50 mM hydrazine,
incubated with serum at 37°C for 2 h, fol-
lowed by dialysis with PBS containing Ca*
and Mg? at the concentrations of Hanks’
medium (11).

Measurement of the production of ROS by
chemiluminescence

The production of ROS by PMN was
assayed by the generation of chemilumines-
cence in the presence of luminol (12). This is
an indirect measurement of the amount of
superoxide produced: the stimulation of the
cells leads to the activation of NADPH oxi-
dase, resulting in the formation of O, which,
upon the action of superoxide dismutase
(SOD), undergoes a dismutation to H,O,
which, in the presence of CI” and myeloper-
oxidase, forms OCI". Some of these com-
pounds react with luminol bringing the mol-
ecule to an excited state whose decay results
in light emission (13). The kinetics of chemi-
luminescence was recorded with a BioOrbit
luminometer, model 1251 (Bio-Orbit Oy,
Turku, Finland). PMN suspensions (10° cells)
in Hanks’ medium containing 15 mM

—=—|ClgG
--ICIgG + IgG
-e—Medium alone
—o-1gG

(mV)

Chemiluminescence

0 v T T T T i 7 ¥ 1
0 100 200 300 400 500 600 700 800 900

Time (s)
200+ B
150
Q@
o n
- X
x & 1004
e
T =
50
0
0 50 100 150 200 250 300 350

CLp (mV)

HEPES, pH 7.2, 0.1% gelatin and 10 uM
luminol were added to the cuvettes and pre-
incubated for 15 min at 37°C. The cuvettes
were then inserted into the luminometer, and
the stimulus (immune complex) was added
to start the experiment; the final volume was
1.1 ml. The cuvettes were maintained at
37°C and the rate of photon emission (re-
ported in mV) was recorded every 51 s. The
first measurement was made after 25 s.

Competition experiments with fluid-phase
I1gG

PMN suspensions were preincubated with
fluid-phase IgG at 37°C for 15 min in Hanks’
medium with the desired concentrations of
IgG before stimulation with the immune com-
plexes, also in the presence of IgG. The IgG
solution used (prepared by DEAE cellulose
chromatography) was tested for the presence
of aggregated molecules by polyacrylamide
gel electrophoresis using 3.5% acrylamide
gels with 0.5% agarose as described previ-
ously (14), and no aggregation was found. In
addition we demonstrated that centrifuga-
tion of IgG solution at 100,000 g for 30 min
just before these experiments had no appre-
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Figure 1. Kinetics of chemilumi-
nescence, a measure of the rate
of reactive oxygen species pro-
duction, by rabbit polymorpho-
nuclear leukocytes stimulated
with IgG immune complexes
(ICIgG) in the absence and in
the presence of fluid-phase IgG.
A, Cells (108) were preincubated
in Hanks" medium alone or con-
taining 10 mg/ml IgG for 15 min
at 37°C and then stimulated with
300 pg ICIgG. Chemilumines-
cence was recorded in a final
volume of 1.1 ml. Two controls
are shown: only cells (medium
alone) and cells plus 10 mg/ml
1gG (IgG). Data are reported as
means + SD for N = 4 (cells
from different animals). B, Cor-
relation between chemilumines-
cence in the peak (CLp) and to-
tal chemiluminescence (CLt) for
13.6 min (calculated by integra-
tion of the peak). The six points
correspond to six different con-
centrations (9.4 to 300 pg/ml) of
IClgG. Each point corresponds
to the mean value of 4 inde-
pendent experiments (different
animals).
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Figure 2. Inhibition of reactive
oxygen species production by in-
creasing concentrations of fluid-
phase IgG. Cells (106) were pre-
incubated with fluid-phase 1gG
for 15 min at 37°C and then stim-
ulated with 300 pg ICIgG. The
control cells were preincubated
in the medium without 1gG. Re-
sults are reported as percent
chemiluminescence in the peak
in relation to control values
(mean + SD, N = 4 with cells
from different animals).

Figure 3. Effect of complement
components incorporated into
immune complexes of IgG
(ICIgG-C) on the stimulation of
reactive oxygen species produc-
tion by polymorphonuclear leu-
kocytes and the influence of the
presence of fluid-phase IgG.
Cells (106) were preincubated in
Hanks' medium with or without
10 mg/ml fluid-phase IgG for 15
min at 37°C before stimulation
with different amounts of im-
mune complexes. For ICIgG-C
the mass of immune complexes
indicated on the abscissa corre-
sponds to its mass before the
addition of complement. IClgG-
C was prepared using 182 ug
ICIgG per ml of serum. Data are
reported as means + SEM for N
= 4 (different animals).
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ciable effect on the inhibitory action of fluid-
phase IgG on ROS production by PMN stim-
ulated with ICIgG. In view of this result, this
previous centrifugation was performed in
some, but not all, experiments.

Results

The kinetics of chemiluminescence pro-
duction by PMN induced by ICIgG is pre-
sented in Figure 1A. The presence of fluid-
phase IgG at a concentration representative
of that existing in plasma (10 mg/ml) greatly
reduced the stimulatory effect of the im-
mune complex. The chemiluminescence with
PMN alone as well as with PMN plus 10 mg/
ml fluid-phase IgG was very low and negli-
gible compared with that induced by the
immune complex. Figure 1B shows the cor-
relation between the values of chemilumi-
nescence in the peak and the total chemilu-
minescence after 13.6 min (calculated by
integration over this period of time) using six
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different concentrations of ICIgG (from 9.4
to 300 ug/ml). Since there was a close corre-
lation between the two measurements, we
used only the chemiluminescence in the peak,
that corresponds to the maximum rate of
ROS production, for quantification in the
subsequent experiments.

Figure 2 shows the inhibitory effect of
increasing concentrations of fluid-phase IgG
on the stimulation of ROS production by
PMN induced by ICIgG (300 ug/ml). The
inhibition was progressive with increasing
IgG concentration and started to be demon-
strable at around 0.9 mg/ml IgG; with 10 mg/
ml IgG the effect reported as percent of
control (without fluid-phase IgG) was in the
range of 34 to 64% in four independent
experiments (47 + 14%, mean = SD).

In another set of experiments we ana-
lyzed the possible effect of complement in-
corporated into the immune complex of IgG
on its stimulatory effect on ROS production,
as well as the susceptibility to inhibition by
the soluble immunoglobulin, using several
immune complex concentrations (Figure 3).
In the range of immune complex concentra-
tions from 9.4 to 300 ug/ml, the presence of
IgG greatly reduced ROS production by
ICIgG; however, when complement was pres-
ent in the immune complex, no inhibition
was observed. The stimulatory effect of
ICIgG-C was higher than the effect of ICIgG,
albeit it was not affected by the presence of
soluble IgG (the two curves were practically
coincident in the entire range of immune
complex concentrations).

The experiments in Figure 4 show the
influence of extracellular divalent cations
(Ca?* and Mg?*) on ROS production induced
by ICIgG and ICIgG-C. For each type of
immune complex the control was the value
of chemiluminescence in the peak obtained
in complete Hanks’ medium (1.26 mM Ca?*
and 0.9 mM Mg?).

Stimulation with ICIgG was practically
independent of the presence of these cations
in the medium. The effect of ICIgG-C, how-
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ever, was strongly dependent on them, with
Ca?* alone being sufficient for the full effect,
whereas Mg?* produced a lower stimulation
(around 60% of control). Moreover, when
fluid-phase IgG was present (10 mg/ml) the
same dependence on Ca** and Mg** was
obtained for the effect of ICIgG-C.

In order to have some indication of which
components of complement incorporated into
the immune complex were responsible for
the effect of ICIgG-C, we prepared this im-
mune complex using as a source of comple-
ment rabbit serum previously treated by three
different procedures: heat inactivation at 56°C
for 30 min blocking the activity of C1, C2
and factor B, depletion of C3 by treatment
with zymosan, and inactivation of C3 and C4
by treatment with hydrazine. The experi-
ments in Figure 5 were done in the presence
of 10 mg/ml fluid-phase IgG.

All three treatments abolished the effect
of complement (in these experiments the
control was the effect of ICIgG without com-
petition with soluble IgG). These results in-
dicate that iC3b must be involved in the
effect of complement incorporated into im-
mune complexes.

Discussion

Fcy receptors, which recognize the Fc
domain of IgG, are involved in a number of
cellular functions such as phagocytosis, su-
peroxide production and cytokine release.
Three types of Fcy receptors have been de-
scribed in human and mouse PMN: FcRI,
FcRII and FcRIII (15). FcRI is a high affinity
receptor for monomeric IgG with a dissocia-
tion constant ranging from 10 to 0.1 nM, and
is expressed in INF-y-treated neutrophils.
FcRII and FcRIII are normally present in
non-activated PMN and have a lower af-
finity for IgG, with a dissociation constant
ranging from 10 to 0.1 uM (16-18). The
same types of receptors may be present in
rabbit PMN. Thus, in our experiments the
low affinity receptors FcRII and FcRIII might
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mediate the interaction between ICIgG and
the cells. In competition experiments using
10 mg/ml fluid-phase IgG we had an IgG
concentration of 67 uM, a value in the range
of the dissociation constant for FcRII and
FcRII (10to 0.1 uM). It is thus reasonable to
assume that fluid-phase IgG could compete
with the immune complexes for the binding
to the receptors, resulting in partial inhibi-
tion of the stimulation of ROS production, as
observed here.

We have shown that the presence of
complement components in the immune com-
plexes of IgG appreciably increases the ca-
pacity of ROS production by PMN. Also,
when complement is present in the immune
complexes, fluid-phase IgG has no effect on
the induction of ROS production. Comple-
ment receptors would not be affected by the
occupation of Fcy receptors by fluid-phase
IgG, so that the ICIgG-C can by-pass the
competitive inhibition that is observed with
ICIgG. In this case, the interaction mediated
by complement receptors may increase the
binding of immune complexes to the cells or
may by itself also stimulate ROS generation.

One possibility we should consider is
that the immune complex could be partially
solubilized upon the addition of serum for
the preparation of ICIgG-C, as previously
reported (19,20). In our experiments this
was improbable since the relation between
serum volume and the ICIgG mass used by
us was much smaller than that needed to
solubilize the immune complexes. Compared
to the volume used by the cited investigators
with IgG antibody and BSA, we used a se-
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Figure 4. Effect of extracellular
Ca?* and Mg?2+ on reactive oxy-
gen species production induced
by ICIgG and ICIgG-C. Polymor-
phonuclear leukocytes (106
cells) were suspended in Hanks'
medium without Ca2*+ and Mg2+
(-), or in medium containing ei-
ther one of these cations at the
concentrations used in Hanks'
medium (1.26 mM Ca2+ and 0.9
mM Mg?+). The chemilumines-
cence in the peak with 300 pg
IClgG was measured and the re-
sults are indicated as % of con-
trol; for each of the three groups
the control value was that ob-
tained with complete Hanks'
medium. IClgG-C + IgG indi-
cates the experiments in the
presence of 10 mg/ml fluid-
phase IgG. The values obtained
with only Ca2* in the medium
were not statistically different
from the corresponding controls
(with Ca?* and Mg?*). Data are
reported as means = SEM. *P <
0.02 for comparison of the con-
ditions with Mg?2+ or (-) with the
corresponding values with CaZ+
in each of the three groups (&
test).
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Figure 5. Effect of three kinds of
treatment of rabbit serum used
as a source of complement in
the preparation of ICIgG-C on
the experiments of competition
with fluid-phase IgG. Polymor-
phonuclear leukocytes (106
cells) were stimulated with the
immune complexes (300 pg) and
the chemiluminescence in the
peak was recorded (general con-
ditions were the same as de-
scribed in previous experi-
ments). The values presented
were obtained in the presence
of 10 mg/ml fluid-phase IgG, and
are reported as percent of con-
trol (the chemiluminescence in
the peak obtained with ICIgG
without fluid-phase 1gG). Serum
treatments: H = treatment with
hydrazine, Heat = incubation at
56°C for 30 min, T = the same
conditions for treatment with hy-
drazine but without this reagent,
Z = absorption with zymosan.
Data are reported as means +
SEM for N = 4-6 with different
cell preparations (with the ex-
ception of H and T in which 2
cell preparations were used (2
determinations for each one).
*P < 0.004 compared to ICIgG-C
(t-test).
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rum volume about 18 to 20 times smaller
than that required for solubilization. But,
even in the case of a small amount of im-
mune precipitate being solubilized (despite
the increase in mass of the immune complex
by incorporation of complement compo-
nents), this does not interfere with the inter-
pretation of the results since ICIgG-C in-
duces a higher ROS production than ICIgG
(obviously it would interfere if the reverse
were obtained).

It is known that, upon activation of the
complement system by immune complexes,
several activated proteins (derived from C1,
C4, C2, and C3) become tightly bound to the
complexes (9,21,22). PMN have been shown
to have receptors for some of these compo-
nents which may be involved in various
biological functions (23). Thus, interaction
through C3b/iC3b can promote the binding
of immune complexes; it was shown, how-
ever, that the interaction through C3b and
iC3b cannot induce phagocytosis (24). Clq
bound to latex beads stimulates the respira-
tory burst and the hexose phosphate pathway
in these cells (25). As to the capacity of C3b/
iC3b to trigger the generation of ROS, some
studies have led to conflicting results (3-6).
Possibly the differences in physical form of
the stimulus could explain these differences.
None of these studies on the function of
complement receptors used precipitated im-
mune complexes as done in our experiments,
a fact that might be important in inflamma-
tory reactions involving PMN. Our finding
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that complement can reverse the inhibition
by fluid-phase IgG suggests that its compo-
nents incorporated into the immune com-
plexes could have a stimulatory effect by
themselves. However, one cannot exclude
the possibility that Fc receptors could be
involved because, if complement promotes
the binding of the immune complex to the
cell membrane, the IgG molecules present in
the immune precipitate would be forced to
interact with its receptors and the Fc-medi-
ated triggering of stimulation would be fea-
sible.

We have observed that the effects of the
presence of complement in the immune com-
plexes on ROS generation are strongly de-
pendent on divalent cations (Ca** or Mg?*),
whereas the stimulation of ROS production
by ICIgG practically does not require these
cations in the medium. This is evidence for
the involvement of other kinds of receptors
(CR3 and CR4 which bind to iC3b or CR1
which binds to C3b). This is consistent with
the observation that neutrophil activation by
IgG immune complexes was less dependent
on extracellular Ca?* than that induced by
C5a (26).

It is interesting to note that in the experi-
ments with Ca** and Mg* (Figure 4) the
effect of ICIgG-C in the absence of these
cations was very low even without IgG in the
fluid phase. At first this would not have been
expected since IgG is present in the immune
complex and could interact with Fcy recep-
tors, and this interaction, as shown in the
same experiment, does not depend on these
ions. One possible explanation would be that
the incorporation of complement into ICIgG
blocks to some extent the binding site for the
receptor in the Fc domains. This is plausible
since it was found that FcRII and FcRIII bind
to IgG in the lower hinge region (27), which
is also close to the site of fixation of Clq to
the immunoglobulin (28).

The experiments illustrated in Figure 5,
in which the serum used as a source of
complement was subjected to some treat-
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ments in order to selectively inhibit comple-
ment components, indicate that the compo-
nents involved in the interaction of ICIgG-C
with PMN should be C3b (involving CR1) or
iC3b (involving CR3 and CR4). The direct
participation of Clq, for which there is a
specific receptor in PMN (25), may be ex-
cluded since treatment with hydrazine or
absorption of serum with zymosan does not
interfere with this component. It is most
likely that iC3b may be responsible for the
binding to the cells, since C3b (which binds
to CR1) has a half-life of about 90 s (29) and,
in the preparation of ICIgG-C, ICIgG was
incubated with serum for 30 min. So, the
receptor involved should be CR3. Further
evidence for excluding CRI in the interac-
tion is that, although this receptor can also
recognize iC3b, it does not require divalent
cations for binding (15). It is also interesting
to note that CR3 has a long extracellular
domain containing three calmodulin-like
consensus Ca?*-binding sequences (30), in
agreement with the effect of this cation in
our experiments.

It is known that PMN can migrate to
diverse sites of the organism where variable
concentrations of IgG might exist. Thus we
may say that the fluid-phase IgG present at
these sites can exert an important modula-
tion of the process of ROS production by
PMN induced by IgG immune precipitates.

PMN have been implicated in many dis-
eases as possible mediators of tissue dam-
age. The production of ROS by these cells
upon stimulation may be one of the mechan-
isms involved in this effect (2). Since ICIgG
is a powerful stimulant of ROS generation, it

References

1671

is possible that the formation of these com-
pounds by PMN could be involved in several
pathological states dependent on deposition
of ICIgG on tissues. Complement has been
implicated in several conditions of tissue
injury induced by immune complexes (31-
33), although it may not be necessary, de-
pending on the animal species and tissue site
(34,35). It has been well established that
activation of complement results initially in
the production of the potent chemotactic
molecule (C5a) which promotes PMN re-
cruitment to sites of inflammation (36). Our
results indicate another important role for
complement mediated by the incorporation
of its components into ICIgG in the next
phase of the process, i.e., the stimulation of
ROS production. Although the presence of
complement in the immune complex may
not be an absolute requirement for this func-
tion (because the competition by physiologi-
cal concentrations of IgG in tissue fluids
cannot be complete), it is quantitatively most
relevant. This result is also consistent with
previous observations (37) showing the same
important role of complement in the induc-
tion of lysosomal enzyme release by PMN,
which might be another factor involved in
inflammatory reactions.
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