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Relationship of Circulating Anti-C3b and Anti-C1q
IgG to Lupus Nephritis and Its Flare
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Abstract

Background and objectives Autoantibodies to complement C1q (anti-C1q) are associated with the diagnosis of
lupus nephritis. In this study, we compare anti-C1q IgG with another complement autoantibody, anti-C3b IgG,
as a biomarker of lupus nephritis and lupus nephritis flare.

Design, setting, participants, & measurements Our investigation involved the Ohio SLE Study, a prospective
observational cohort of patients with recurrently active lupus who were followed bimonthly. Serum anti-C1q and
anti-C3b IgG levels were assessed cross-sectionally by ELISA in 40 normal controls and 114 patients in the Ohio
SLE Study (41 nonrenal and 73 lupus nephritis) at study entry, and longitudinally in a subset of patients in the
Ohio SLE Study with anti-C1g-positive lupus nephritis in samples collected every 2 months for 8 months leading
up to lupus nephritis flare (n=16 patients).

Results In the cross-sectional analysis, compared with anti-C1q IgG, anti-C3b IgG was less sensitive (36% versus
63%) but more specific (98% versus 71%) for lupus nephritis. Only anti-C3b IgG was associated with patients with
lupus nephritis who experienced at least one lupus nephritis flare during the Ohio SLE Study period (P<<0.01). In
the longitudinal analysis, circulating levels of anti-C1q IgG increased at the time of lupus nephritis flare only in
patients who were anti-C3b positive (P=0.02), with significant increases occurring from 6 (38% increase) and 4
months (41% increase) before flare. Anti-C3b IgG levels also trended up at lupus nephritis flare, although the

change did not reach statistical significance (P=0.07). Neither autoantibody increased 2 months before flare.

Conclusions Although not as prevalent as anti-C1q IgG, anti-C3b IgG showed nearly complete specificity for
lupus nephritis. The presence of anti-C3b IgG identified patients with lupus nephritis who were prone to flare and
in whom serial measurements of markers associated with complement, such as anti-Clq IgG, may be useful to

monitor lupus nephritis activity.
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Introduction

Autoantibodies to complement Clq (anti-Clq) have
long been viewed as an important biomarker of
patients with SLE with major renal manifestations
(lupus nephritis [LN]) (1). A recent meta-analysis of
>20 of these studies found pooled sensitivity and
specificity of 0.58 and 0.75, respectively, for patients
with LN compared with patients with SLE without
LN and a weighted sensitivity and specificity of 0.74
and 0.77, respectively, for active LN compared with
inactive LN (2). Few studies have attempted to ad-
dress anti-Clq as a biomarker of LN flare through
serial measurements leading up to flare.

The role of anti-C1q antibody as a biomarker of LN
and its potential as a biomarker of LN flare have led us
to investigate other possible autoantibodies to com-
plement proteins in LN. In this study, we screened a
small set of patients with LN for IgG autoantibodies
reactive to classic complement activation proteins and
regulators of early complement activation, and then
compared one of these autoantibodies, anti-C3b, to
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anti-C1lq as a biomarker of LN and LN flare in a larger
SLE cohort.

Materials and Methods
Study Population

This study involved 114 patients with SLE from
central Ohio who met the American College of
Rheumatology (ACR) criteria for SLE diagnosis
and were enrolled between 2001 and 2005 in the
Ohio SLE Study (OSS), a prospective observational
cohort of patients with recurrently active lupus who
were methodically tested every 2 months while
receiving standard of care. The patient demographic
and baseline clinical data (first collected after OSS
entry) are shown in Table 1. Forty healthy individ-
uals were also recruited from central Ohio as nor-
mal controls (Table 1). All were recruited after
institutional review board-approved informed con-
sent and in accordance with the Declaration of
Helsinki.
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Table 1. Baseline demographics and clinical measurements of the cross-sectional cohorts.
Patients in the Ohio SLE Study

Demographic/Clinical Measurement Controls

Nonrenal Lupus Nephritis P Value
N 40 41 73
Age, yr° 34 (27-43) 43 (26-44) 31 (25-40) 0.02°
Race, black/white/other 20/20/0 15/26/0 28/40/5 0.69°¢
Sex, women/men 29/11 38/3 66/7 >0.99°¢
Urine protein-to-creatinine ratio® 0.12 (0.09-0.18) 1.03 (0.28-3.03) <0.001°
Serum creatinine, mg/dl” 0.78 (0.65-0.82) 0.90 (0.72-1.25) 0.004°
C3, mg/dI° 126 (103-143) 86 (70-100) <0.001°
C4, mg/dI° 20 (15-28) 15 (8.2-20) 0.003"
Anti-dsDNA, positive/negative® 5/31 25/45 0.02¢

dsDNA, double stranded DNA.
“Median (interquartile range).

PMann-Whitney test for differences between nonrenal and lupus nephritis.
“Fisher exact test for differences between nonrenal and lupus nephritis in race (black versus white), sex, or anti-dsDNA positivity.
4Anti-dsDNA Ohio SLE Study data unavailable for five nonrenal patients and three patients with lupus nephritis.

LN Flare Adjudication

LN flares were documented on the basis of criteria for
proteinuria, serum creatinine, and urine sediment (Table 2)
that closely parallel the current ACR criteria for LN flare,
which we have previously detailed (3-6). Proteinuria was
quantified as protein-to-creatinine ratios from intended
24-hour urine collections. Individuals adjudicating flares
were blinded to biomarker results.

Anticomplement Assays

As an initial screen, serum samples from eight patients
with LN and five healthy normal individuals were tested
for IgG against the complement proteins Cls, C4b, C2,
C3b, C1 inhibitor, Factor H, C4 binding protein, and
Factor I using an ELISA format. Complement proteins
(Complement Technology, Inc., Tyler, TX), and BSA as a
control, were coated separately in 96-well plates at 10
ung/ml in PBS (pH 7.4) overnight at 4°C. The plates were
blocked with 5% BSA in PBS (diluent) and washed, and
2% prespun serum samples were added separately to
each well and incubated at room temperature for
1 hour. The wells were washed, and anticomplement IgG
was detected with mouse anti-human IgG conjugated
with horseradish peroxidase (Invitrogen Corporation,
Camarillo, CA) followed after washing by the addition
of 3,3',5,5'-tetramethylbenzidine. Color development

was measured at ODyso after stopping the reactions
with 1 N HClL.

Anti-Clq and anti-C3b IgG levels were determined in the
OSS samples by this ELISA using wells coated with Clq or
C3b. For anti-Clq IgG, the diluent for the samples and the
mouse anti-human IgG contained 1.0 M NaCl to prevent
binding of coated Clq to IgG through the IgG recognition
site. This approach has been used in most of the reports
describing circulating anti-C1q autoantibody (as discussed in
Seelen et al. 7 and Sinico et al. 8) and shown to yield results
that are highly correlated with measurements of anti-Clq
binding to the collagen-like region of Clq at physiologic
NaCl concentration (9). The collagen-like region is consid-
ered to contain the major anti-C1lq epitope in patients with
active SLE (10-12), and it is the epitope for anti-Clq anti-
bodies isolated from the glomeruli of patients with LN (13).

For each measurement, background ODs, determined
from incubating serum samples in wells coated only with
BSA, were subtracted from each sample measurement. All
readings were normalized to the same positive control
sample, one each for anti-C1q IgG measurements and anti-
C3b IgG measurements, and results are reported as
normalized ODgso. All serial samples for a given LN flare
interval (see below) were run together in the same plate.
Samples were run in duplicate, and each assay was
repeated a minimum of two times.

Table 2. Criteria used to adjudicate lupus nephritis flares in the Ohio SLE Study

Type of Flare Criteria

Mild LN An increase in hematuria from <5 to >15 RBC/hpf, with >2 acanthocytes/hpf and/or a
recurrence of >1 RBC cast, WBC cast (no infection)

Moderate LN An increase in serum creatinine of 0.2-1.0 mg/dl if baseline is <2 mg/dl or 0.4-1.5 mg/dl
if baseline is >2 mg/dl or an increase in urine Pr/Cr to =1 if baseline is <0.5 or =2
if baseline is 0.5-1 or an increase of =2-fold with an absolute Pr/Cr <5 if baseline is >1

Severe LN An increase in serum creatinine of >1 mg/dl if baseline is <2 mg/dl or =1.5 mg/dl

if baseline is =2 mg/dl or absolute increase in urine Pr/Cr >5

LN, lupus nephritis; RBC, red blood cells; hpf, high-power field; WBC, white blood cells; Pr, protein; Cr, creatinine.
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Serum Samples Tested

To explore the relationship between circulating levels of
anti-Clq IgG or anti-C3b IgG and LN and LN flare, both a
cross-sectional analysis and a longitudinal analysis were
performed. The cross-sectional analysis involved measuring
serum anti-Clq and anti-C3b IgG levels in patients at OSS
entry and 40 healthy age- and race-matched individuals.

The longitudinal analysis involved measuring anti-Clq
and anti-C3b IgG in serial bimonthly serum samples from
24 LN flare intervals. A flare interval was defined as the
8 months leading up to LN flare (—8, —6, —4, —2, and
0 months [at flare]). All of the flare intervals from anti-
Clg-positive patients with LN with serum samples available
from at least four of five time points were analyzed. These
represented 24 flare intervals from 16 patients with LN. Of
these 24 flares, two were mild, and the remaining 22 were on
the basis of increases in proteinuria (21 moderate and one
severe). Of 16 patients with LN, two experienced three flares
each, four experienced two flares each, and ten experienced
one flare each. In patients with multiple flares, each flare
was considered an independent event because the minimum
time between LN flares was 10 months (occurred once), the
average time between LN flares was 26 months, and there
were no clear trends in flare intervals from the same patient
(Supplemental Figure 1).

Statistical Analyses

Differences in anticomplement IgG levels during the
initial screen between patients with LN and healthy nor-
mal controls (Figure 1) were determined by two-tailed
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unpaired t test (for normalized data) or the Mann-Whitney
test (for non-normalized data).

For the cross-sectional analyses, serum samples were
identified as positive for anti-Clq or anti-C3b IgG if their
normalized OD values were at least 3 SDs above the mean
normalized OD for the normally distributed data of the
controls (0.195 for anti-Clq and 0.134 for anti-C3b). Dif-
ferences in the proportion of anti-Clq or anti-C3b IgG-
positive samples between groups (Table 3) were deter-
mined by two-tailed Fisher exact tests.

For the longitudinal analyses, repeated measures mixed
effects multiple regression models were run (JMP, version
10.0.2; SAS Institute Inc., Cary, NC), with flare month
(comparing —8, —6, —4, —2, and 0 months) as the nominal
predictor, the flare interval as random effect, and anti-Clq
IgG or anti-C3b IgG levels as the response. Other covari-
ates that were tested included age, race, World Health Or-
ganization (WHO) classification, and use during the
approximately 60-day period before each interval month
visit of prednisone (mean daily dose), mycophenolate mo-
fetil (none, >0 but =1000 mg/d, >1000 but <2000 mg/d,
and =2000 mg/d), azathioprine (yes or no), and hydroxy-
chloroquine (yes or no). All 16 patients with LN were
women, and therefore, sex was not a testable covariate.

The regression models were run as follows. Each covariate
was run in a separate model that included flare month
(predictor) and flare interval (random effects). Those cova-
riates with P=0.25 were then combined back into the model,
which was then repeated in a stepwise fashion, eliminating
covariates with P>0.10 at each step until only covariates
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Figure 1. | Anticomplement IgG levels. The degrees of IgG reactivity (measured by ELISA ODys) to the coated complement proteins in serum
samples from eight patients with lupus nephritis (LN) and five normal controls are shown. Also shown are the baseline values in the absence of
serum (diluent). The Pvalues refer to the levels of significance for the difference in IgG levels between controls and patients with LN for each
coated complement protein (two-tailed unpaired ttest [for normalized data] or the Mann-Whitney test [for non-normalized datal). C1INH, C1

inhibitor; C4BP, C4 binding protein; FH, Factor H; Fl, Factor .
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Figure 2. | Autoantibodies to complement C1q (anti-C1q) and anti-C3b IgG levels in normal controls and patients with SLE. (A) Anti-C1q IgG
and (B) anti-C3b IgG levels, expressed as normalized OD 5 values, are shown for controls compared with patients in the Ohio SLE Study (OSS),
nonrenal patients compared with patients in the OSS with lupus nephritis (LN), and patients in the OSS with LN who did not experience an LN
flare (LNF; LN no LNF) compared with those who did (LN yes LNF) during the OSS. The horizontal dashed line represents the positive cutoff for
each autoantibody. The number of patients tested in each category is shown at the bottom.

Of 73 patients with LN from the OSS included in this
study, 37 experienced at least one LN flare during a median
follow-up of 60 months in the OSS; 36 patients with LN
from the OSS who did not experience an LN flare were
followed for a median of 46 months. No difference was
found in the proportion of patients who were positive for
anti-Clq IgG between these two groups (P=0.23). In con-
trast, there was a higher prevalence of anti-C3b IgG in
patients with LN who experienced an LN flare (51%) com-
pared with those who did not (19%; P<<0.01).

Longitudinal Analyses of Anti-C1q and Anti-C3b IgG Levels
Versus LN Flare

To test the temporal relationship between anti-C1q or anti-
C3b IgG levels and LN flare, the data were analyzed by
repeated measures mixed effects multiple regression models
as described above. Neither flare month (P=0.37) nor anti-
C3b positivity (P=0.10) was found to be a significant predic-
tor of anti-Clq IgG levels. However, an interaction between
flare month and C3b positivity was observed (P=0.03), in-
dicating that the profiles of anti-Clq IgG levels during the
flare intervals from patients who were anti-C3b positive
were different from those who were anti-C3b negative. Fig-
ure 3A shows the individual bimonthly anti-Clq IgG levels
for LN flare intervals from patients who were anti-C3b pos-
itive (n=16 intervals; 76 bimonthly time points) or anti-C3b
negative (n=8 intervals; 39 time points).

To clarify the influence of anti-C3b positivity on anti-Clq
levels, the LN flare intervals from anti-C3b—positive patients
were analyzed separately from those from anti-C3b-nega-
tive patients. As can be seen in Figure 3B, for flare intervals
in which anti-C3b IgG was present, anti-C1q IgG increased
significantly at the time of LN flare (P=0.02). In contrast, for
flare intervals in which anti-C3b IgG was absent, there was
no significant change in anti-Clq IgG levels (P=0.12).

For the anti-C3b—positive group, post hoc testing re-
vealed that anti-Clq IgG levels were higher at LN flare
than at —6 and —4 months (38% and 41% higher, respec-
tively). No other differences were found. Of the covariates

tested as predictors of anti-Clq IgG, only the mycopheno-
late mofetil dose was a significant covariate (P<<0.01).

Anti-C3b IgG levels were measured in all 24 flare
intervals, including eight flare intervals from patients
who were anti-C3b negative during the cross-sectional
analysis. None of the months in these eight flare intervals
showed measureable anti-C3b IgG levels, indicating that
these patients remained anti-C3b negative at least during
the 8 months leading to LN flare. Accordingly, these eight
flare intervals were excluded from the anti-C3b IgG re-
gression models. Of the remaining 16 flare intervals, two
exhibited increases in anti-C3b IgG levels from —4 to —2 or
0 months that were well above the other 14 flare intervals
(Figure 3C). Because these data were not representative of
the other data points, these intervals were excluded from
the regression model. The final analysis showed an appar-
ent trend to increase at LN flare (Figure 3D) that did not
reach statistical significance (P=0.07). The profile for anti-
C3b shown in Figure 3D followed closely the profile for
anti-Clq in patients who were anti-C3b positive shown in
Figure 3B. No other covariates were identified as predic-
tors of anti-C3b IgG levels.

Relationship of Serum C4 and C3 Levels to Anti-C1q and
Anti-C3b during LN Flare

To assess the relationship between complement levels
and anticomplement levels, serum C4 or C3 levels were
tested as predictors of anti-C1q or anti-C3b IgG levels. Both
C4 and C3 levels predicted anti-Clq levels (P<<0.001 for
both), and both predicted anti-C3b levels (P<<0.001 for C4
and P=0.02 for C3). In all analyses, lower C3/C4 levels
correlated with higher antibody levels.

In assessing the role of anti-C3b positivity in influencing
the relationship between changes in C4 or C3 levels and LN
flare, no relationship was found in anti-C3b-negative pa-
tients between C4 levels and LN flare (P=0.97) or between
C3 levels and LN flare (P=0.83). In contrast, in anti-C3b—
positive patients, although again, there was no association
between C4 levels and LN flare (P=0.30), C3 levels were
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Figure 3. | Temporal relationship between autoantibodies to complement C1q (anti-C1q) or anti-C3b IgG levels and onset of lupus nephritis
(LN) flare. Individual levels (normalized OD,s0) and least squares (LS) means are shown for (A and B) anti-C1q 1gG and(C and D) anti-C3b 1gG
for five flare interval months (=8, —6, —4, —2, and 0). In A and B, the anti-C1q levels are shown for both C3b-negative patients with LN (white
circles) and C3b-positive patients with LN (black circles). The two intervals excluded from the anti-C3b regression model are shown in C as

white circles. P=0.02. Neg, negative; pos, positive.

found to significantly change during the flare interval
(P=0.02), specifically decreasing at LN flare.

Discussion
In this study, compared with anti-Clq IgG, anti-C3b IgG

was found to be less sensitive but more specific for LN and
uniquely specific for patients with LN who experienced at
least one LN flare. The longitudinal analysis of serial
bimonthly serum samples revealed that, although neither
anti-Clq nor anti-C3b IgG alone was a biomarker of LN
flare, the presence of anti-C3b IgG identified patients with
LN in whom anti-C1q could serve this function.

There was a trend for anti-C3b IgG levels to increase at
flare (P=0.07) that followed closely the profile for anti-Clq
IgG levels in anti-C3b—positive patients. The reason that
this did not reach significance was because of higher over-
all variation in anti-C3b IgG levels. This was observed
even after excluding the two flare intervals from the re-
gression model because they were not representative of
the other flare intervals. These two intervals actually ex-
hibited large increases in anti-C3b IgG levels 2 months
before or at LN flare (Figure 3C). Therefore, under different
circumstances (e.g., different follow-up frequency), anti-C3b

alone may indeed serve as a useful biomarker of LN flare.
Nevertheless, under the bimonthly testing schedule of this
study, in anti-C3b IgG—positive patients, anti-Clq IgG per-
formed better than anti-C3b IgG as a biomarker of LN flare.

Antibodies to C3 and its fragments have long been recog-
nized as part of a group of anticomplement antibodies known
as immunoconglutinins (14). They have been reported to occur
in high levels in patients with SLE (15-17). No reports have
shown a specific association of anti-C3b antibody with LN.
However, our finding of such a relationship is not unexpected.
Antibody produced to C3b likely reflects an autoantibody re-
sponse to C3b neoeptiopes formed on C3 activation (18,19).
Indeed, in this study, C3 levels were inversely correlated with
anti-C3b IgG levels. The relationship of anti-C3b IgG to LN
suggests that the C3b neoeptiopes are forming at sites of kid-
ney damage. We have previously shown using a much larger
sample size from the OSS cohort that C3 levels (but not C4
levels) predicted (decreased at) LN flare, and this relationship
was particularly strong in patients with defective C3 regula-
tion at tissue surfaces (20). In the smaller OSS sample size of
this study, C3 levels (but again, not C4 levels) predicted LN
flare only in anti-C3b—positive patients. Together these obser-
vations are consistent with a model where C3 activation at the
kidney surface causes tissue damage, resulting in C3b
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deposited in a way that presents neoeptiopes that drive anti-
C3b IgG production. These observations also support the hy-
pothesis that the clinical use of other indicators of complement
activation in the management of patients with LN will be dic-
tated by the presence of anti-C3b IgG.

This study does not address whether anti-C3b IgG is
simply a biomarker of LN flare or also contributes to the
pathogenesis of LN flare. It is plausible that anti-C3b
antibody, by binding to deposited C3b in the kidney,
focuses additional complement activation to the kidney,
which has been previously proposed for anti-Clq anti-
bodies (21). Other possible contributions to LN flare path-
ogenesis include interfering with regulation of C3
activation by anti-C3b (16) and interfering with comple-
ment-mediated disposal of apoptotic cells (22).

Other limitations of this study include the inability to
assess the influences of WHO classification at the time of flare
because biopsies were not performed at that time, and flare
severity because almost all were moderate proteinuric flares.
Also, the sample size for the longitudinal analysis was
somewhat small, with 24 flares available for study for anti-
Clq and 16 flares available for study for anti-C3b. Clearly,
verification in an independent cohort will be needed.

In conclusion, this study shows that, compared with anti-
Clq, anti-C3b IgG is more specific for LN (approaching
100%) and uniquely associated with patients with LN who
experience LN flare. The presence of anti-C3b IgG identifies
patients with LN in whom anti-Clq IgG and likely other
complement-related markers may serve as a biomarker of
LN flare. We propose that the presence of anti-C3b IgG sig-
nifies a level of complement activation sufficient to initiate and
accelerate kidney damage in lupus and as such, could prove to
be an important consideration in the management of LN.
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