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Summary

Circulating immune complexes (IC) and levels of IC-induced cytokines have
been correlated with complement activation and autoantibody profiles in
systemic lupus erythematosus (SLE). SLE sera were analysed concerning levels
of immune complexes (IC), classical complement function and different anti-
nuclear and anti-C-reactive protein (CRP) autoantibodies. Blood mono-
nuclear cells from healthy donors were stimulated with isolated IC and
production of interleukin (IL)-10, IL-6 and IL-12p40 was measured. Func-
tional experiments revealed that increased levels of IC-induced cytokines
were associated with both increased classical complement activation and the
occurrence of anti-Sjögren’s syndrome A (SSA) and anti-SSB but not other
autoantibodies. Biochemical measurement of circulating IC showed that the
degree of complement activation and the occurrence of anti-SSA were syner-
gistically associated with levels of circulating IC in SLE sera, as complement
activation was a prerequisite for the enhancing effect of anti-SSA. Anti-CRP
was associated with complement activation, but not with other
autoantibodies. Our results indicate that anti-SSA and possibly anti-SSB anti-
bodies influence IC formation and subsequent IC-induced cytokine induc-
tion, and that they thereby participate in the inflammatory process in active
SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a prototype immune
complex (IC)-mediated disease [1] associated with
IC-induced classical complement activation [2]. Antibodies
bound to autoantigens released from apoptotic cells contrib-
ute to IC formation [3]. A number of autoantibodies against
nuclear constituents are associated with SLE, e.g. antibodies
against double-stranded (ds) DNA, Sjögren’s syndrome A
[SSA(Ro)], SSB(La), U1-snRNP and Sm antigens. Whereas
levels of antibodies against dsDNA covary with SLE disease
activity [3] this is not obvious for anti-SSA/anti-Ro and
anti-SSB/anti-La [4]. Anti-SSA has therefore not been con-
sidered as a disease activity marker but as a marker of
primary Sjögren’s syndrome and SLE associated with pho-
tosensitivity, interstitial lung disease and homozygous defi-
ciency of C2 or C4, as well as a marker of subacute cutaneous
lupus erythematosus [5]. Interleukin (IL)-6 and IL-10 are
both considered important in SLE pathogenesis [6,7].
Elevated levels of IL-6 [8] and/or IL-10 [9,10] mediate

enhanced IgG production, including the formation of
autoantibodies and IC [9], and IL-10 levels correlate with
SLE disease activity [11]. IL-12, a monokine promoting Th1-
like responses, has been reported to be decreased in SLE as a
consequence of IL-10-mediated suppression [12]. In addi-
tion, serum levels of IL-12 have been reported to correlate
inversely with IL-10 in SLE [13], although positive correla-
tions between serum IL-10 and IL-12 have also been
reported in SLE [14].

In contrast to other systemic inflammatory conditions,
circulating C-reactive protein (CRP) levels often remain low
in SLE despite high inflammatory activity [15]. Supplemen-
tation of CRP reduces autoantibody formation, delays onset
of nephritis and prolongs the survival of lupus-prone mice
[16]. Many of the biological properties of CRP may explain
the salutogenic implications in relation to SLE, e.g. its
opsonizing properties due to affinity for certain microbes,
apoptotic material (including nuclear autoantigens) and
Fc-gamma receptors (FcgR), its activating and modulating
effects on complement activation and its interaction with
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IgG-containing IC [17,18]. Raised levels of autoantibodies
against the monomeric form of CRP occur frequently in
parallel with disease activity in SLE [19].

We have reported previously that polyethylene glycol
(PEG)-precipitated IC from SLE patients induce IL-6 and
IL-10 production from peripheral blood mononuclear cells
(PBMC) [20]. We have also described how IC-induced pro-
duction of IL-10 and IL-12p40 were regulated in association
with activation of the classical complement pathway in vitro
[21,22]. In the present study we aimed to investigate how
complement activation in vivo and levels of autoantibodies
correlate with the amount of circulating IC in vivo and
IC-induced cytokine production in vitro. A second aim was
to investigate whether the earlier-described reciprocal find-
ings of increased circulating IL-10 and decreased IL-12 in
SLE could be attributed to divergent IC-mediated regulation.

We determined an association between autoantibodies,
classical complement activation and levels of circulating IC
in vivo and induction of the cytokines IL-10, IL-6 and IL-12
by PEG-precipitated SLE IC in vitro. Notably, classical
complement activation and anti-SSA/anti-SSB but not other
autoantibodies were synergistically associated with circulat-
ing IC levels in vivo and with levels of SLE IC-induced cytok-
ines in vitro. Thus anti-SSA and anti-SSB antibodies may
participate directly in the inflammatory process in SLE by
enhancing IC formation and subsequent production of
cytokines.

Materials and methods

Serum samples

Serum samples were obtained from patients with a clinical
diagnosis of SLE and which had been investigated previously
concerning classical complement function, and levels of C3
and C3d as a measure of disease activity. A total of 147 serum
samples from 63 SLE patients (51 women and 12 men,
median age 37 years, range 8–81) were studied. All samples
had been separated and frozen at -70°C within 4 h of
sampling. Prior to the present study the serum samples had
been quickly thawed, aliquoted, anonymized and frozen
again. The ethics committee of Uppsala University approved
the study protocol.

Experimental set-up

In a first experiment aimed primarily at examining the effect
of complement activation, pairs of sera with markedly dis-
crepant classical complement function from 19 SLE patients
(38 samples) were investigated concerning the activity of
purified IC to induce cytokine production. The purpose of
the second experiment was to investigate the effect of various
autoantibodies on cytokine production. Seventy-eight SLE
samples with normal classical complement function
(complement function or C3 not depressed) and divergent

autoantibody profiles were investigated in the same way as in
experiment 1. The 78 sera represented 40 patients. The
objective of the third experiment was to study the combined
effect of complement activation and autoantibodies on the
formation of circulating IC. In this setting C1q-binding IC
were measured in the 115 samples with complete data of
anti-nuclear antibody (ANA)-associated autoantibodies and
IC levels compared both to complement activation and to
the occurrence of specific autoantibodies in a two-way
analysis of variance (anova).

PEG precipitation of immune complexes

The precipitates were purified and washed in a single-step
centrifugation procedure as described previously [23,24].
Briefly, 1 ml of phosphate-buffered saline (PBS) containing
5% human serum albumin (HSA) and 2·5% PEG 6000
(PBS–HSA–PEG) was added to 1·5 ml autoclaved Eppendorf
tubes. Plastic cylinders made from 5 ml autoclaved pipette
tips (by cutting off about 1·5 cm of the tips) were introduced
into the Eppendorf tubes containing PBS–HSA–PEG. The
sera precipitated overnight were diluted 1 : 3 in RPMI-1640
containing 2·5% PEG 6000 and then placed on top of the
PBS–HSA–PEG in the pipette tips. An interface was formed
with the less dense, red RMPI-1640 solution on top. The
tubes were then centrifuged at 2100 g, 4°C for 20 min,
whereby the precipitates in the upper 2·5% PEG–RPMI solu-
tion were centrifuged down to the bottom of the Eppendorf
tube. The remaining PBS–HSA–PEG solution was removed
and the precipitated pellet was immediately resolubilized in
ice-cold sterile PBS to the original serum volume. The pre-
cipitates were totally resolved in PBS leaving no insoluble
aggregates. The dissolved PEG precipitates were then placed
on ice until used in cell culture experiments.

Preparation of peripheral blood mononuclear cells
(PBMC) and cell cultures

Buffy coats from healthy blood donors were density gradient
separated and cultured according to [24]. The cell culture
media used was RPMI-1640 (Flow Laboratories, Irvine, Scot-
land, UK) supplemented with 1% glutamine, 1% penicillin
streptomycin, 1% HEPES and 1% Ultroser G® (Flow Labo-
ratories). In previous studies we have found that Ultroser G®
sustain IC-induced cytokine production in otherwise serum-
free systems. Freshly prepared PEG-precipitated IC were
added to the cells (10% v/v) within 2 h of preparation and
cultured for 20 h in standardized 300 ml cultures in flat-
bottomed 96-microwell plates. PBMC donors might differ
considerably concerning their IC-induced cytokine
responses. As in our earlier studies [20,24,25], PBMC from
two donors were therefore investigated in parallel and data
from the PBMC donor exhibiting the strongest net IC reac-
tivity (highest intra-assay CV between investigated samples,
always exceeding 60%) was used in the calculations.
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Cytokine enzyme-linked immunosorbent assays
(ELISAs)

Levels of IL-10, IL-6 and IL-12p40 in cell culture superna-
tants were measured by ELISA following a recently described
protocol [21,22]. Alkaline phosphatase was replaced by
horseradish peroxidase (R&D Systems, Abingdon, UK)
employing 3,3′-5,5′-tetramethylbenzidine (Dako, Glostrup,
Denmark) as substrate. Monoclonal antibodies from
Mabtech (Stockholm, Sweden) against IL-6 (13A5) and
IL-12p40 (IL-12I) were used as primary antibodies, and
39C3 (IL-6) and IL-12II (IL-12p40) were used as secondary
antibodies. For IL-10 measurement we used F(ab′)2-
fragmented antibodies (Hu IL-10 FlexiaTM; Biosource,
Nivelles, Belgium).

Measurement of circulating IC, ANA and specific
ANA-associated autoantibodies

Levels of circulating IC were measured by a solid-phase C1q-
assay (Bindazyme C1q binding kit; Binding Site, Birming-
ham, UK). ANA and anti-dsDNA antibodies were analysed
by indirect immunofluorescence (IF) microscopy using
HEp-2 cells and Crithidia luciliae, respectively (both from
Immunoconcepts, Sacramento, CA, USA). Antibodies
against SSA, SSB, U1-snRNP and Sm were analysed by
double radial immunodiffusion (DID) for 48 h (Immuno-
concepts). Of the 115 samples investigated in experiment 3,
95/115 (82·6%) were IF ANA positive (titre � 200), 34 posi-
tive (titre � 10) for anti-dsDNA, 35 were positive for anti-
SSA, 18 were positive for both anti-SSA and anti-SSB, six
were positive for anti-U1-snRNP and three were positive
for anti-Sm. Five of 100 blood donor controls had IF ANA
above the cut-off titre, all without any ANA-specific
autoantibodies.

Measurement of classical complement function, C3 and
C3d levels

Functional activity of the classical complement pathway
was measured according to Nilsson et al. [26]. Briefly, 20 ml
from each SLE serum and from a reference serum pool was
diluted 1 : 5 before mixing with 100 ml of a 40% solution of
rabbit IgM-coated sheep erythrocytes and incubated for
20 min on a shaker at 37°C. The reaction was stopped by
adding 3 ml of 0·01 M ethylenediamine tetraacetic acid
(EDTA), whereupon the samples were centrifuged at 650 g
for 10 min at 4°C; 250 ml from each supernatant were
added to ELISA plates and the absorbance was measured at
541 nm. Haemolytic activity of the classical complement
pathway was defined as the absorbance in the samples
divided by the absorbance of the reference serum pool.
Levels of C3 were measured using rate nephelometry
(Immage; Beckman Coulter, Stockholm, Sweden) according

to the manufacturer’s instructions. The reference range for
C3 was based on investigations of 180 individuals from
Danderyd Hospital, Sweden, and related to the interna-
tional calibrator CRM 470. C3d levels were also measured
using rate nephelometry and an unconjugated polyclonal
rabbit anti-C3d antibody (A0063; Dako Sweden AB, Stock-
holm, Sweden). Prior to C3d measurements the sera were
mixed with 20% PEG 6000 and incubated for 90 min at
4°C before centrifugation at 1920 g for 30 min at 4°C. The
reference range for C3d was based on a mean value
from 100 healthy blood donors � 3 standard deviations
(s.d.).

Measurement of anti-CRP antibodies and CRP

IgG anti-CRP antibodies were measured exactly as described
previously [19]. Anti-CRP was investigated in 125 patients,
100 of whom were included in experiment 3.

Possible interference by IC with anti-CRP measurement
was assessed. IC from eight SLE sera were thus PEG-
precipitated as described above and rediluted in PBS to the
original serum volumes. The samples were again diluted
1 : 20 in PBS-Tween and applied to a CRP-coated microti-
tre plate in quadruplicates. The subsequent procedure
was identical to that used for anti-CRP antibody analysis.
High sensitivity CRP determinations were made using
nephelometry (Bayer HealthCare, Advia 1650, NY,
USA).

Statistics

The Mann–Whitney U-test was used for comparisons
between groups in the unpaired design, whereas the Wil-
coxon signed-rank test was employed for paired compari-
sons and the Spearman’s rank correlation test was used to
determine correlations. Differences between proportions
were analysed using the c2 test. Two-way analysis of variance
(anova) was used to investigate the combined effects of
complement activation and various autoantibodies on
levels of circulating IC. P-values < 0·05 were considered
significant.

Results

IC-induced production of IL-10 and IL-12 versus
complement activation

Increased complement activation, measured either as
decreased function of the classical complement pathway
(Fig. 1) or as raised C3d/C3 ratios, was associated with
increased IC-induced IL-10 production (P = 0·044 for both
comparisons). For IL-6 there was no significant difference.
Decreased levels of C3 were associated with increased
IL-12p40 production (P = 0·033; data not included).
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Impact of anti-SSA and anti-SSB on IC-induced
cytokine production

Among the 38 samples with varying complement levels in
experiment 1, PEG precipitates from patients with both anti-
SSA and anti-SSB antibodies induced higher levels of IL-10
and IL-6 levels compared to sera lacking these antibodies
(P = 0·021 and 0·011, respectively; data not included). No
such association was determined for other autoantibodies. In
the second experiment, encompassing 78 samples with
normal complement profile, IL-12p40 levels were increased

in cell cultures with PEG-IC from anti-SSA antibody-
containing samples (P = 0·0105; Fig. 2a), and this effect was
even more pronounced in samples containing both anti-SSA
and anti-SSB antibodies (P < 0·0001; Fig. 2b). There was a
trend of higher IL-10 production induced by PEG precipi-
tates from sera containing both anti-SSA and anti-SSB anti-
bodies (P = 0·082; data not included). IL-6 was not
investigated in the second experiment.

Covariation between SLE IC-induced cytokine levels

In the first experiment with 19 pairs of samples there was a
strong correlation between IC-induced levels of IL-10 and
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complement function compared to the investigation of samples with

both normal and depressed complement activity. Five high outliers for

each antibody combination in (a) and (b) are not depicted.
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IL-6 (r = 0·86, P < 0·0001) and between IC-induced changes
in IL-10 and IL-6 (r = 0·75, P = 0·0015). There was a positive
correlation between the amount of IC-induced IL-10 and
circulating IC measured in serum (r = 0·459, P = 0·0221;
data not included). IC-induced levels of IL-12p40 did not
correlate with induced levels of IL-6 or IL-10 in experiment
1 (data not included). In the second experiment IC-induced
levels of IL-10 and IL-12 were positively correlated (r = 0·58,
P < 0·0001; data not included).

Circulating IC versus complement function and
anti-SSA antibodies

To analyse the impact of antibody status and complement
function in a large number of samples in parallel we exam-
ined levels of circulating IC instead of IC-induced cytokine
production. Both classical complement function and the
occurrence of anti-SSA were associated with circulating IC
levels, with a strong interaction between decreased comple-
ment function and the occurrence of anti-SSA antibodies
(complement consumption P < 0·0001, anti-SSA P = 0·0009,
interaction between complement consumption and anti-
SSA P = 0·0072; Fig. 3). No corresponding association was
apparent for anti-dsDNA, the combination of anti-SSA and
anti-SSB, anti-U1-snRNP or of anti-CRP antibodies. None
of the anti-SSA-positive patients had any known homozy-
gous deficiency for C2 or C4, and complement function was
never decreased towards zero as observed in such states.

Anti-CRP antibodies

Of the investigated SLE sera, 50 of 125 (40%) exhibited
increased anti-CRP levels, highly different from the healthy
controls (P < 0·0001). Anti-CRP antibody levels did not
differ between SLE sera with and without ANA-associated
autoantibodies, elevated levels of CRP or circulating IC levels
(data not included). There were no correlations between
anti-CRP antibody levels and measures of complement
function when all sera were investigated together. When 25
paired samples with markedly different levels of classical
complement function were investigated we found that
decreased C3 levels (P = 0·0082) and increased C3d/C3
ratios (P = 0·048) were associated with increased anti-CRP
antibody levels. IC from SLE patients did not cause false
positive results in the anti-CRP analyses (Fig. 4).

Discussion

Signs of IC-mediated activation of the classical complement
pathway is a hallmark of flare and ongoing organ damage in
SLE, and many studies support that anti-dsDNA antibodies
can be involved in this process [27]. Levels of other SLE-
related autoantibodies, such as anti-SSA/SSB, do not exhibit
variations in relation to disease activity; however, in this
study we report that SLE-IC induced cytokine levels are
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associated both with an activated complement system
and with the occurrence of antibodies against SSA and SSB.
Biochemical measurement of circulating IC including
more samples than would be feasible in cell culture experi-
ments revealed a synergistic effect between autoantibodies
and complement, as the association of anti-SSA with IC
levels was obvious only in serum samples with low classical
complement consumption function. This circumstance was
restricted to anti-SSA and anti-SSB, and could not be shown
for the other SLE-associated autoantibodies, anti-dsDNA,
anti-U1-snRNP or anti-CRP. The fact that we did not find any
association between anti-dsDNA and IC-levels, IC-induced
cytokine production or degree of complement activation is
surprising because of the strong associations between anti-
dsDNA and SLE shown in other studies. However, our results
do not rule out the role of other autoantibodies, e.g. anti-
dsDNA in vivo. Anti-dsDNA levels in IC have been shown to
be decreased during SLE flares, possibly because of tissue
deposition of IC [28]. Also positively charged antibodies [29]
and especially anti-dsDNA antibodies [30] bind more
strongly to glomerular basement membrane compared to
non-cationic antibodies in SLE. Anti-dsDNA can be trapped
in the tissue and create IC in situ without any association to
circulating IC levels, and this might explain the lack of corre-
lation to complement activation and circulating IC levels for
anti-dsDNA and other antibodies besides anti-SSA and pos-
sibly also anti-SSB in this study.

Hypothetically, in active SLE, anti-SSA and anti-SSB anti-
bodies form IC with antigens released from apoptotic cells,
resulting in complement activation and leucocyte produc-
tion of cytokines. Conversely, in quiescent disease states
these autoantigens are not released, leaving the circulating
autoantibodies uncomplexed. This discovery is corroborated
by the recent findings of Båve et al. [31], who reported
that anti-SSA/SSB-positive sera from patients with Sjögren’s
syndrome together with either apoptotic or necrotic cells
induced IFN-a production from plasmacytoid dendritic
cells or PBMC. Although the proportion of ANA-positive
SLE sera with an abnormal titre (� 200) by IF microscopy
was only 82·6% in the present study, this accords with pre-
vious recent findings in patients with established SLE
according to the 1982 American College of Rheumatology
classification criteria [32,33].

Levels of circulating IC were measured by a commonly
used solid-phase C1q-binding assay. In a comparison of the
amount of CIC in healthy control sera with sera from
patients with RA, SLE and systemic sclerosis the C1q-binding
assay was shown to have the highest sensitivity compared to
two different C3 binding assays [34]. Autoantibodies to C1q
are sometimes found in sera from SLE patients and we can
therefore not exclude that these antibodies might in some
cases interfere with the C1q binding assay used here.

Treatment of serum samples with PEG might precipitate
a number of high molecular weight proteins in parallel to
IC [35,36]. In an earlier paper we performed control

experiments to investigate the possibility that PEG precipi-
tation itself could form IC and also if rheumatoid factor
(RF) could enhance cytokine-inducing properties of these
IC formed by PEG precipitation [24]. These experiments
showed that neither PEG precipitation nor RF per se could
induce IC formation in the absence of preformed IC. The
correlation between levels of C1q-binding circulating IC
and levels of cytokines induced by PEG precipitates, and
the fact that the levels of SLE PEG precipitate-induced
IL-10 can be specifically reduced by pretreatment of the
responder PBMC with blocking antibodies against FcgRIIa
[20], both argue for IC-mediated effects. We have reported
previously similar results of FcgRIIa blockade regarding
other patient-derived IC : IgG3 cryoglobulin from a
myeloma patient [22] and soluble or surface-bound rheu-
matoid arthritis IC [24,25]. The prevalence of anti-CRP
antibodies in this study accords with our previous obser-
vations [19,37]. CRP has been identified in SLE IC [38],
and a positive anti-CRP antibody test could hypothetically
be explained by the presence of circulating CRP-containing
IC. The failure of heat-aggregated rabbit IgG to inhibit the
reaction [19] and the present demonstration that PEG-
precipitated and re-solubilized IC from SLE sera did not
induce falsely positive anti-CRP tests contradict this
notion. The associations presented in this report between
raised anti-CRP levels and complement activation corrobo-
rate our previous findings that anti-CRP antibodies are
associated with SLE disease activity [19].

In vitro production of IL-10 by PBMC from SLE patients
correlates inversely with IL-12 production according to some
[12,13,39,40], but not all [14] reports. We determined either
positive or no correlation between IC-induced levels of IL-10
and IL-12p40 in our experiments. The present study there-
fore argues that the earlier described inverse correlation
between IL-10 and IL-12 in SLE is not dependent on disease-
specific IC. Future investigations of the interplay between
production of IL-10 and IL-12 in SLE must take into account
not only the degree of complement activation in vivo during
creation of IC, but also the availability of an intact comple-
ment system during cell culture studies, such as we have
employed in other experimental systems [21,22].

Anti-SSA and anti-SSB antibodies are regarded as disease
markers, but have not been associated previously with
disease activity in SLE. The results of the present
study indicate that these antibodies might be of importance
in the formation of circulating IC. We suggest that anti-SSA
and possibly anti-SSB antibodies may participate directly in
the inflammatory process in SLE by enhancing IC formation
and subsequent cytokine production.
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