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Background: Autoantibodies against complement C3 are found in patients with the autoimmune disease systemic lupus
erythematosus.
Results: C3 autoantibodies are found in 30% of lupus nephritis patients and inhibit C3 interaction with the regulatory proteins
Factor H and CR1.
Conclusion: C3 autoantibodies have overt capability to overactivate complement.
Significance: C3 autoantibodies can contribute to the pathological process in lupus nephritis.

Lupus nephritis (LN) is a complication of the autoimmune
disease systemic lupus erythematosus. Because the comple-
ment system plays a critical role in orchestrating inflammatory
and immune responses as well as in the clearance of immune
complexes, autoreactivity to complement components may
have considerable pathological consequences. Autoantibodies
against the central complement component C3 have been
reported in systemic lupus erythematosus, but their molecular
mechanism and functional relevance are not well understood.
The objective of this study was to evaluate the frequency and the
functional properties of the anti-C3 autoantibodies. Anti-C3
autoantibodies were measured in plasma of 39 LN patients, and
identification of their epitopes on the C3 molecule was per-
formed. By using surface plasmon resonance, we analyzed the
influence of patient-derived IgG antibodies on the interaction of
C3b with Factor B, Factor H, and complement receptor 1. The
capacity of these antibodies to dysregulate the C3 convertase on
the surface of endothelial cell was measured by flow cytometry.
Here we report that the frequency of anti-C3 autoantibodies in
LN is �30%. They inhibited interactions of the negative comple-
ment regulators Factor H and complement receptor 1 with C3b.
An enhanced C3 deposition was also observed on human endo-
thelial cells in the presence of C3 autoantibodies. In addition,
anti-C3 autoantibody levels correlated with disease activity. In
conclusion, the anti-C3 autoantibodies in LN may contribute to

the autoimmune pathology by their capacity to overactivate the
complement system.

Lupus nephritis (LN)4 is a complication of systemic lupus
erythematosus (SLE) that significantly increases patients’ mor-
bidity and mortality. The disease progression is associated with
the presence of autoantibodies that recognize various self-mol-
ecules, including dsDNA, nuclear proteins, ribosomal proteins,
and complement component C1q (1–3). These autoantibodies
may appear as a result of an immune response induced by an
inefficient clearance of apoptotic cells and cellular debris,
which serve as a source of autoantigens. Because the comple-
ment system plays a critical role in orchestrating inflammatory
and immune responses and clearance of immune complexes
and apoptotic cells (4 – 6), autoreactivity to complement may
have considerable pathological consequences (7–9). Despite
the predominant role of the classical pathway in the initiation of
complement activation in SLE, complement-mediated damage
is often caused by the alternative pathway amplification loop
(10). C3 is a convergent point of the complement system, com-
mon between the classical, lectin, and alternative pathways.
Antibodies against C3 have been described in patients with
autoimmune diseases, such as SLE (11–14) or Crohn disease
(15), in some nephrotic kidney diseases (16, 17), and in dense
deposit disease (DDD) (7) as well as in autoimmune-prone mice
(12). Based on the limited functional studies of these antibodies,
it is difficult to conclude whether they are a disease-relevant
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factor or a simple epiphenomenon, one among many, arising
from the dysregulated immune response in the autoimmune
diseases (18, 19). To date, anti-C3 antibodies have been shown
to inhibit the inactivation of C3b to iC3b by Factor I (FI) in the
presence of complement receptor 1 (CR1) as a cofactor (14) and
to prevent the clearance of apoptotic cells by mouse but not
human macrophages (12). No study of the anti-C3 antibodies
has been carried out for SLE patients with LN. Therefore, we
sought to investigate the prevalence of anti-C3 antibodies in
patients with LN and to characterize their functional properties
in order to evaluate their pathological relevance.

We have demonstrated that anti-C3 antibodies are present in
�30% of the studied cohort of SLE patients with LN. They
interfere with the regulation of the alternative pathway C3 con-
vertase and therefore could have pathological consequences in
LN.

Experimental Procedures

Cohort Description—Thirty-nine Bulgarian patients with
SLE and biopsy-proven LN, who were attended during a period
from August 2011 to June 2014 at the Nephrology Clinic of
University Hospital “Tzaritza Ioanna-ISUL,” Medical Univer-
sity (Sofia, Bulgaria) were enrolled in the study. All patients
provided written informed consent. The cohort consisted of 32
females (82.1%) and 7 males (17.9%) with a median age of 39
years (range 23– 65 years) and a median LN duration of 9 years
(range 0.1–29 years). The patients were distributed according
to the World Health Organization classification of LN as fol-
lows: 1 patient (2.6%) had LN class I, 12 (30.7%) had LN class II,
3 (7.7%) had LN class III, 17 (43.6%) had LN class IV, 5 (12.8%)
had LN class V, and 1 (2.6%) had LN class VI. At the time of
plasma sampling, the LN patients were categorized according
to the British Islet Lupus Assessment Group (BILAG) renal
score as follows: 12 patients (30.7%) with category A LN, 9
(23.1%) with category B, 5 (12.8%) with category C, and 13
(33.3%) with category D. There were no patients with category
E LN in our cohort. The BILAG renal score assesses the activity
of LN according to the presence of specific clinical, laboratory,
and histology features (20, 21). BILAG renal score (22) category
A means that LN is active and requires steroid or immunosup-
pressive treatment. Category B means that the activity of LN
requires only symptomatic therapy. Category C indicates mild
and stable LN. Category D indicates previous renal disease, and
category E indicates no previous renal disease. During the study
period of 3 years, 21 of the patients visited the Nephrology
Clinic more than once and were monitored by multiple collec-
tions of plasma and urine samples. A total of 84 plasma samples
were analyzed.

ELISA for Identification of Anti-C3 Antibodies—Coating of
ELISA plates was performed at 20 �g/ml C3 (Complement
Technology (Tyler, TX) or Calbiochem) in PBS for 1 h, followed
by a blocking of the plates by PBS plus 0.25% Tween 20. Plasma
was diluted 1:100 in PBS plus 0.05% Tween 20 and was applied
for 1 h, and bound IgG was revealed by an anti-human IgG
antibody conjugated with HRP (Southern Biotech) diluted
1:1000 in PBS plus 0.05% Tween 20, followed by a 3,3�,5,5�-
tetramethylbenzidine substrate system. Alternatively, plasma
samples were serially diluted starting from 1:50 and applied on

coated and blocked plates to evaluate the dose response of the
binding of the autoantibodies.

For epitope mapping of the anti-C3 autoantibodies, different
C3 fragments (C3b, C3c, and C3d) or proteins homologous to
C3, such as C4 and C5 (all from Complement Technology),
were coated as described for C3, and a 1:100 dilution of plasma
was applied. Screening of anti-FB antibodies was done by the
same approach.

IgG Purification—IgG was purified from plasma of patients
positive or negative for anti-C3 autoantibodies or from
plasma of healthy donors by using Protein G beads (GE
Healthcare), as recommended by the manufacturer. The con-
centration of the IgG was determined by a Nanodrop spectro-
photometer, and the purity of IgG was determined by SDS-
PAGE on 10% precast gels (Invitrogen, Life Technologies, Inc.,
and Novex), followed by silver staining of the gel (Bio-Rad,
Marne-la-coquette, France).

Characterization of the Interaction of the Anti-C3 Autoanti-
bodies with C3b by Surface Plasmon Resonance (SPR)—The
interaction of the anti-C3 autoantibodies with C3b was ana-
lyzed in real time using ProteOn XPR36 SPR equipment
(Bio-Rad). C3b (Complement Technology) was covalently
immobilized to a GLC sensor chip (Bio-Rad) following the
manufacturer’s procedure. Protein G-purified IgG from LN
patients or healthy donors was injected for 300 s at six different
concentrations (300, 150, 75, 35, 17.5, and 0 �g/ml) diluted in
PBS plus 0.005% Tween running buffer. The dissociation was
followed for 300 s. The signal from the interspots, reflecting the
background binding, was subtracted, as recommended by the
manufacturer. A channel coated with C5 was used as a negative
control because no patient from the cohort showed binding to
this protein. Because the exact proportion of the anti-C3 anti-
bodies among the patients’ IgG was unknown, kinetic analyses
that determine the precise binding constants and affinity were
unfeasible. In order to evaluate the stability of the formed com-
plexes, the dissociation rates were calculated by using ProteOn
Manager software.

Effect of the Anti-C3 Autoantibodies on the Interaction of FH
and Soluble CR1 with C3b—First, C3b was immobilized on a
sensor chip as described above, and patients’ or normal donors’
IgG was injected at 300 �g/ml. PBS with 0.005% Tween 20 was
used as a running and sample dilution buffer. Following 300 s of
dissociation, FH (Complement Technology) at 50 �g/ml or solu-
ble CR1 (R&D Systems) at 10 �g/ml was injected. The interaction
of FH with C3b was monitored for 200 s of association and 300 s of
dissociation. The interaction of CR1 with C3b was followed for
300 s of association and 600 s of dissociation. Background signal
from a mock-immobilized line of the chip or the interspots was
subtracted by ProteOn Manager software. The FH or sCR1 injec-
tion was aligned at 0 RU at the moment of injection in order to
evaluate the effect of IgG on FH and sCR1 binding.

Effect of the Anti-C3 Autoantibodies on the Interaction of FB
with C3b and the Formation of a C3 Convertase—To study the
effect of the anti-C3 IgGs on the interaction of FB with C3b and the
C3 convertase formation, Protein G-purified IgG from LN
patients or healthy donors was injected for 300 s at concentration
of 300 �g/ml in 10 mM Hepes, 75 mM NaCl, 1 mM MgCl, 0.005%
Tween 20, pH 7.4, buffer, on a C3b-coupled biosensor chip. The
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same volume of running buffer was separately injected to serve as
a control. Following 300 s of dissociation, FB at 80 �g/ml in the
presence or in the absence of FD at 8 �g/ml (Complement Tech-
nology) was injected for 300 s of association, followed by 300 s of
dissociation. The background signal from the interspots was sub-
tracted. Data were analyzed as for FH and CR1.

C3 Convertase Activity Assay—To test the capacity of the
anti-C3 antibodies to modify the efficacy of the C3 convertase,
10 �l of C3 (25 �g/ml) was preincubated with 10 �l of healthy
donor or autoantibody-positive patient IgG (1 mg/ml) for 10
min on ice. Subsequently, the mix was incubated with 4 �l of FB
(25 �g/ml) and FD (0.25 �g/ml) for 0, 2, or 10 min at 37 °C. The
reaction buffer was 10 mM Tris, 40 mM NaCl, 10 mM MgCl2, pH
7.4. The reaction was stopped by the addition of 12 �l of a
reducing sample buffer (3�). The cleavage of C3 to C3b was
probed by Western blot. The cleavage efficiency was evaluated
by the appearance of the �� band (with lower molecular weight
due to the loss of the C3a part) and the disappearance of the �
band. To test the capacity of FH to prevent the formation and to
dissociate the C3 convertase, FH at 2 �g/ml was added to the
mix and incubated for 10 min.

FI Cofactor Assay—To test the capacity of the anti-C3
autoantibodies to modify the cofactor activity of FH for FI,
resulting in C3b inactivation, a cofactor assay was performed.
C3b (2 �l, 20 �g/ml) was incubated on ice for 10 min with
purified IgG (20 �l, 1 mg/ml) from healthy controls and anti-C3
antibody-positive patients on ice. FH (2 �l, 20 �g/ml) was then
added to the mix, followed by FI (2 �l, 20 �g/ml). The mix was
incubated at 37 °C for 0 s, 30 s, 2 min, and 10 min in a TBS buffer
(10 mM Tris, 150 mM NaCl, pH 7.4), and the reaction was
stopped by the addition of 13 �l of reducing sample buffer (3�).
The cleavage of C3b to iC3b was probed by Western blot. The
cleavage efficiency was evaluated by the appearance of the �43
band and the disappearance of the � band.

Alternative Pathway Activation in Serum—Purified IgG from
normal donors and autoantibody-positive patients was added
to the normal human serum diluted 1:3 in 10 mM MgCl2 and 10
mM EGTA TBS buffer and incubated for 30 min at 37 °C. The
released Ba, a measure of the amount of formed C3 convertases,
was quantified by the MicroVue Ba kit (Quidel).

C3 Deposition on Endothelial Cells—Resting primary human
endothelial cells were isolated from an umbilical vein and cul-
tured as described (23–25). At passage 3, the cells were seeded
to 24-well plates and incubated with a normal human serum
alone or supplemented with 500 �g/ml IgG purified from
healthy donors or from LN patients with or without anti-C3
autoantibodies. The serum was diluted 1:3 in M199 medium, in
the presence or in the absence of 10 mM EGTA and 10 mM MgCl2.
EGTA-Mg served to inhibit the classical and the lectin pathways
and to allow activation of the alternative complement path-
way only. After 30 min of incubation with the serum at 37 °C
in 5% CO2, the cells were detached with PBS containing 1%
BSA, 0.1% sodium azide, and 10 mM EDTA and labeled. Label-
ing with anti-C3c monoclonal mouse antibody (Quidel) at 10
�g/ml, followed by a phycoerythrin-labeled secondary anti-
body (BD Biosciences), was used to detect C3 fragment deposi-
tion, and labeling with anti-human IgG-phycoerythrin anti-
body (BD Biosciences) was used to measure the presence of

antibodies that bind to endothelial cells. The cells were ana-
lyzed by FACS on an LSRII machine (BD Biosciences) and with
FCS Express software. Gating was performed on the entire cell
population.

Results

Prevalence of Anti-C3 Autoantibodies in Patients with LN—
The screening revealed that 31% of the patients (12 of 39; Fig.
1A) and 33 of 84 samples were positive for anti-C3 antibodies.
The cut-off for evaluating of the positivity was set as the average
� 3 S.D. values of the binding, obtained with the plasma from
the 30 tested healthy donors. The titers of the autoantibody-
positive patients varied over time (Fig. 1B). Because in patients
with DDD, positive for anti-C3 antibodies, anti-Factor B anti-
bodies were also detected (7), all LN patients in this study were
screened for anti-FB antibodies as well. No anti-FB-positive
plasma was detected in any patient (data not shown).

Correlation of the Anti-C3 Autoantibody Titers with Disease
Activity—Anti-C3 autoantibodies were more frequent in the
patients with severe disease, classified as category A according
to the BILAG renal score, compared with patients with milder
disease, classified as category B, C, or D (p � 0.019; Fig. 2A). The
levels of these antibodies were significantly higher in anti-ds-
DNA-positive patients compared with the negative ones (p �
0.0003) (Fig. 2B). Patients positive for anti-C3 antibodies were
significantly younger as compared with the negative ones (p �
0.0086; Fig. 2C). In the samples positive for anti-C3 autoanti-
bodies, the levels of circulating C3 were significantly lower, as
compared with the negative samples (p � 0.01; Fig. 2D).
Patients positive for anti-C3 also have a tendency to have lower
C4 levels compared with the negative cases (p � 0.057; Fig. 2E).

The glomerular filtration rate (eGFR) and the creatinine lev-
els of the anti-C3 antibody-positive patients were not signifi-

FIGURE 1. Presence of anti-C3 autoantibodies in LN. A, reactivity against C3
from plasma of patients with LN at the moment of the first sampling, com-
pared with healthy donors, measured by ELISA. The dotted line represents the
positivity cut-off, determined as average �3SD of the signal, obtained from
the plasma of 20 healthy donors. B, dynamic of the levels of anti-C3 autoan-
tibodies over time. Only the patients for whom two or more samples were
available are included in the figure.

Anti-C3 Autoantibodies in Lupus Nephritis

OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 25345



cantly different compared with the negative patients (data not
shown). Nevertheless, for two of the patients, strongly positive
for anti-C3 antibodies at the moment of diagnosis of the LN
(JTH and CVT), an alteration of the kidney function was
detected during the study period, measured by the eGFR. In
both cases, there was a close inverse correlation between the
titers of anti-C3 antibodies and the eGFR levels (Fig. 2, F and G,

for JTH and CVT, respectively). The other two patients with
high anti-C3 titers (MMJ and VSS) retained a normal eGFR
throughout the study period despite the dynamic of the anti-
body titers (Fig. 1B).

Binding Characteristics and Epitope Mapping of Anti-C3
Autoantibodies in LN Patients—The binding of anti-C3 anti-
bodies from patients’ plasma to immobilized C3 was dose-de-

FIGURE 2. Association of the presence of anti-C3 autoantibodies with the disease parameters. A, levels of anti-C3 autoantibodies according to disease
activity. Patients are classified according to BILAG criteria. B, levels of the anti-C3 autoantibodies in patients positive or negative for anti-dsDNA autoantibodies.
C, levels of the anti-C3 autoantibodies according to the age of the patients. Shown are C3 (D) and C4 (E) levels in LN patients positive or negative for anti-C3
autoantibodies. Correlation of the levels of anti-C3 autoantibodies with the renal function (eGFR) for two patients for whom samples were available at
diagnosis and in follow up: JTH (F) and CVT (G). The statistical analysis was performed by Mann-Whitney t test. Wherever applicable, the dotted line represents
the cut-off for the normal range.
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pendent, as measured by ELISA (Fig. 3A). Pronounced binding
was also detected to immobilized C3b, as measured in real time
by SPR-based technology, using purified IgG from plasma of
autoantibody-positive patients (Fig. 3B). The level of binding
detected by SPR correlated with the ELISA results. For antibod-
ies from patients JTH and CVT, the SPR binding correlated
with the eGFR in the same way as the binding detected by
ELISA.

To determine the location of the binding epitopes of the
anti-C3 antibodies within the C3 molecule, the reactivities of
the patients’ plasma were probed toward immobilized C3, C3b,
iC3b, C3c, and C3d as well as to C3-homologous proteins C4
and C5. A strong binding was detected to immobilized C3 and
C3b in all cases and in all samples (Fig. 4). In a group of patients
(MMJ, VSS, and CVT shown), binding was also observed
toward iC3b and C3c, whereas JTH showed no recognition of
iC3b and C3c. The antibodies from no patient recognized the
C3d fragment. The binding profiles varied among different
patients, but generally, the profiles of the recognized epitopes
were conserved over time. Among the anti-C3-positive
patients, in 5 of 12, a recognition of C4 was also detected at least
in one sample, whereas no patient plasma was positive for
anti-C5 autoantibodies (data not shown).

To evaluate the repertoire of recognized autoantigens by
autoantibodies in the patients, an immunoblot to endothelial
antigens was performed (data not shown). The repertoire was
restricted to a limited number of self-proteins present in these
cells. Therefore, the presence of anti-C3 antibodies is not asso-
ciated with indiscriminant and nonspecific binding to multiple
autoantigens.

Functional Properties of Anti-C3 Antibodies on C3b Protein
Interactions—Anti-C3 antibody-positive samples from the
patients who showed the strongest reactivity were used for
functional studies. The presence of the antibodies resulted in a
decreased capacity of C3b to bind its negative regulators FH
and CR1, as demonstrated by SPR-based technology (Fig. 5, A
and B). Moreover, this reduced FH binding was associated with
a reduced cofactor activity for FI, measured by Western blot
(Fig. 5C). When samples from the same patient were tested over
time, the level of the inhibition of the FH binding, as well as the
reduction of the cofactor activity, correlated with the C3b bind-
ing level (Fig. 5) (data not shown). The immobilized C3b in the
different experiments performed was always �5000 RU. Due to
the use of the amine coupling technology, not all immobilized
C3b molecules were in a functionally active conformation.
Because the experimentally determined Rmax (maximal binding

FIGURE 3. Binding of anti-C3 antibodies to C3 and C3b. A, dose dependences of the binding of IgG from different follow up plasma samples to immobilized
C3, measured by ELISA. B, binding of purified IgG from the highest positive samples to C3b in real time, measured by SPR. N, normal control IgG, purified from
healthy donors. N1, N2, N3, and N4 indicate the number of available consecutive samples from the given patient. The percentage of plasma reflects the sample
dilution.
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FIGURE 4. Epitope mapping of the anti-C3 antibodies. The binding of IgG from patients’ plasma to C3 and its different fragments (C3b, iC3b, C3c, and C3d)
and to C4 was measured by ELISA. The inset gives schematic representation of C3 and the cleavage process to obtain the different functional fragments used
for the epitope mapping. Results are presented for the patients JTH (A), MMJ (B), CVT (C), and VSS (D).
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response at saturation) for FH and CR1 (�500 and 700 RU,
respectively), was �10% of the theoretically expected value, it
can be roughly estimated that about 10% of the immobilized
C3b molecules were functionally active. Taking into account
the response after the introduction of patients’ IgG, it can be
estimated that only half of functionally active C3 molecules will
be covered by the anti-C3 antibodies present in the sample. In
addition, the profiles of the FH and CR1 binding curves in the
presence of patients’ IgG (with exception of the C3b-CR1 inter-
action in the presence of IgG from CVT1) were very similar to
profiles of IgG from healthy donors, despite the decreased
response.

In terms of FB binding, the antibodies had a heterogeneous
behavior. In two cases, when bound to C3b, the autoantibodies
induced formation of a more potent and rapidly cycling C3
convertase (having faster apparent association but also a faster
dissociation rate), resulting in overall more efficient cleavage of
C3 to C3a and C3b, as measured by Western blot (Fig. 6). For
one tested patient, the IgGs did not modify the formation of the

C3 convertase and the rate of C3 cleavage. Finally, for autoan-
tibodies from two patients, a reduction of the FB binding, C3
convertase formation, and C3 cleavage rate was detected (Fig. 6,
B, C, and D). No major differences were observed in the disso-
ciation of the C3 convertase by FH (Fig. 6, C and D).

Functional Properties of Anti-C3 Antibodies When Added to
Normal Human Serum—To explore further the overall func-
tional effect of the anti-C3 autoantibodies, the activity of the
alternative pathway was measured by the release of Ba, when
the purified IgG from healthy donors or the autoantibody-pos-
itive patients was added to normal serum in the presence of
EGTA-Mg to block the classical and lectin pathway and allow
only the activity of the alternative pathway. The level of released
Ba was higher in the patients’ IgG group, as compared with the
normal IgGs (Fig. 7A). Moreover, in the presence of anti-C3
autoantibodies, stronger C3 deposition on resting endothelial
cells, incubated with normal human serum, supplemented or
not with EGTA-Mg, was detected (Fig. 7, B and C). In alterna-
tive pathway-favoring conditions (EGTA-Mg), the C3 deposi-

FIGURE 5. Functional consequences of the anti-C3 antibodies. Shown is binding of Factor H (A) and binding of soluble CR1 (B) to a C3b-coated SPR chip,
exposed to IgG from healthy donors, IgG from LN patients, or buffer only, measured by SPR. Black line, buffer control; green line, healthy donor IgG. Results from
two independent experiments with different samples are presented for CR1. A, left, phase of the interaction of IgG with the immobilized C3b is depicted,
followed by the introduction of FH. Right, phase of introduction of FH, where the curves are aligned at the moment of FH injection. C, evaluation of the cofactor
activity of FH in the presence of IgG from healthy donor and from an anti-C3 autoantibody-positive patient. C3b, FH, FI, and IgG were incubated for the
indicated times. The reaction was stopped by the addition of reducing sample buffer, and the cleavage pattern of C3b was evaluated by a Western blot.
The appearance of the �43 band (an indicator for the cleavage of C3b to iC3b by FI) was measured over time. The results for MMJ are shown. Purified IgG from
the plasma of the patients JTH, MMJ, CVT, and VSS was used for this study.

Anti-C3 Autoantibodies in Lupus Nephritis

OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 25349



tion was significantly stronger in the presence of IgG from
anti-C3 autoantibody-positive samples, compared with IgG
from normal donors and IgG from LN patients, negative for
anti-C3 autoantibodies (Fig. 7D). Anti-endothelial cell antibod-
ies were present with no difference in the anti-C3 autoanti-
body-positive and -negative samples (Fig. 7E).

Discussion

This study demonstrated that anti-C3 autoantibodies are
present in �30% of SLE patients with lupus nephritis and par-
ticularly in those with active disease. These antibodies have an
overt capacity to dysregulate the alternative complement path-
way in vitro, which may contribute to the C3 consumption
found frequently in positive patients.

The observed frequency of 31% of the anti-C3 antibodies in
the studied LN cohort is similar to the 32% (11 of 34), 30% (6 of
20), and 25% (13 of 53) found previously in patients with SLE
(11, 12, 14). Using an ELISA-based approach, anti-C3 autoan-

tibodies were found only rarely in other diseases, including in 2
of 20 and 1 of 18 patients with rheumatoid arthritis in two
different cohorts (12, 14), in two isolated patients with DDD (7),
and one isolated patient with atypical hemolytic uremic syn-
drome (aHUS) (26), and no patient was positive in a cohort of
primary biliary cirrhosis (14). Early studies performed by an
agglutination technique (27, 28) detected the presence of
immunoconglutinins, which turned out to be anti-C3 and/or
anti-C4 autoantibodies, in patients with acute nephritis (29),
with nephrotic syndrome (16, 17), in cases with ulcerative coli-
tis, and in Crohn disease patients (15). The titers of immuno-
conglutinins decreased with the achievement of remission in
patients with steroid-sensitive nephrotic syndrome (16). The
anti-C3 autoantibody titers, measured by ELISA, in a SLE
cohort (11, 13) and in the DDD patients (7) also decreased with
improvement of the clinical condition and normalization of the
C3 levels. In agreement with these results, our data indicate an

FIGURE 6. Formation and dissociation of the C3 convertase. A, C3b-coated SPR chip was exposed to IgG from healthy donors or LN patients. Subsequently,
C3 convertase was formed by injection of FB and FD in Mg2�-containing buffer. Left, raw data with the step of the interaction of IgG with the immobilized C3b,
followed by the introduction of FB and FD. Right, phase of interaction of FB � FD, where the curves are aligned at the moment of injection. B, formation of the
C3 convertase and dissociation by FH in the presence of IgG from a healthy donor, measured by SPR. The spontaneous dissociation is shown in black, and the
FH-mediated dissociation is shown in green. C, formation and FH-mediated dissociation of the C3 convertase in the presence of IgG from healthy donor (green)
and IgG from two patients (JTH (red) and MMJ (blue)), measured by SPR. D, formation and FH-mediated dissociation of the C3 convertase in the presence of IgG
from healthy donor and a IgG from patient. C3, FB, FD, and IgG were incubated in the absence or in the presence of FH for the indicated time. The reaction was
stopped by the addition of a reducing sample buffer, and the cleavage pattern of C3 (the appearance of the �� band, indicating the activity of the convertase
and the generation of C3b) was evaluated by Western blot. The results for patient MMJ are shown.
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association of the level of C3-binding antibodies with the dis-
ease activity. The levels of these antibodies were higher in
patients with an active disease, classified BILAG category A,
compared with the rest of the patients. Moreover, improve-
ment of the renal function, as evaluated by decrease in the cre-
atinine levels and increase of the eGFR in two patients for
whom samples at the moment of diagnosis of the LN as well as
during follow up were available, correlated with a reduction in
the titers of C3 autoantibodies. Also, the anti-C3 autoantibod-
ies were found in relatively younger patients (less than 43 years
in age). These antibodies were detected only in patients positive
for anti-dsDNA autoantibodies, which correlates with the

results from autoimmune-prone mice that have been also
reported to develop anti-C3 autoantibodies (12). Patients with
anti-C3 autoantibodies had significantly lower C3 levels, com-
pared with the negative patients, suggesting an impact on the
complement consumption. The analysis of the limited number
of patients in our cohort and the data from the literature sug-
gest that the anti-C3 autoantibodies are present in about one-
third of the SLE cases, including the ones with renal involve-
ment, and that their presence correlates with the disease
activity and with the complement consumption. Therefore,
anti-C3 autoantibodies may be active players in the pathologi-
cal process and not just an epiphenomenon, as may be the case

FIGURE 7. Effect of the anti-C3 autoantibodies on complement activity in normal human serum. A, generation of Ba after incubation of IgG from heathy
donors and anti-C3 antibody-positive patients with a normal human serum in the presence of EGTA-Mg. B–D, C3 deposition on the endothelial cells from
normal human serum, supplemented with IgG from LN patients or healthy donors (Normal), measured by flow cytometry. B, representative histogram from
FACS analysis of the deposition of C3 in the presence of anti-C3 autoantibody-positive IgG. C, C3 deposition from normal serum, supplemented with IgG
from all positive patients for whom a sufficient amount of IgG was available (n � 9), compared with IgG from healthy donors (n � 6). D, C3 deposition on
endothelial cells from normal human serum, supplemented with EGTA-Mg2� (to block the classical and lectin pathways) and IgG from healthy donors (n � 6)
or LN patients, positive (LN�; n � 9) or negative (LN�; n � 5) for anti-C3 autoantibodies. Factor H-depleted serum served as a positive control, and the absence
of IgG (medium only) was the negative control for C3 deposition in C and D. E, the presence of anti-endothelial cell IgG antibodies in patients with LN, positive
(LN�) or negative (LN�) for anti-C3 autoantibodies, compared with healthy donors. The statistical analyses were performed by Mann-Whitney t test. HUVEC,
human umbilical vein endothelial cells.
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for many other SLE-associated autoantibodies (18). To clarify
the potential contribution of the anti-C3 autoantibodies to the
complement overactivation in these patients, we characterized
their binding epitopes and dissected their functional activity.

By using epitope mapping, we localized the domains of C3
recognized by the autoantibodies. The antibodies of all but one
of the studied patients recognized C3, C3b, iC3b, and C3c with
variable intensity, in agreement with the results for SLE patients
(13) and for a mixed cohort of inflammatory rheumatic diseases
(including SLE patients), where C3c was used as an antigen (30).
Therefore, for these patients, the recognized epitopes should be
localized within the C3c portion of the molecule, common to
the four well recognized molecules, namely C3, C3b, iC3b, and
C3c. Notably, antibodies from these patients reacted also with
C4, suggesting that a common epitope may exist. This epitope
should be exposed at the surface of the immobilized C3 and C3b
protein surfaces in order to be recognized by the antibodies,
present in C3c fragment and preserved in C4 but absent in C5,
because no C5 reactivity was detected. The antibodies of the
patient JTH recognized primarily C3 and C3b, suggesting the
presence of a conformational epitope, located in the C3b por-
tion, lost after the cleavage of C3b. No patient was positive for
anti-C3d antibodies, similar to the patients with SLE (13), DDD
(7), and aHUS (26). Interestingly, the plasma of only one of the
two DDD patients recognized C3c, and neither were positive
for iC3b (7), contrary to the aHUS patient, whose antibodies
recognized iC3b. The fact that the anti-C3 autoantibodies are
associated with distinct pathologies, the observed differences in
the recognized epitopes, and the association with anti-FB
autoantibodies in DDD and with anti-C4 autoantibodies in SLE
and LN suggest that these antibodies may have different prop-
erties and warrant further comparative studies.

To understand whether anti-C3 autoantibodies contribute
to complement overactivation in LN and hence have patholog-
ical significance, their functional consequences were character-
ized. Anti-C3 autoantibodies from LN patients inhibited the
interaction of the negative complement regulators FH and CR1
with C3b. In the presence of IgG from anti-C3 autoantibody-
positive patients, the FH binding and cofactor activity was
reduced compared with the case of normal IgG, implying a sig-
nificant impairment of the C3b regulation by FH. Indeed, the
addition of IgG from autoantibody-positive patients to normal
serum resulted in increased Ba generation, compared with IgG
from healthy donors, reflecting the overactivation of the alter-
native pathway. Also, the addition of normal human serum sup-
plemented with IgG from autoantibody-positive patients to
resting endothelial cells resulted in an increase in C3 deposition
compared with IgG from healthy donors and IgG from LN
patients negative for anti-C3 autoantibodies. An increase in the
C3 deposition in the same setting was obtained for FH-depleted
serum and sera of patients with FH mutations or gain of func-
tion mutations in C3 or FB, found in aHUS patients (23–25, 31).
The anti-C3 autoantibodies perturbed specifically the alterna-
tive complement pathway, because the increased C3 deposition
and Ba release were detected in the presence of EGTA-Mg. The
presence of anti-endothelial cell antibodies was detected in
both anti-C3-positive and -negative patients. Their occurrence
could also contribute to the initiation of the complement cas-

cade via the classical pathway, thus feeding the alternative path-
way amplification loop. Therefore, the reduced FH binding to
C3b could induce inefficient complement regulation, similarly
to cases of reduced FH levels in the plasma, found in LN (32). A
mouse model also showed that FH deficiency accelerated the
development of lupus nephritis (33). Our results contribute to
the understanding that the alternative complement pathway
activation may play an important role in the kidney damage in
the context of LN, similar to DDD, C3 glomerulonephritis, cer-
tain cases of membranoproliferative glomerulonephritis type I,
or the thrombotic microangiopathy renal disease aHUS (34,
35).

Anti-C3 autoantibodies also inhibited the interaction of C3b
with another complement regulator, CR1. CR1 dissociates the
C3 convertases and serves as a cofactor for FI in the cleavage of
both C3b and C4b (36). It is the only cofactor able to assist FI in
the cleavage of iC3b to C3dg. The observed decrease in the CR1
binding reported here may explain the perturbation of the CR1
cofactor activity for the inactivation of C3b by Factor I in the
presence of anti-C3 autoantibodies described by Nilsson et al.
(14). It has been shown that in SLE patients, there is a marked
decline in the levels of CR1 expressed by erythrocytes (37–39),
leukocytes (40, 41), and glomerular podocytes (42, 43). The
reduced expression of CR1 results in C3 activation and ineffi-
cient clearance of the immune complexes (36, 44). Therefore,
the inhibition of the binding of CR1 to C3b by anti-C3 autoan-
tibodies described in this study suggests an impairment of reg-
ulatory functions of CR1. The reactivity toward both C3b and
C4 implies that the C4b inactivation by CR1 may be affected as
well. Similar to the decreased expression of CR1 in SLE
patients, the inefficient binding of CR1 to complement-op-
sonized immune complexes might impair their clearance. This
inevitably would contribute to the disease physiopathology. Of
note, the defective clearance of immune complexes and their
accumulation in the kidneys is a hallmark of LN.

Taking into account that we obtain between 10 and 50% inhi-
bition of the FH or CR1 binding (depending on the titer of the
antibodies), we can hypothesize that if an antibody binds to the
C3b, it will prevent completely the interaction with FH or CR1.
The residual binding that we observe will be due to interaction
of FH with the free C3b molecules (not bound to IgG). Based on
these considerations, we favor a scenario in which some C3b
molecules are not bound by autoantibody, and they are active in
binding of complement regulators. The scenario in which the
autoantibody-bound C3b still binds FH or sCR1 but with a
somewhat lower affinity is less likely because in all but one case
the binding pattern and complex stability of the C3b-FH or
C3b-CR1 complexes were similar (albeit with a lower response)
in the presence of patient IgG compared with control IgG. If we
assume the first scenario, we can hypothesize that the anti-C3
IgG binds to an area of the C3b molecule carrying the FH and
CR1 binding sites and will compete for the binding with these
two regulators. The location of the FH binding sites has been
well described (45– 47), and data are available for the approxi-
mate location of the CR1 binding site because it overlaps with
the binding site of the first two domains of FH (46, 48, 49). This
part of the C3b molecule is located in the C3c fragment and is
available in the immobilized C3, C3b, C3c, and iC3b but not in
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C3d. The hypothesis that the anti-C3 autoantibodies will bind
to this same area is supported by epitope mapping, showing
strong binding to immobilized C3 and C3b, weaker binding to
C3c and iC3b, and no binding to C3d.

Anti-C3 autoantibodies may also perturb the clearance of
apoptotic bodies in lupus patients. Kenyon et al. (12) reported
that anti-C3 autoantibodies from autoimmune-prone mice
bind to C3 fragment-opsonized apoptotic cells and prevent
their phagocytosis by macrophages. Therefore, these antibod-
ies may contribute to accumulation of the apoptotic cells and
debris and generation of autoimmune response, similar to the
case of quantitative and functional C1q deficiency (50, 51).

Anti-C3 autoantibodies from part of the positive LN patients
induced formation of a stronger but rapidly cycling C3 conver-
tase, measured by SPR. This convertase was more efficient,
cleaving a higher amount of C3 to C3a and C3b. This behavior
is similar to some gain of function Factor B mutations, found in
aHUS (52), and different from the stabilization of the C3 con-
vertase in the presence of a C3 nephritic factor (C3Nef). C3Nef
is an autoantibody, found in C3 glomerulopathies (34), that
binds to the C3 convertase C3bBb but not to its isolated frag-
ments C3b and Bb (53, 54). C3Nef is very rare in SLE and is
detected in some patients with a partial lipodystrophy (55–58).
The positive patients here showed no sign of partial lipodystro-
phy. The C3 antibodies described in this study were not C3Nef,
because they recognized C3 and C3b, contrary to C3Nef, and
the presence of C3Nef was also excluded in the sample of
patient JTH by a reference C3 convertase stabilization hemo-
lytic assay (34). This direct effect on the C3 convertase is not
shared by the anti-C3 antibodies from all patients. In some
cases, no effect on the C3 convertase was found, and in others,
the effect was opposite. This result is in line with the previously
reported decrease in the C3/C5 convertase activity detected in
the presence of anti-C3 autoantibodies from two of three tested
positive patients (14). Despite the lower efficacy of the C3 con-
vertase, the anti-C3 autoantibodies from these patients per-
turbed the binding of FH and CR1 to the C3b, thus acting on the
regulation, rather than on the activation step of the convertase.
Therefore, despite the lower level of C3 convertase formation,
the decreased activity of FH tips the balance to overall overac-
tivation of the system.

Conclusion

The role of the overactivation of the classical complement
pathway in systemic lupus erythematosus and lupus nephritis is
well characterized, but little is known about the contribution of
the alternative pathway. Although autoantibodies against the
central complement component C3 have been described in sys-
temic lupus erythematosus patients, their mechanism of action
and influence over the alternative pathway were unclear. In this
study, we describe the molecular mechanism by which the
anti-C3 autoantibodies from lupus nephritis patients dysregu-
late the alternative complement pathway and contribute to the
pathological process. These results suggest that anti-C3
autoantibodies may be a biomarker for lupus nephritis severity
and provide evidence for the contribution of the alternative
complement pathway in this disease.
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Morgan, B. P., and Rodrı́guez de Córdoba, S. (2007) Gain-of-function
mutations in complement factor B are associated with atypical hemolytic
uremic syndrome. Proc. Natl. Acad. Sci. U.S.A. 104, 240 –245
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