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Abstract

We used an ELISA employing extracts of human glomeru-
lar basement membrane (GBM) to detect, characterize, and
evaluate the clinical significance of glomerular-binding IgG
in patients with SLE nephritis. Most patients with SLE ne-
phritis exhibited GBM-binding IgG, although many patients
with active nonrenal SLE or symptomatic, drug-induced lupus
had similar reactivity, albeit at lower levels. IgG binding to
GBM in SLE nephritis patients was decreased by DNase
pretreatment of GBM, restored after DNase with nuclear
antigens (most notably with nucleosomes), inhibited by ex-
ogenous nuclear antigens (particularly nucleosomes), but
unaffected by exposure of serum to DNase/high ionic
strength. The characteristics of IgG binding to GBM largely
paralleled the patients’ underlying autoimmune response,
which was dominated either by antibodies to DNA/nucleo-
somes or to nucleosomes alone. Binding of lupus sera to
nonrenal extracellular matrix (even with nucleosomes) was
not equivalent to GBM. Collagenase pretreatment of GBM
variably decreased IgG binding, depending on the level and
type of binding. SLE nephritis patients with high levels of
GBM-binding IgG exhibited more severe disease clinically,
but the same renal histopathology, as patients with lower
levels. The level of GBM-binding IgG at presentation did
not predict the therapeutic response, but decreased in re-
sponders to therapy. In sum, glomerular-binding IgG in lu-
pus nephritis binds to epitopes on chromatin, which adheres
to GBM in part via collagen. These autoantibodies appear
necessary, but not sufficient, for the development of nephri-
tis, and correlate with clinical rather than histopathologic
parameters of disease activity. (J. Clin. Invest. 1996. 98:
1373-1380.) Key words: lupus nephritis « autoantibodies o
glomerular basement membrane » systemic lupus erythema-
tosus « nucleosomes

Introduction

The prevailing wisdom regarding SLE nephritis is that this dis-
order is mediated by anti-DNA antibodies (reviewed in refer-
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ence 1). The presence of anti-DNA antibodies correlates with
nephritis in both mice and human patients, anti-DNA antibod-
ies are concentrated within human and murine glomeruli in
vivo, administration of DNA to autoimmune mice accelerates
the progression of nephritis, and anti-DNA mAbs produce ne-
phritis by adoptive transfer (2-9). Substantial data have accu-
mulated which suggest, however, that anti-DNA antibodies
are neither necessary nor sufficient for nephritis to occur (re-
viewed in reference 1). Immunogenetic studies of murine lu-
pus have demonstrated that not all mice with anti-DNA anti-
bodies develop nephritis and that nephritis can occur in their
absence (10, 11). Only certain anti-DNA mAbs are pathogenic
when administered to nonautoimmune mice (7, 9). Moreover,
patients with lupus nephritis do not invariably have anti-DNA
antibodies (3, 12, 13).

Apropos to these issues, recent studies have reinforced the
concept that SLE is an antichromatin disease; e.g., that the au-
toimmune response is against chromatin with the development
of antibodies directed to various epitopes on chromatin includ-
ing but not limited to DNA (14-19). The possibility that anti-
nucleosomal antibodies may generally be involved in nephritis
has also been suggested by recent experimental and clinical
studies (15, 18, 20, 21). In one recent clinical study of SLE, an-
tibodies to epitopes on chromatin were found to be more
highly associated with nephritis than antibodies to DNA (15).

The concept that lupus nephritis involves the participation
of a family of antinucleosomal antibodies has also been sup-
ported by recent work by our group on identifying glomerulo-
tropic antibodies in lupus nephritis. In our studies, we used
glomerular and glomerular basement membrane (GBM)!-
binding ELISAs to define glomerular-binding antibodies in
murine lupus serum and to produce glomerular-binding mAbs.
The antibodies detected by these assays in MRL lpr serum re-
act specifically with glomeruli in vitro, concentrate in glomer-
uli in vivo, and correlate with the presence of nephritis (9, 22,
23). Analysis of MRL Ipr serum and mAbs derived from these
mice has demonstrated that such antibodies comprise a family
of IgGs that react with various epitopes on chromatin adher-
ent to GBM type IV collagen (24, 25). These data support the
hypothesis that the immunopathogenesis of lupus nephritis in-
volves the contribution of multiple autoantibodies that bind to
the glomerulus by virtue of chromatin adherence to GBM col-
lagen.

In other recent work, we have found that glomerular-bind-
ing antibodies are associated with nephritis in SLE patients
(26). The intent of the current work was to characterize these

1. Abbreviations used in this paper: dSDNA, double-stranded DNA;
ECM, extracellular matrix; GBM, glomerular basement membrane;
H, histone.
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human glomerular-binding antibodies, and thereby test the
above hypothesis for human SLE. Towards this end, we devel-
oped a human GBM ELISA similar to that which we used in
our murine studies (24, 25). We used this assay to characterize
glomerulotropic antibodies in lupus patients, and to assess
both the diagnostic and prognostic import of such antibodies.
The results we obtained suggest that we should reorient our
conceptualization of lupus nephritis to a disease mediated by
antichromatin autoantibodies rather than simply anti-DNA
antibodies. Moreover, the data suggest that the development
of nephritis is not simply a function of the presence of these
autoantibodies.

Methods

Patient characteristics and treatment. Sera were obtained from 63 pa-
tients with established lupus nephritis who were enrolled in a ran-
domized prospective study at the National Institutes of Health. Entry
required (a) a diagnosis of SLE based on the American College of
Rheumatology classification criteria (27), and (b) glomerulonephritis.
Glomerulonephritis was defined as an active urine sediment (= 10
red blood cells/hpf and/or cellular casts without evidence of infection
on two or more urinalyses) or > 3 g proteinuria/24 h plus histological
evidence of proliferative glomerulonephritis on a renal biopsy ob-
tained within 3 mo of study entry. Two patients were not biopsied be-
cause of uncontrolled hypertension or anticoagulation therapy, but
both patients exhibited an active sediment and > 3 g proteinuria/24 h.

Sera from 15 patients with clinically active nonrenal lupus and
from 33 patients with clinically inactive lupus were obtained from pa-
tients in the Rheumatology Clinic at Washington University. These
patients also fulfilled the American College of Rheumatology criteria
for SLE (27). The former patients had clinically active disease requir-
ing treatment at the time of sample procurement, but did not fulfill
the American College of Rheumatology criterion for nephritis. The
latter patients had no evidence of active lupus at the time of sample
procurement and for 1 yr thereafter. Patients with symptomatic,
drug-induced lupus and with drug-induced autoantibodies without
symptoms have been described in detail (28, 29). The patients with
symptomatic, drug-induced lupus included eight patients with lupus
induced by procainamide, six by hydralazine, seven by quinidine, and
one each with lupus induced by acebutalol, penicillamine, methyl-
dopa, and timolol. All asymptomatic patients were treated with
procainamide for an average of 2 yr and had elevated antibody activ-
ity to denatured DNA and/or denatured histones. Normal sera were
obtained from eight healthy volunteers.

Lupus nephritis patients were randomized to one of three treat-
ment regimens, the details of which have been preliminarily reported
elsewhere (30). A response to therapy was defined as concurrent ful-
fillment of all three of the following criteria: clearing of the urine sed-
iment (< 10 red blood cells/hpf, no cellular casts), proteinuria < 1.0 g/d,
and a serum creatinine more than twofold greater than the entry
value. Nonresponder status was defined as a failure to meet all of
these criteria.

Detection of glomerular-binding antibodies. We used a human
GBM ELISA to detect glomerular-binding antibodies in human sera.
We have previously established that the murine GBM and glomeru-
lar ELISAs detect the same set of antibodies (24). Human GBM was
isolated from glomeruli obtained from normal human kidneys (pro-
vided by MidAmerica Transplant Association, St. Louis, MO) and
used to establish an ELISA, as we have published for murine GBM
(24). Assay values were unaffected by the use of different lots of
GBM (data not shown). As previously noted with murine GBM, nu-
clear antigens are present in the substrate when isolated (24). The ac-
quisition of nuclear antigens probably occurs with substrate prepara-
tion, since immunohistochemical studies suggest that nuclear antigens
are present in glomeruli from lupus nephritis patients, but not normal

1374 Lefkowith et al.

controls (31-33). As positive controls for GBM binding, we used both
an anti-GBM antiserum (Binding Site Inc., San Diego, CA) and a ref-
erence serum from our lupus nephritis serum bank with binding activ-
ity to nucleosomes, DNA, and histones. All sera were assayed at a 1:100
dilution, except for the anti-GBM antiserum, which was diluted to 1:50.
The anti-GBM serum yielded a signal of 0.297+0.008 OD and the ref-
erence serum yielded a signal of 0.745+0.014 OD.

We used an analogous ELISA format to determine binding to hu-
man placental extracellular matrix (ECM) and human type IV col-
lagen (Collaborative Biomedical Products, Bedford, MA). Human
placental ECM is similar to GBM in composition since it contains
laminin, type IV collagen, and heparan sulfate proteoglycan. Binding
to placental ECM was also determined in the presence of an addi-
tional source of nuclear antigen by sequentially coating ELISA plates
with 40 pg/ml placental ECM and 10 pg/ml nucleosomes (Worthing-
ton Biochemical Corp., Freehold, NJ).

To examine the role of chromatin or collagen in GBM binding,
the GBM was enzymatically treated before use in the assay. For these
experiments GBM-coated plates were exposed either to 10 wg/ml hu-
man recombinant DNase type I (Genentech, San Francisco, CA) in
PBS with MgCl, 5 mM or 300 U/ml Achromobacter collagenase
(Sigma Immunochemicals, St. Louis, MO), using previously de-
scribed protocols (24). Enzymatically treated wells were washed be-
fore exposure to the primary antibody. Because histones may bind to
GBM components (heparan sulfate proteoglycan, type IV collagen)
with high affinity (34, 35), in certain experiments, we exposed GBM
to buffer of high ionic strength after DNase to remove residual his-
tones. For these experiments, GBM was treated with 8 M NH,SCN
for 15 min after DNase. We have observed that this concentration is
necessary to dissociate histones from type IV collagen in vitro, but
does not disrupt the substrate (data not shown).

To determine the nature of IgG binding to GBM, reconstitution
and inhibition studies using exogenous nuclear antigens were per-
formed. In the reconstitution studies, GBM was treated with DNase
and then incubated with one of the following nuclear antigens at 10
wg/ml before assay: histones (purified mixture of H1, H2A, H2B, H3,
and H4; Calbiochem-Novabiochem Corp., La Jolla, CA), double-
stranded (ds)DNA (A phage DNA; Sigma), or nucleosomes (Wor-
thington), as previously described (24). In the inhibition studies,
serum was preincubated with histones, dsDNA, or nucleosomes (at a
final concentration of 100 pg/ml) before assay, as described (24).

To determine a potential contribution of immune complexes to
GBM or DNA-binding IgG in lupus sera, sera were exposed to condi-
tions of high ionic strength and DNase simultaneously before assay
using a variation of a published method (20). Serum was diluted 1:5
(vol:vol) in 3 M NaCl containing MgCl, 5 mM and 100 wg/ml DNase,
and incubated 16 h at 37°C. Before assay, serum was further diluted
in 1 mM EDTA containing 10 mg/ml BSA to inactivate the DNase,
achieve isotonicity, and produce a final dilution of 1:100 for assay.
The binding of DNase/high ionic strength—treated serum was com-
pared to that of untreated serum. DNase was active in the high ionic
strength buffer (data not shown).

Anti-dsDNA and antinuclear antigen ELISAs. The anti-dsDNA
assay was performed using a previously published ELISA protocol
that uses A phage dsDNA coated on poly-L-lysine (Sigma; 23). Bind-
ing to intact chromatin, oligonucleosomes (2-8 nucleosomes in
length, stripped of histone H1), histone H2A-H2B-DNA complexes,
histone (H3-H4),-DNA complexes, histone H2A-H2B complexes
without DNA, histone (H3-H4), complexes without DNA, or individ-
ual histones (H1, H2A, H2B, H3, and H4) were also performed by
ELISA as published (25). Individual histones used as assay substrates
were purchased from Calbiochem-Novabiochem, while other nuclear
antigens were prepared as described (36).

Statistical analysis. GBM and nuclear antigen ELISAs were run
in duplicate and are presented as average values. GBM reconstitution
and inhibition studies were performed in triplicate. Data for these ex-
periments were normalized to the GBM binding of unmanipulated
serum (= 100%) to facilitate comparisons between patients. Regres-



sion analysis of nuclear antigen reactivity and GBM binding was per-
formed using the least squares method. Comparisons of clinical data
between the subgroups of patients with lupus nephritis were per-
formed by Mann-Whitney U test, and median values are shown.
Comparison of multiple groups used one-way ANOVA combined
with Student’s ¢ test, since analysis was restricted to a limited number
of comparisons. Comparison of two groups used Student’s ¢ test.
Means*=SEM are shown for the groups.

Results

Quantification of GBM-binding antibodies in patients with
SLE. As shown in Fig. 1, the average level of IgG binding to
GBM in lupus nephritis patients was substantially and signifi-
cantly greater than that observed in normal individuals. Virtu-
ally all lupus nephritis patients (81%) exhibited GBM-binding
IgG greater than the normal range (i.e., > 0.05 OD). The aver-
age IgG binding to GBM in lupus nephritis patients was also
significantly greater than that in patients with inactive lupus,
although a number of patients with inactive lupus also exhib-
ited levels greater than normal patients (Fig. 1). As indicated
above, none of the patients with inactive lupus (even with ele-
vated levels of GBM-binding IgG) developed nephritis during
the next year. Additionally, levels of GBM-binding IgG did
not correlate with a previous history of nephritis in these pa-
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Figure 1. GBM-binding IgG in lupus nephritis patients. IgG binding
to human GBM was determined by ELISA in the sera of the six
groups of patients shown. The means=SEM for the groups are dis-
played to the right of the individual values. The dotted lines represent
the upper limits of the ranges (mean + 2 X SDs) defined by the inac-
tive lupus patients and normal controls (upper and lower lines, re-
spectively). Lupus nephritis patients were significantly greater than
inactive lupus patients, normal controls, and patients with asymptom-
atic, drug-induced lupus (P < 0.0001 for each comparison). A trend
towards a difference between lupus nephritis patients and patients
with active, nonrenal lupus (P = 0.109) and symptomatic, drug-induced
lupus (P = 0.142) was also noted.

tients (data not shown). The average level of GBM-binding
IgG in patients with lupus nephritis was not significantly
greater than that in patients with active lupus but without clin-
ical evidence of renal disease (Fig. 1).

We additionally quantified GBM-binding IgG in the sera
of patients with drug-induced lupus. As shown in Fig. 1, the av-
erage level of GBM-binding IgG in patients with symptomatic,
drug-induced lupus was similar to that in patients with active
lupus without renal disease and was not significantly different
from that in patients with SLE nephritis. In contrast, patients
with drug-induced SLE without symptoms (i.e., asymptomatic
but serologically abnormal) exhibited an average level of
GBM-binding IgG similar to normal controls (Fig. 1).

Qualitative characterization of GBM-binding IgG in lupus
nephritis patients. We used the group of inactive lupus pa-
tients to separate patients with active lupus nephritis into two
groups: those with high GBM-binding IgG (> mean + 2 X SD
of the inactive population or > 0.285 OD) and those with
lower levels (< 0.285 OD). 27% of the nephritis patients fell
into the former category. Qualitative characterization of the
GBM-binding IgG in representative patients with high levels
demonstrated substantial similarities among patients. GBM
binding was uniformly diminished by DNase pretreatment of
the GBM (average decrease of 67=6%, Fig. 2 A). In contrast,
DNase did not disrupt the binding of the commercial anti-
GBM antibody (data not shown). Binding of these sera was
also efficiently reconstituted by incubating the DNase-treated
GBM with either dsDNA alone or nucleosomes before assay
(Fig. 2 A). In several patients (Nos. 25, 100, and 106), however,
histones alone were able to reconstitute binding, although less
efficiently than either DNA or nucleosomes (Fig. 2 A). Inhibi-
tion studies using exogenous nuclear antigens largely corrobo-
rated the reconstitution studies (Fig. 2 B). Nucleosomes and
dsDNA consistently inhibited binding, whereas the effect of
histones was more modest and variable.

Profiling the nuclear antigen—binding characteristics of the
sera from these patients demonstrated an overall parallelism
between the characteristics of IgG binding to GBM and the
underlying autoimmune response to nuclear antigens (Fig. 2
(). The autoimmune response of this group of patients was
characterized by substantial binding to dsDNA, chromatin,
and subnucleosomes. Many of these patients, however, exhib-
ited considerable binding to individual histones or histone-his-
tone complexes. Although no common histone-binding pat-
tern was observed among patients, the ability of histones to
reconstitute GBM binding after DNase treatment in this group
of patients was correlated with reactivity to the H2A-H2B
dimer (r = 0.85, P = 0.017 for the correlation between histone
reconstitution of GBM binding and H2A-H2B binding; P >
0.05 for other correlations).

The qualitative characteristics of GBM-binding IgG from
representative patients with lower levels of such IgG were dis-
tinct from this first group. In these patients, GBM binding was
comparably disrupted by DNase pretreatment of the GBM
(average decrease in binding of 64+=9%, Fig. 3 A). Binding was
reconstituted most consistently and effectively with nucleo-
somes, however, and less efficiently (and more variably) with
histones or dsSDNA alone (Fig. 3 A). Inhibition studies in these
patients exhibited two different patterns (Fig. 3 B). One subset
of these patients (Nos. 16, 71, 96, and 117) exhibited inhibition
with nucleosomes and DNA, and variable inhibition with his-
tones. In contrast, a second subset of patients (Nos. 77, 86, and
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102) exhibited little inhibition (and occasionally enhanced
binding) in these experiments. These latter patients were those
who exhibited the most exuberant reconstitution of GBM
binding with histones.

Similar to the patients with high levels of GBM-binding
IgG, an overall parallelism between IgG binding to GBM and
the underlying autoimmune response to nuclear antigens was
observed in patients with lower levels (Fig. 3 B). The autoim-

A 400

350

[ +DNase ] DNase+ONA ONase+H [ DNase+Nuc

W cont.

GBM binding (% of control)

3 25 39 50 87 100 106

B 200

I cont. E3 «ona +H BB Nue

150

GBM binding (% of control)

0.80

-a-3 -0-25 -v-39 O 50 -O-87 -A- 100 -®- 106
070§
\.
0.60

N A
L e
g

LN )2
0.50 E//Tfy\v___

8
Q
@ 0.40 [
g 0y
2
5 o030f
0.20 [
0.10 |
0.00 Fe—
z 2 &6 £
Q ©
o

Figure 2. Characterization of GBM binding and nuclear antigen reac-
tivity in sera from patients with GBM-binding IgG > 0.285 OD. The
characteristics of IgG binding to GBM in representative patients with
GBM-binding IgG > 0.285 OD was determined using both reconsti-
tution and inhibition strategies. GBM binding is normalized to 100%,
and individual patients are referred to by number on the x axis. The
binding of these same sera to a panel of defined nuclear antigens was
concurrently determined. (A) Effect of DNase pretreatment of GBM
on binding, and the ability of nuclear antigens to reconstitute binding
after DNase. (B) Inhibition of GBM binding by exogenous nuclear
antigens. (C) Nuclear antigen binding. Nuc, nucleosomes; Oligo, oli-
gonucleosomes; Chr, chromatin; T-D, H3-H4 tetramers with DNA;
D-D, H2A-H2B dimers with DNA; T, H3-H4 tetramers; D, H2A-H2B
dimers.
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mune response in these latter sera was dominated by uniform
reactivity with chromatin and subnucleosomes with modest-
to-negligible reactivity to dsDNA. The binding of these sera to
individual histones or histone-histone complexes was also mod-
est with the exception of binding to H1 in several of the sera.
No correlation between the ability of histones to reconstitute
GBM binding and binding to individual histones or histone-his-
tone complexes was observed (P > 0.05 for all correlations).
Because DNase treatment of GBM did not completely pre-
vent the binding of IgG from lupus nephritis sera, we conjec-
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Figure 3. Characterization of GBM binding and nuclear antigen reac-
tivity in sera from patients with GBM-binding IgG < 0.285 OD. The
characteristics of IgG binding to GBM in representative patients with
GBM-binding IgG < 0.285 OD was determined using both reconsti-
tution and inhibition strategies. GBM binding is normalized to 100%,
and individual patients are referred to by number on the x axis. The
binding of these same sera to a panel of defined nuclear antigens was
concurrently determined. (A) Effect of DNase pretreatment of GBM
on binding and the ability of nuclear antigens to reconstitute binding
after DNase. (B) Inhibition of GBM binding by exogenous nuclear
antigens. (C) Nuclear antigen binding.



tured that this residual binding might be caused by immune com-
plexes binding to GBM (e.g., anti-DNA antibodies complexed
to DNA or nucleosomes; 20, 25, 37). To test for this possibility,
we exposed serum from patients with high levels of GBM-
binding IgG to high ionic strength/DNase, and then examined
for an effect on binding to GBM, DNA, or poly-L-lysine (pre-
coat for the anti-DNA assay). This manipulation, however, did
not significantly alter binding to these substrates (data not
shown). We subsequently postulated that the residual binding
after DNase might be caused by retained histones that can
bind to GBM with high affinity (34, 35). Consequently, we ex-
amined the effect of DNase followed by high ionic strength on
GBM binding. Using sera with high GBM-binding IgG, we ob-
served that the combination of these two treatments abrogated
GBM binding (decrease of 96+2%, n = 7).

To examine the specificity of GBM binding, we next deter-
mined whether nonrenal ECM could substitute for GBM in
the binding assay. As shown in Fig. 4, lupus nephritis patients,
patients with active nonrenal lupus, and patients with inactive
lupus were differentiated by their respective levels of GBM-
binding IgG, but not by the level of IgG binding to placental
ECM (which is similar in composition to the GBM, see Meth-
ods). The inability of placental ECM to substitute for GBM
could not be rectified by adding nucleosomes to the placental
ECM substrate (Fig. 4).

As we have noted with murine lupus, type IV collagen
within the GBM is necessary for autoantibody binding because
of the adherence of nuclear antigens to this protein (24, 25).
Autoantibody binding to type IV collagen per se is negligible
(24, 25). We tested these statements in human lupus by exam-
ining the effect of collagenase on GBM binding of lupus ne-
phritis sera. As shown in Fig. 5, GBM binding of lupus nephri-
tis sera was generally decreased by preincubation of the GBM
with collagenase, though substantial variability was noted
among patients (ranging from a decrease of 0 to 100%). The
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Figure 4. 1gG binding of lupus sera to GBM vs. nonrenal ECM. IgG
binding to GBM, placental ECM (without or with added nucleo-
somes [Nuc]) was determined by ELISA in sera from lupus patients
with nephritis, active nonrenal disease, and inactive disease (n = 15
for each group). For the GBM assay, lupus nephritis patients were
significantly greater than lupus patients with inactive disease (P =
0.004), with a trend towards a difference between lupus nephritis pa-
tients and patients with active nonrenal lupus (P = 0.163) similar to
the larger analysis shown in Fig. 1. For the placental ECM assay (run
without or with added nucleosomes), no significant differences were
noted.
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Figure 5. Effect of collagenase pretreatment of GBM on IgG binding
from lupus nephritis sera. The binding of IgG from lupus nephritis
sera to untreated and collagenase-pretreated GBM extracts was de-
termined and normalized to the binding to untreated GBM (=100%).
Sera were from the patients characterized in Figs. 2 and 3 (patient
number on the x axis).

average decrease in a set of 25 lupus nephritis sera (14 with
GBM binding > 0.285 and 11 with GBM binding < 0.285 OD)
was 65+5%. The effect of collagenase on GBM binding
tended to be less substantial in sera with GBM binding > 0.285
OD vs. sera with GBM binding < 0.285 OD: 57*+5% vs.
76+9% inhibition, respectively (P = 0.057). Such sera could
also be distinguished, based on the characteristics of IgG bind-
ing to GBM (see above) and clinical associations (see below).
Lupus nephritis sera did not bind to human type IV collagen
per se (data not shown).

Association of GBM-binding IgG in lupus nephritis patients
with clinical parameters and renal histopathology. We next sought
to determine whether the level of GBM-binding IgG (which,
as noted above, was correlated with the overall characteristics
of IgG binding to GBM) could be related to the clinical status,
histopathology, or prognosis of the patient. Patients with high
levels of GBM-binding IgG overall had evidence of more se-
vere disease by clinical criteria than patients with lower levels
of GBM-binding IgG (Table I). The former group of patients

Table 1. Clinical Parameters in Lupus Nephritis Patients
Subdivided by GBM-binding IgG Level

GBM > 0.285 GBM < 0.285
Parameter (n=17) (n = 46) P

C3 60.1 72.9 0.0348
C4 9.6 15.7 0.0802
CH50 19.9 47.3 0.0004
Creatinine clearance 61.4 76.2 0.0750
Serum creatinine 1.42 1.24 0.3000
Proteinuria 3.72 4.33 0.5861
ESR 85.6 60.7 0.0114
Hematocrit 30.3 34.4 0.0155
IeG 1,541 1,034 0.0202
Renal histology WHO I11-3 WHO I11-10

WHO IV-13 WHO 1V-35

Lupus nephritis patients were subdivided into two groups, depending
on whether or not the GBM-binding IgG was greater or less than the
range defined by the inactive lupus patients (> or < 0.285 OD).
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Figure 6. Effect of therapy on GBM-binding IgG in lupus nephritis
patients. Patients with lupus nephritis were subgrouped depending on
whether or not they exhibited a successful response to therapy (i.e.,
responders and nonresponders). GBM-binding IgG values for these
two groups before and after therapy are shown. The GBM-binding
IgG after therapy in the responders was significantly decreased (P <
0.05).

exhibited evidence of more substantial complement activation
in vivo with lower serum levels of C3 and C4, and a more se-
verely depressed CH50 than the latter group. These patients
also exhibited higher erythrocyte sedimentation rates, higher
levels of IgG, and lower hematocrits on average. Renal func-
tion was diminished in both groups of patients, with a trend to-
ward more severe renal dysfunction in the former group. De-
spite these differences, the overall histopathologic severity was
similar in the two groups (Table I). Proportionate numbers of
patients with diffuse proliferative nephritis (WHO class IV)
and focal/segmental proliferative glomerulonephritis (WHO
class IIT) were seen in the two groups.

We additionally segregated the cohort of patients into sub-
groups, depending on their subsequent response to therapy af-
ter 1 yr to analyze the relationship between the amount (and
consequently type) of GBM-binding IgG and prognosis (Fig.
6). There was no significant difference in the average level of
GBM-binding IgG before therapy in those patients responding
to therapy vs. those patients who were refractory to therapy.
Patients who were successfully treated exhibited a significant
decrease in GBM-binding IgG, however, while those patients
who were not successfully treated exhibited a more modest
(and not statistically significant) decrease in GBM-binding IgG.

Discussion

This study demonstrates the potential heterogeneity in glom-
erulotropic antibodies in SLE patients. As we observed, one
subgroup of patients with lupus nephritis exhibited GBM-
binding IgG that bound largely in a DNA- and nucleosome-
dependent fashion. A subset of these patients also had GBM
binding that was histone dependent. A second subgroup of pa-
tients exhibited GBM-binding IgG that bound largely in a nu-
cleosome-dependent fashion. These data support our conten-
tion derived from an analysis of murine lupus that lupus
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nephritis is immunologically complex, specifically that multi-
ple antibodies (including but not limited to anti-DNA antibod-
ies) may contribute to nephritis (24, 25).

Recent observations suggest that SLE is characterized by a
breakdown of tolerance to chromatin (14, 15, 17). Apropos
this issue, the type of glomerular-binding antibodies present in
the patients who were analyzed in the current study recapitu-
lated their underlying antichromatin response. Our observa-
tions that lupus nephritis patients can be divided into two
groups, depending both on their GBM-binding IgG and their
overall antichromatin response, parallel other recent studies
on the underlying autoimmune response in lupus (15). In both
studies, SLE patients could be segregated into two groups: one
with predominant reactivity with chromatin, subnucleosomes,
and dsDNA, and one with predominant reactivity with chro-
matin and subnucleosomes. The former group serologically re-
sembles MRL Ipr mice with established autoimmunity, whereas
the latter group resembles young MRL Ipr mice at the incep-
tion of autoimmunity, suggesting that these groups of patients
may represent different stages in the evolution of the break-
down of tolerance (14, 16).

In addition to supporting the concept that multiple autoan-
tibodies contribute to lupus nephritis, the current data are
most consonant with either the planted antigen or immune
complex hypotheses for lupus nephritis (1). Most of IgG bind-
ing to GBM in lupus nephritis patients was abolished by
DNase pretreatment of GBM extracts, reconstituted with nu-
clear antigens after DNase, and inhibited by exogenous nu-
clear antigens similar to what we have observed in murine lu-
pus (24, 25). These data demonstrate that the autoantibodies
detected by the GBM ELISA can form immune complexes
with nuclear antigens trapped by the GBM. It is nonetheless
possible that GBM-binding IgG may complex with nucleo-
somes in the circulation and then deposit in the GBM. Nucleo-
some/antinucleosome complexes have been shown to bind av-
idly to the glomerulus in vivo and to the GBM in vitro (18, 20,
25). Although our data suggest that most GBM-binding IgG is
not comprised by such complexes (GBM binding was stable to
DNase/high ionic strength), we cannot exclude a contribution
of these complexes to GBM binding. In fact, our murine data
suggest the presence of small amounts of immune complexes
with glomerular-binding activity (22). The relatively low level
of such complexes, however, may be a function of rapid clear-
ance.

The current data do not support a major contribution of
antibodies that bind directly to glomeruli (e.g., cross-reactive
anti-DNA antibodies, autoantibodies to GBM proteins [38—
41]), although the GBM ELISA may not detect autoantibodies
to intrinsic glomerular cells (42). Of relevance to this issue are
recent studies that have cast doubt on the existence of such au-
toantibodies. The binding of cross-reactive anti-DNA mAbs to
nonnuclear antigens or cells appears to be indirect in many cir-
cumstances and mediated by immune complexes that are
formed in vitro with nucleosomes (20, 43). Nuclear antigens
also bind avidly to basement membrane components isolated
from biological sources (as we have noted with our GBM
preparations [24]), and cells appear to release nucleosomes
during in vitro culture that may adhere to cell surfaces and the
pericellular matrix (44, 45). These adherent nuclear antigens
may be responsible for the binding interactions observed with
autoantibodies and various basement membrane proteins or
cells.



It is of note that lupus sera bound differently to GBM com-
pared with placental ECM (without or with nucleosomes), de-
spite the overall similarity in protein composition. This diver-
gence may be a function of finer differences in the composition
of the GBM relative to other ECMs (e.g., in the a chain com-
position of type IV collagen), as well as the nuclear antigens
that adhere to GBM relative to other ECMs. Further investi-
gation of how nuclear antigens interact with the ECM thus
would appear relevant to the pathogenesis of lupus nephritis.

Germane to this issue, the present study specifically sug-
gests that GBM collagen (the major GBM protein [46]) is im-
portant for autoantibody binding to the glomerulus in lupus
nephritis, as we have noted with murine lupus sera and glom-
erulotropic mAbs (24, 25). Unlike murine lupus, however, we
noted substantial variability between patients, suggesting that
GBM proteins other than collagen (e.g., heparan sulfate pro-
teoglycan [20]) probably play an important role in autoanti-
body binding to the glomerulus. The collagen dependence of
GBM binding is likely to be a function of the avidity of his-
tones for type IV collagen (35) and does not appear to be
caused by the binding of sera to collagen per se. We also ob-
served that the degree of collagen dependence of binding re-
lates to the level, and consequently, type of GBM binding IgG
(i.e., DNA/nucleosomal vs. nucleosomal) that also correlates
with the patient’s clinical status. Thus, nuclear antigen specific-
ity, GBM binding properties, and pathogenicity of autoanti-
bodies appear to be interrelated variables.

The current work further supports the conclusion that
GBM-binding IgG in lupus is pathogenic and necessary for the
development of nephritis. Elevated levels were noted in virtu-
ally all lupus patients with nephritis, adequate responses to
therapy in these patients were accompanied by significant re-
ductions in antibody levels, and particularly high levels of
GBM-binding IgG were associated with more severe clinical
disease. The presence of GBM-binding IgG, however, is
clearly not sufficient for the development of nephritis. As
noted, GBM-binding IgG was observed in patients with active
nonrenal lupus, symptomatic drug-induced lupus, and occa-
sionally in inactive lupus. In addition, neither the level nor the
overall characteristics of GBM-binding IgG in nephritis pa-
tients could be related to the renal histopathology or prognosis
in a simple fashion. Similar disparities between the autoanti-
body response and both the presence and severity of nephritis,
while not apparent within the inbred strains of murine lupus,
are nonetheless apparent in interspecific back-crosses of MRL
lpr mice and in the graft vs. host model of murine lupus when
induced across varying MHC class II differences (47, 48).

Therefore, we would conclude that glomerular binding IgG
is necessary but not sufficient for the development of nephritis.
The development of nephritis and specific histopathologic pre-
sentations, as well as the propensity of glomerular inflamma-
tion to progress to glomerulosclerosis, must result from a more
complex array of factors. Conjecturally, specific antibodies
within the broad categories defined by our GBM assay may be
more nephritogenic than others. This capacity may simply be a
function of the IgG subclass (and the ability to fix comple-
ment) or may be a function of the epitopes of chromatin that
are most often accessible when adherent to the GBM in vivo.
Additionally, factors relating to the release and clearance of
chromatin, as well as the formation of circulating immune
complexes, may contribute to the development of nephritis
and specific pathologic variants. Finally, genetic variables con-

trolling the extent of the local inflammatory response may con-
tribute to the severity and long-term outcome of nephritis.
Resolution of these issues will be critical in refining current di-
agnostic tests, improving prognostication, and targeting ther-
apy in a more specific fashion.

In conclusion, the current study demonstrates the hetero-
geneity inherent in glomerulotropic antibodies in patients with
lupus nephritis and argues against an exclusive role for anti-
DNA antibodies in this disorder. Specifically, the data suggest
that the pathogenesis of nephritis results from the binding of
antibodies to various epitopes on chromatin that bind to GBM
largely (though not exclusively) via collagen. Although GBM-
binding IgG levels are correlated to the concurrent clinical sta-
tus of the patient and vary with the therapeutic response, the
genesis of nephritis and its various pathologic forms and the
factors controlling the long-term outcome of nephritis remain
to be clarified.
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