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Introduction

Summary

Systemic lupus erythematosus (SLE) is an autoimmune disease distinguished
by great heterogeneity in clinical manifestations and autoantibody
expression. While only a handful of autoantibody specificities have proved
useful for clinical diagnosis, to characterize complex lupus-associated autoan-
tibody profiles more fully we have applied proteome microarray technology.
Our multiplex microarrays included control ligands and 65-autoantigens,
which represent diverse nuclear and cytoplasmic antigens recognized by
disease-associated and natural autoantibodies. From longitudinal surveys of
unrelated SLE patients, we found that autoantibody profile patterns can be
patient-specific and highly stable overtime. From profiles of 38 SLE patients
that included 14 sets of SLE twins, autoantibodies to the phospholipid neo-
determinants, malondialdehyde (MDA) and phosphorylcholine (PC), which
are exposed on apoptotic but not healthy cells, were among the most prevalent
and highly expressed. We also found that immunoglobulin M (IgM) reactivity
to MDA and PC ligands had significant direct correlations with DNA-
containing antigens, while such a general relationship was not found with a
panel of RNA-related antigens, or for IgG-autoantibodies. Significantly, hier-
archical analysis revealed co-distribution/clustering of the IgM autoantibody
repertoire patterns for six of 14 twin sets, and such patterns were even more
common (10 of 14) for IgG autoantibody profiles. Our findings highlight
the potentially distinct roles of IgM and IgG autoantibodies, as we postulate
that the direct correlations for IgM autoantibodies to DNA antigens with
apoptosis-related determinants may be due to co-expression arising from
common pro-homeostatic protective roles. In contrast, the sharing of IgG
autoantibody fingerprints by monozygotic twins suggests that lupus IgG
autoantibodies can arise in predisposed individuals in genetically determined
patterns.
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DNA, the clinical presentation, organ system involvement
and range of autoantibodies expressed in SLE patients is

Systemic lupus erythematosus (SLE) is a prototypic systemic
autoimmune disease, believed to result from immune recog-
nition of cytoplasmic and nuclear antigens [1]. Among the
earliest evidence of immune abnormalities in SLE patients
was the identification of anti-nuclear autoantibodies (ANA)
[2], which in some cases have been implicated directly in
immune complex-mediated pathogenesis and end-organ
damage (reviewed in [3]). While clinical diagnosis is aided by
the detection of circulating ANA, with special emphasis on
antibodies to the ribonucleoprotein (RNP), Sm, and native

highly heterogeneous.

Circulating autoantibodies can be detected years prior to
the clinical diagnosis of SLE, and in many SLE patients the
number of distinct specificities of lupus autoantibodies were
found to increase over time [4]. However, many apparently
healthy individuals also have detectable circulating autoan-
tibodies [5]. It therefore remains unclear if clinical features
are commonly present, and organ damage may progress
for long periods before the practitioner can make the SLE
diagnosis [6].
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The genetic contribution to lupus pathogenesis has been
well established, and there is a greater than 100-fold risk for
lupus among family members of affected individuals than in
the general population [7-9]. The powerful contribution of
inheritance to disease predisposition has been highlighted in
studies of twins, as non-identical (i.e. dizygotic, DZ) twins
display the same risk as close siblings (i.e. ~2-3%), while
identical (monozygotic, MZ) lupus twins display an esti-
mated ~25% or greater concordance for the development of
lupus [10] (reviewed in [11]) and concordance increases
over time [12]. Although it is difficult to separate out the
influence of environmental factors in family studies,
MZ twins with different environment histories have been
reported to also become disease-concordant [13]. In any
case, twin studies can provide invaluable perspectives for
studying the potential variations in immune function that
can develop in genetically identical humans.

A decade ago, we characterized the cloned antibody rep-
ertoires of a set of MZ twins discordant for lupus disease
[14]. Despite shared genetic features, only the lupus-affected
twin had circulating immunoglobulin G (IgG) anti-native
DNA, and recombinant IgG anti-native DNA autoantibodies
could be recovered only from the phage-display libraries
from the affected twin and another individual with SLE
disease activity [14]. However, the healthy (i.e. disease-
discordant) twin also had levels of circulating IgM auto-
antibodies to both denatured DNA and native DNA, which
were significantly higher than found in a panel of healthy
controls [14]. In light of the seemingly robust health of this
unaffected twin, we began to wonder whether her IgM
autoantibody responses were not only non-pathogenic but
might instead represent a protective response to immune
abnormalities that otherwise conveyed autoimmune disease
susceptibility.

With the adaptation of technology developed originally
for gene transcript surveys and the availability of robust
chips for proteomic analyses, antigen microarrays have
enabled comprehensive comparisons of highly multiplex
surveys of (auto)antibody profiles [15-18]. While a single
platform and set of binding conditions may not be optimal
for the detection of every antibody-binding specificity,
microarray approaches enable the simultaneous analyses of
binding interactions with potentially hundreds (or even
thousands) of antigenic ligands. Moreover, this approach
can have fourfold or greater sensitivity and precision than
standard immunoassays, and it is well suited to high-
throughput screening with data output compatible with
multi-parameter bioinformatics analyses.

To extend our investigations of the interplay of genetic
inheritance with the immunological features of SLE, we now
report our findings from the application of antigen microar-
ray technology to characterize IgM and IgG lupus autoanti-
body profiles. Significantly, our studies detected hierarchies
in the types of detected autoantibodies, which may reflect
distinct immunobiological cellular origins and different
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potential physiological and pathophysiological roles. We also
found that disease-concordant lupus twins commonly share
IgG autoantibody expression patterns that are distinct from
those of other affected individuals.

Methods

Patients

Blood samples were obtained following informed consent
with institutional oversight. The diagnosis of SLE was deter-
mined at the time of sample donation based on American
College of Rheumatology criteria [1] (Table 1). All twins
were female and samples were designated ‘F’ for familial
relatedness, with unrelated SLE patients identified by ‘S
Genotyping confirmed monozygosity (MZ) for F122, F124,
F167 and the dizygosity for F7 twins, while others were
determined based on patient reporting of a single or dual
placentas.

Antigens and antibodies

A panel of 65 self-antigens was selected for their relevance to
autoimmune disease diagnosis or reported reactivity with
natural antibodies (see Table 2). In particular, this panel
included human low-density lipoprotein (LDL) that was
modified chemically by oxidation [i.e. oxidized LDL
(OxLDL)] on which phosphorylcholine (PC) is reported to
be a dominant epitope [19], and also malondialdehyde
(MDA)-modified LDL on which MDA is a dominant epitope
[20]. Because of evidence of roles in pathogenesis and utility
for diagnosis [21,22], several RNP-related antigens were also
included. Antigens in these studies were of the highest
quality available (Academy Bio-Medical, Houston, TX, USA;
AXXORA, San Diego, CA, USA; BD Bioscience, San Diego,
CA, USA; INOVA Diagnostics, San Diego, CA, USA; Sur-
Modics, Eden Prairie, MN, USA; US Biological, Swampscott,
MA, USA; Fisher Scientific, Houston, TX, USA; MP Bio-
medical, Solon, OH, USA). Nucleolar extracts, isolated as
described previously [23], were provided by INOVA
Diagnostics). Antigenic reactivity was confirmed with posi-
tive control antibody standards and using individual and
pooled sera samples from patients with well-characterized
disease (not shown). As controls, anti-IgM, anti-IgG and
purified Ig samples were also printed. Control studies docu-
mented less than 1% cross-reactivity between the IgM- and
IgG-specific detection reagents (not shown). In control
studies, our methods were refined for consistent antigen spot
characteristics, antibody signal and by correlations of results
from enzyme-linked immunosorbent assay (ELISA) and
Luminex antibody assays (data not shown).

Proteomic arrays

For our surveys, we adapted methods reported earlier
[15]. Proteomic  microarrays were printed on
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Table 1. Characteristics of lupus twins.

Immunoglobulin
M (IgM) IgG
Age Age at autoantibody autoantibody
Ethnicity’  Zygosity*  Subject atDx  blood draw  SLE Dx* profiles® profiles Medications
F001'" c MZ AA 26 28 + - - Prednisone 40 mg/day,
hydroxychloroquin
BB - None
F122 as MZ 744 28 30 + Co-distribute - Prednisone 20 mg/day,
hydroxychloroquin
745 - None
F124 c Mz 751 20 24 + Cluster Cluster Prednisone <10 mg/day,
hydroxychloroquin,
NSAID
765 ND + Unknown
F167 c MZ 927 44 52 + - - Unknown
933 46 + Unknown
F191 c MZ 498 48 57 + Co-distribute Cluster Unknown
499 ND + Unknown
F225 as MZ 1218 23 44 + - Cluster Unknown
1219 30 + Unknown
F323 aa Mz 1730 ND ND + - Cluster NSAID
1760 ND + NSAID
F794 C MZ 4213 12 25 + NR Cluster Unknown
4214 ND + Prednisone 1 mg/day,
hydroxychloroquin,
MMF
F986 c MZ 4827 ND 34 + - Co-distribute ~ Unknown
4828 ND + Prednisone 20 mg/day,
hydroxychloroquin
F1008 aa MZ 4884 15 16 + Cluster Cluster Prednisone,
hydroxychloroquin,
MMF
4885 15 + Prednisone,
hydroxychloroquin,
MMEF and i.v.
cyclophosphamide
F7 c Dz 31 15 24 + - - Prednisone,
hydroxychloroquin,
methotrexate
NSAID, IVIG
34 13 + Unknown
F285 C DZ 1402 38 40 + - Co-distribute ~ Unknown
1403 ND + Unknown
F988 as Dz 4832 43 46 + Cluster Cluster Prednisone <10 mg/day,
hydroxychloroquin,
NSAID
4849 - None
F1001 c DZ 4862 78 —(GCA)*  Co-distribute Co-distribute ~ Unknown
4863 + Prednisone,
hydroxychloroquin,
azathioprine

Ethnicity was self-determined: aa: African American; as: Asian; c: Caucasian. *Zygosity: MZ, monozygotic; DZ, dizygotic. *Systemic lupus erythe-
matosus (SLE) diagnosis was determined based on American College of Rheumatology criteria [1]. *Based on comparisons of autoantibody profiles
determined by microarray, twin sets that distributed into paired terminal dendrogram were termed a ‘cluster’, twins that distributed adjacent to one
another but not in the same dendrogram were termed ‘co-distribute’. If the profiles of twins neither clustered nor co-distributed, comparisons for a twin
set were designated negative (—). Only the F794 were found to be non-reactive (NR) for all IgM autoantibodies, even though found to be positive in
control assays for detectable total IgM and control antigens on slides. "Detailed Ig repertoire analyses of the FOO1 twins, AA and BB, have been reported
previously [14]. “At time of blood draw this dizygotic twin fulfilled criteria for giant cell arteritis (GCA) but not SLE. NSAID, non-steroidal
anti-inflammatory drug; MMF, mycophenolate mofetil. ND, not determined.
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Table 2. Immunoglobulin M (IgM) and IgG autoantigen reactivities of 38 systemic lupus erythematosus (SLE) patients and four disease-discordant
lupus twins.

Antigen Percentage of IgM-positive individuals Antigen Percentage of IgG-positive individuals
ssDNA 93% MDA-LDL 95%
MDA-LDL 88% snRNP 68/70 79%
Chromatin 64% ssDNA 76%
dsDNA 57% Laminin 64%
Nucleolar extract 48% Chromatin 62%
Tubulin 40% Collagen type IV 57%
SSA-52 38% SSA-52 48%
OxLDL 38% dsDNA 43%
PL-12 38% PL-12 43%
SnRNP 68/70 31% Sm RNP 43%
snRNP BB’ 29% Clq 43%
Sm RNP 24% Nucleolar extract 40%
Sm 24% snRNP BB’ 36%
Tissue transglutaminase (HtTG) 21% Entactin 33%
B2 glycoprotein I (B2 gp I) 21% Collagen type II 33%
GPI 19% CENP-B 31%
CENP-B 17% HtTG 29%
Glomerular extract 17% GPI 24%
HDL 17% SSA 60 24%
Laminin 17% OxLDL 21%
Actin 14% Sm 21%
Clq 14% Ribosomal-P 19%
Histone 14% SSB 19%
Insulin 12% Thyroglobulin 14%
Lipoprotein lipase 12% snRNP A 14%
Entactin 12% AnnV 14%
Ribosomal-P 10% Glomerular ext. 12%
PL-7 7% CENP-A 12%
Aggrecan 7% Actin 10%
Cardiolipin + 2 gp 1 7% Lipoprotein lipase 10%
M2 7% M2 10%
Hep 2 extract 7% Hep 2 10%
gplIb IIla 7% Scl-70 10%
Thyroglobulin 5% HDL 7%
snRNP A 5% Histone 7%
Protein S 5% Jo-1 7%
SSB 5% Tubulin 5%
SSA 60 5% Insulin 5%
TPO 5% TPO 5%
Jo-1 5% Ku 5%
Myosin 5% B2gpl 2:4%
Proteoglycan 5% PL-7 2-4%
Collagen type IT 5% Aggrecan 2-4%
Collagen type IV 5% Cardiolipin + 32 gp [ 2-4%
Annexin V 5% Proteoglycan 2:4%
LAP 2-4% LAP 2:4%
Scl-70 2:4% Apolipoprotein Al 2:4%
Cardiolipin + annexin V 2-4% Gliadin 2-4%
Ku 2-4% Phosphatidyl serine 2-4%
B Thrombin 2-4% Fibrinogen type 1-S 2:4%
Vimentin 2:4%

MPO 2:4%

Plasmin 2-4%

Apo Al 2-4%

Gliadin 2-4%

Prothrombin 2-4%

Results are depicted for the percentage of the 42 tested subjects who were reactive with each autoantigen. For IgM proteomic array assays, all subjects were also
non-reactive for: unmodified fibrinogen, citrullinated fibrinogen, CCP3, enolase, phosphatidyl serine, fibrinogen type I-S, CENP-A. For IgG proteomic arrays
assays, all subjects were also non-reactive for: unmodified fibrinogen, citrullinated fibrinogen, CCP3, enolase, gpIIb IIla, protein S, myosin, cardiolipin + annexin
V, B thrombin, vimentin, myeloperoxidase (MPO), plasmin and prothrombin. MDA-LDL: malondialdehyde-low-density lipoprotein; OxLDL: oxidated LDL.
MPO, myeloperoxidase; LAP, leukocyte alkaline phosphatase; snRNP, small nucleolar ribonucleoprotein; Sm, Smith antigen; PL, phospholipid; CENP-B,
centromere protein-B; TPO, thrombopoietin.
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nitrocellulose-coated FAST slides (Whatman, Florham Park,
NJ, USA) with a QSoft QArray Mini, using QSoft microarray
software (Genetix USA, Boston, MA, USA). On each slide
were two nitrocellulose pads, with most antigens printed at
200 pg/ml on each pad in six replicates at known positions
that alternated with printing of buffer alone to eliminate
carry-over. Slides were then blocked (Whatman blocking
buffer) and incubated for 2 h with 400 pl of serum diluted at
1:200 in phosphate-buffered saline (PBS), pH 7-4. After
washing with Tris-buffered saline/0-1% Tween 20, the slides
were reacted with Cy-5 labelled anti-human IgG and Cy-3-
labelled anti-human IgM (Jackson Immunoresearch, West
Grove, PA, USA) for 1 h incubation, then washed with PBS/
0-05% Tween20. Slides were washed with PBS, water-rinsed
and then scanned (Genepix 4000B; Molecular Devices,
Sunnyvale, CA, USA) using Genepix Pro version 6-0 software
at 532 and 635 nm to detect IgG and IgM reactivity, respec-
tively, with images saved as tiff files.

Data analysis

Genepix Pro version 6-0 software was used to analyse the
intensity of each spot with foreground and background fluo-
rescence intensities determined for each spot on the slide,
with output as a gpr file. Data were extracted from the gpr
files with r software (http://www.r-project.org). Background
correction used a Matlab script, and the mean values for
replicate spots determined with jmp version 7-0 software
(http://www.jmp.com). Comparisons of array data for sub-
jects and controls were performed and visual depictions
generated with Cluster version 3-0 (Stanford University)
and Java TreeView (http://rana.lbl.gov/EisenSoftware.htm).
Final analyses included data for lupus patients or their
twins, which were considered potentially immunologically
abnormal. Background levels were therefore determined
based on replicate slides developed without sera, and with
sera from healthy adult controls (not shown). In these
studies, a level of 600 digital fluorescence intensity units was
set as a threshold for significant reactivity, which was greater
than the mean background plus 2 standard deviations (s.d.).
Independent analyses with duplicate arrays were performed
with samples from lupus twins, with equivalent results
obtained each time. From control studies, statistically signifi-
cant (P < 0-0001) Pearson’s correlation coefficients (R) were
found for IgG binding results from microarray analyses from
comparisons with approved clinical pathology laboratory
tests for anti-dsDNA (R = 0-97) determined by the fluores-
cence enzyme immunoassay method (Phadias Cap-system,
Uppsala, Sweden), for SSA52 (R=0-96) and for SSA60
(R =0-82) by ELISA (QUANTA Lite™; INOVA Diagnostics).

To determine whether there were correlations of reactivity
levels within an individual sample between different fine
specificities of autoantibodies, the Matlab toolbox was used
for regression analyses and determination of P-values. To
identify data sets with similar reactivity patterns from more

limited numbers of antigens, the entire antibody data sets for
each serum sample were transformed into a vector, and
analyses performed on vectors with data sets as antigenic
reactivities were removed sequentially one by one, using the
leave-one-out cluster algorithm (http://www.biomedcentral.
com/1471-2105/7/95). Smaller antigen sets were thereby
identified that represented the entire data set most closely.

Significance was assigned for P < 0-05, using the statistical
model as indicated.

Results

Autoantibody profiles may be stable over time

As our primary goal was to evaluate whether SLE patients
express autoantibody patterns that can distinguish affected
individuals, we first performed longitudinal surveys with a
panel of 65 ‘self’-antigens selected for their proven utility
in confirming diagnoses of autoimmune diseases or for
reported reactivity with natural autoantibodies (Table 2). In
these studies, we assessed IgG autoantibody profiles in four
or five sera samples of five unrelated SLE patients obtained
during out-patient visits over 10-18 months. Results shown
in Fig. 1 depict heatmaps of relative reactivities, which are
organized based on unsupervised clustering by most
similar sera samples and by autoantigen reactivities. For
three of these SLE patients (S101, S104 and S105) each of
the longitudinal samples clustered separately by donor,
even to the terminal cluster. The different samples obtained
over time also distributed in the dendrogram together for
the other two patients, S102 and S103, although the ‘10-
month’ sample from S103 was not in the same terminal
cluster (which is most affected by noise from different
sources) but instead was only adjacent (or ‘co-distributed’)
with other S103 time-point samples. These findings
demonstrate the stability of the IgG autoantibody profiles
of these SLE patients during the 10-18-month periods
studied.

Autoantibody profiles of a panel of SLE patients that
include SLE twins

Studies were then performed of the autoantibody profiles of
a total of 42 individuals, which included 14 sets of lupus
twins (Table 1) in comparisons with 14 unrelated SLE
patients. Of the lupus twins, there were 10 sets of MZ twins
that included seven concordant for the SLE diagnosis, and
four sets of DZ twins that included two who were SLE
concordant. Hence, these studies included 38 SLE patients
and four unaffected twins, which were evaluated by autoan-
tigen microarray surveys. IgM and IgG binding was assessed
with a panel of 65 ‘self’-antigens selected for their proven
utility in confirming diagnoses of autoimmune diseases or
for reported reactivity with natural autoantibodies (Table 2).
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Fig. 1. Longitudinal analyses of
immunoglobulin G autoantibody profiling of
five unrelated systemic lupus erythematosus
(SLE) patients. These results represent a
two-dimensional cluster analysis, in which sera
samples with similar antibody response patterns
were placed adjacent to one another, and the
clustering of nested sets are indicated. In the
second dimension a similar computational
clustering of antigenic reactivities is shown.
Heat maps are depicted with bright red,
representing the highest relative activity level,
and bright blue, representing the absence of
relative antibody activity level, as indicated in
the legend. Sera samples are labelled by SLE
donor and time-point during longitudinal

surveillance. Results from analysis with a

hierarchical cluster algorithm are shown for

immunoglobulin G reactivity after removal of
antigens for which two or fewer sera samples
were reactive, which yielded a panel of 33
antigens. During the period of surveillance,
S101 received daily prednisone 10-25 mg,
azathioprine 50-100 mg and dapsone 100 mg;
$102 received only daily prednisone 0-5 mg;
$103 received daily prednisone 4-15 mg and

azathioprine 50 mg; S104 received daily
prednisone 10-20 mg, azathioprine 50-100 mg,
with dapsone 100 mg added only for the

8-month time-point; and S105 received daily

prednisone 7-5-15 mg, except at 8 months when
this was increased to 60 mg.

Immunoglobulin M autoantibody analyses

From our surveys, we identified the self-antigens that were
recognized most commonly by IgM antibodies, which in
descending order included: denatured DNA (39 reactive sub-
jects), MDA-LDL (37), chromatin (27), native DNA (24),
nucleolar extract (20), tubulin (17), SSA52 (16), OxLDL
(16), PL-12 (16 snRNP 68/70 (13), snRNP BB’ (12), SmRNP
(10) and Sm (10), with the remainder of the antigens in the
panel recognized by the IgM of nine or fewer individuals
(Table 2).

Systemic lupus erythematosus patients displayed a some-
what greater mean number of IgM autoantibody specificities
(10-6 = 8-3, mean * s.d.), which was not significantly dif-
ferent from the five subjects without the SLE diagnosis
(8-4 = 6:8). Notably, within each SLE twin set there was a
sharing of a mean of 4-2 = 4.0 IgM autoreactive binding
specificities.

We also assessed whether there was a relationship between
the levels of different IgM autoantibody specificities, with
special interest in the immune response to MDA-LDL and
OxLDL, which express neo-determinants (not on native
LDL) that are also exposed on apoptotic cells and atheroscle-
rotic plaques [24,25] (reviewed in [26]). Significantly, by

Genetic imprinting of SLE repertoires
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linear regression analysis we found significant Pearson’s cor-
relation coefficients between IgM antibodies to MDA-LDL
and OxLDL (P<5-0x 107°) (Table 3) which, in part, was
predictable due to an overlap of the epitopes expressed in
these forms of modified human LDL. To provide compari-
sons with simpler epitopic ligands, we also assessed binding
to an albumin conjugate of MDA, and a conjugate of PC that
is reported to be a dominant epitope on OxLDL [19]. Pre-
dictably, IgM binding to MDA-LDL and OxLDL correlated
significantly with MDA and PC albumin reactivity (Table 3).
However, IgM binding to MDA albumin did not correlate
with binding to PC albumin, suggesting that these epitopes
are not recognized commonly by cross-reactive IgM
antibodies. Strikingly, we found that the levels of the IgM
antibodies to MDA-LDL and to OxLDL also displayed inde-
pendently significant direct correlations with IgM antibodies
to each of the DNA-containing antigens: denatured DNA
(P<0-02), native DNA (P<0:02), chromatin (P < 0-008)
and nucleolar extract (P <0-0001) (Table 3). In contrast,
despite the fact that many individuals exhibited high autoan-
tibody levels to these autoantigens, we found that there were
no general correlations of levels of IgM antibodies to MDA-
LDL/OxLDL with autoantibodies to eight purified RNA-
related antigens (SSA60, SSB, Sm, SmRNP, snRNP68/70,
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ribosomal-P and the recombinant RNA-binding proteins;
snRNP-A, snRNP-BB). In only a few cases did the levels of
IgM antibodies to a DNA-containing antigen correlate with
IgM antibodies to a RNA-related antigen (Table 3). Hence,
we found a consistent relationship only between levels of
IgM autoantibodies to LDL-associated antigens, which
express the PC and MDA epitopes also exposed on apoptotic
cell membranes, with levels of IgM to DNA-containing
antigens. These findings may suggest that there is
co-regulation and/or cross-reactivity of IgM antibody
responses between phospholipid apoptosis-related epitopes
and DNA-containing self-antigens (see Discussion).

In order to identify individuals with the most similar IgM
autoantibody profiles, we next performed unsupervised
hierarchical cluster analysis for the IgM autoantibody pro-
files of each individual in comparison with the 41 other
samples. Because of the documented importance of auto-
antibody responses to these nuclear antigens, we first
assessed the patterns of IgM reactivity against the subset of
autoantigens with DNA-containing antigens. However, pre-
sumably because of limited differences between individuals,
this yielded clustering of only two twin sets (F167 and F988),
and the addition of histones to this antigen panel yielded the
same results (not shown). Similar analyses with the panel of
RNA-related antigens identified four clustered twin sets
(FOO1, F191, F323 and F1008). When analyses were per-
formed with a panel that included all these DNA- and RNA-

Genetic imprinting of SLE repertoires

related antigens, four twin pairs (F001, F191, F988, F1008)
were identified (not shown). Hence, analyses restricted to
these lupus-associated binding self-specificities were inad-
equate to discriminate between the autoantibody profiles of
different lupus-affected individuals.

With the goal of improving the identification of
individual-specific reactivity profiles, hierarchical clustering
analyses for all subjects were then performed for the IgM
reactivities with all the 65 autoantigens in the panel. A subset
of 56 antigens were recognized by the IgM by one or more of
the subjects (Table 2). Only two twin sets were found to
cluster (F124, F988), while an additional two sets of twins
(F122 and F1008) distributed adjacent (i.e. co-distribute) to
each other in the dendrogram. Although the F794 twin set
was also found to co-distribute, we did not designate them as
an IgM clustered set because they displayed IgM non-
reactivity with all the self-antigens in the panel (Table 1). In
explanation, the F794 twins were also both within the lowest
quintile of total IgM levels detected in these studies (not
shown).

These IgM analyses were repeated after removal of data for
antigens for which five or fewer individuals were reactive.
With the resulting smaller panel of 26 antigens, we found the
same four twin sets (F124, F988, F1001 and F1008) that
clustered, while two additional (F122 and F191) twin sets
co-distributed in the dendrogram adjacent to one another
(Fig. 2). Additional leave-one-out cluster analyses did not

Fig. 2. Immunoglobulin M (IgM) autoantibody profiling of sera samples from systemic lupus erythematosus (SLE) patients. Hierarchical cluster

analysis results were performed shown for IgM reactivity with the panel of 14 twin sets and 14 unrelated SLE patients. Results are depicted after

removal of antigens for which five or fewer individuals were reactive, which yielded a smaller panel of 26 antigens. Twins are identified by shared ‘F’

naming, while unrelated SLE patients are identified by ‘S’ Based on hierarchical cluster analyses, related IgM autoantibody profiles were identified
for monozygotic (MZ) twins (F122, F124, F191 and F1008) and for two dizygotic (DZ) twins (F988 and F1001). Lupus-discordant twin sets were
F001, F122, F988 and F1001. Control array studies demonstrated a trend in SLE patients (n = 10) towards higher IgM autoantibodies than in
healthy controls (n = 10) to: oxidated low-density lipoprotein (OxLDL) (mean * standard deviation) 5049-6 * 3575 versus 2239 * 2840;
malondialdehyde (MDA)-LDL, 4607 = 3406 versus 1736 * 1379; phosphorylcholine-albumin, 16760 * 14501 versus 12936 = 10286;

MDA-albumin, 3289 = 3338 versus 904 % 942.
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identify clustering of additional twin sets (not shown).
Hence, hierarchical cluster analyses identified shared twin-
specific IgM autoantibodies in six of 14 cases.

Immunoglobulin G autoantibody analyses

We next identified the self-antigens recognized most com-
monly by IgG; MDA-LDL (40 reactive subjects), snRNP
68/70 (33), laminin (27), chromatin (26) collagen IV (24),
SSA52 (20), native DNA (18PL-12 (18), SmRNP (18) and
Clq (18), with the remainder recognized by 17 or fewer sera
samples (Table 2). Hence, we found that many more IgG
autospecificities were detected with our antigen panel than
for IgM autospecificities. Notably, within the 10 antigens
recognized most commonly by IgG there were seven antigens
(denatured DNA, MDA-LDL, chromatin, native DNA,
SSA52, PL-12 and snRNP 68/70) that were among the 10
antigens recognized most commonly by IgM autoantibodies.
There was also a greater number of IgG autoantibody speci-
ficities among SLE patients (142 = 6-7) than for disease-
unaffected individuals (11-4 = 8-2), although this trend was
not statistically significant. Significantly, twin sets shared a
greater number of IgG autoantibody types (8-9 * 5-8) than
of IgM autoantibodies (4-2 = 4-0) (P <0-009, two-tailed
t-test).

Reiterating the above-described linear regression analyses,
we also looked for correlations in the expression patterns
of IgG autoantibodies between individuals (Table 4), and
found a correlation for IgG binding between each of the
DNA-containing antigens. However, distinct from the con-
served patterns seen among IgM antibodies, we did not find
a general relationship between levels of IgG reactivity to
MDA-LDL and OxLDL and to the DNA-containing antigens
(Table 4). Also, unlike the patterns for IgM antibodies, there
was a significant correlation for IgG antibodies to MDA
albumin and the PC-albumin conjugate. These findings
may suggest that there is unlinked regulation of IgM
and IgG responses to these apoptosis-related phospholipid
determinants.

We also performed hierarchical cluster analyses first for
the panel of DNA-containing antigens and found clustering
of three twin sets (F124, F794 and F1008) (not shown).
Analyses of a panel of purified RNA-related antigens yielded
four twin sets (F124, F323, F988 and F1008) (not shown).
When hierarchical analyses were performed on a panel that
included the DNA- and RNA-related antigens we identified
the same four twin pairs (F124, F323, F988 and F1008) (not
shown). Hence, IgG reactivity patterns for the DNA- and
RNA-related antigens provided twin-specific immune pro-
files in only a limited number of cases.

Hierarchical analyses of IgG responses were then per-
formed with the entire antigen panel, which identified five
clustered twin sets (F124, F225, F323, F986 and F1008) (not
shown). Reiterating the above described approach, analyses
were then repeated after removal of antigens for which five

or fewer individuals were IgG reactive. With this reduced set
of 31 antigens, we found clustering and/or co-distribution of
an overlapping five twin sets within the dendrogram (F7,
F124,F323,F1001 and F1008) (Fig. 3a and data not shown).

We therefore also performed leave-one-out cluster analy-
sis to reveal shared patterns associated with a smaller
panel of self-antigens. Using this approach, we identified
a minimal panel of 27 antigens for IgG reactivities that
resulted in the clustering/co-distribution of 10 pairs of lupus
twin sets (F124, F191, F225, F285, F323, F794, F986, F988,
F1001 and F1008) (Fig. 3b). Notably, this list included the
clustering of the F794 twins based on similar IgG autoanti-
body reactivity profiles, even though they were devoid of
IgM reactivity with this same autoantigen panel.

Taken together, these findings demonstrate the range of
expressed autoreactive specificities in different SLE patients,
but most importantly that genetically identical individuals
often express very similar IgG autoantibody profiles. Signifi-
cantly, profiles of expressed IgG autoantibodies appeared to
be more individualized and characteristic for each twin sets
than found for IgM autoantibodies.

Comparisons of IgM autoantibody repertoires in
disease-discordant twins

As described above, of the four twin sets discordant for the
SLE diagnosis, one of the lupus-unaffected twins (F1001-
4862) was found to be devoid of detectable IgM autoanti-
bodies (Table 1). For the other three SLE-discordant twin
sets, comparisons between their IgM autoantibody reper-
toires were performed, and are depicted in Fig. 4. We were
surprised to discover that in each case the detected levels of
IgM antibodies to MDA-LDL were higher in the ‘healthy’
twin than in their twin sisters. Notably, the same trend was
also found for IgM anti-OxLDL antibodies in two (FO01 and
F122) of these same twin sets. While IgM reactivity was also
detected with some DNA-containing antigens and several
other autoantibodies, these did not display the same rela-
tionships for relative reactivity within the discordant twin
pairs. Although there were few discordant twins available for
these surveys, these findings support the hypothesis that IgM
autoantibodies to apoptosis-associated phospholipid anti-
gens are not necessarily part of the pathogenic autoimmune
response in predisposed individuals but may, in fact, play
other roles (discussed further below).

Discussion

In the current studies we have used multiplex proteome
microarrays to characterize and compare the autoantibody
responses of one of the largest panels of lupus twins reported
to date. From these studies, we found that individual IgG
autoantibody profiles often clustered according to natural
twin pairs, while similar patterns were not found with unre-
lated SLE patients. Notably, we found that six of eight
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(a)

%ﬁ

Fig. 3. Immunoglobulin G (IgG) autoantibody
profiling of sera samples from systemic lupus
erythematosus (SLE) patients. Akin to the
analysis in Fig. 2, these results represent a
two-dimensional cluster analysis, in which
individuals with similar antibody response
patterns were distributed adjacent to one
another, and clustering of nested sets are

indicated. (a) Results are depicted for IgG
reactivity patterns with 31 antigens, which
represented the panel of reactive autoantigens
after removal of antigens for which five or fewer
individuals were reactive. (b) Results from the
same analysis after further reduction of the (b)
antigen panel to 27 antigens based on
leave-one-out cluster analysis. Significantly,
eight of the 10 known disease
diagnosis-concordant pair were shown to
cluster or co-distribute adjacent to one another
(i.e. ‘co-distribute’) (see Table 1). These IgG
autoantibody profile results suggest that genetic
inheritance is a major determinant of
autoantibody response patterns. Control array
studies demonstrated a trend in SLE patients

(n = 38) towards higher IgG autoantibodies
than in healthy controls (n = 16) to: oxidated
low-density lipoprotein (OxLDL)

(mean =* standard deviation) 1484 * 264 versus
816 = 150; malondialdehyde (MDA)-LDL,
3269 *+ 355 versus 1838 = 173;
phosphorylcholine-albumin, 4363 = 719 versus
3082 = 943; MDA-albumin, 2456 * 460 versus
1121 = 447.

disease-concordant MZ twin sets displayed hierarchical clus-
tering of their IgG patterns, while an additional twin pair
also co-distributed in the dendrogram because of very
similar patterns. Neither of two SLE disease non-concordant
MZ twins displayed clustered IgG patterns (Table 1). Of the
four DZ twin sets studied, only one displayed true IgG
autoantibody pattern-clustering, although these twins were
among the two disease-discordant DZ pairs. By contrast,
altogether only two of 10 MZ and one of four DZ twin sets
were found to have true clustering and two additional MZ
and one DZ twin sets had related/co-distribution of their
IgM autoantibody profiles (total of six of 14), and these
profiles did not appear to correlate rigorously with SLE
disease concordance (Table 1).

goo  BEsT
ﬁ%ﬁﬂﬁ Eﬁﬁ"ﬁééi

I.I-1I.I|I-II- A L

NP A
Tubulin

Our antigen panel included disease-associated autoanti-
gens that are used routinely to aid in the diagnosis of SLE
and other autoimmune diseases. Despite methodological
differences that can affect sensitivity and specificity of detec-
tion, we detected autoantibody reactivity patterns that reit-
erated results reported commonly using more conventional
immunoassay approaches (i.e. high prevalence of autoanti-
bodies to DNA- and RNA-related antigens). We also studied
autoantigens recognized by ‘natural’ autoantibodies, and
found high reactivity levels and great prevalence (i.e. 37 of 42
IgM-reactive and 40 of 42 IgG-reactive) to the phospholipid-
containing antigens, MDA-LDL, and 16 of 42 were IgM-
reactive and nine of 42 IgG-reactive for OxLDL (Figs 1 and 2,
Table 2). These specificities of autoantibodies were first
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Fig. 4. Immunoglobulin M (IgM) autoantibody repertoires in
disease-discordant twins. Values are depicted for IgM autoantibody
reactivity levels detected by proteomic microarrays. Twin sets are
depicted as adjacent bars, with lupus-unaffected twin indicated as a
solid bar, and the affected twins are marked by patterned bars and are
also marked by * in the figure legend.

shown to be elevated in hyperlipidaemic mice and humans
with levels correlated directly with severity of atherosclerosis
(reviewed in [26]).

Our microarray surveys found consistent trends towards
higher levels of both IgM and IgG autoantibodies to MDA-
LDL and OxLDL, as well as to PC- and MDA-protein con-
jugates in SLE patients compared with healthy adults
(Figs2 and 3), and these findings reiterated an earlier
report of significantly increased levels of IgM and IgG
antibodies to MDA-LDL and OxLDL in 157 SLE patients
compared with 60 age- and gender-matched healthy con-
trols, using chemiluminescent immunoassays [27]. More
recently, from a microarray panel of over 300 antigens,
surveys of human umbilical cord blood (i.e. neonatal
blood) found that the highest relative IgM antibody reac-
tivities were to LDL (which undergoes spontaneous oxida-
tive changes), demonstrating that these IgM natural
autoantibodies are also common from very early in human
immune development [28]. Our studies therefore support
the notion that autoantibodies to these phospholipid-
related antigens may, in fact, be among the most prevalent
types of autoantibodies in SLE patients (discussed further
below).

A recent meta-analysis found that there are at least four
different genes/loci that can contribute to lupus predisposi-
tion in different populations [29]. Notably, genome-wide
scans in 229 SLE multiplex pedigrees reportedly found
genetic linkages with conventional immunochemical assays
for seven types of IgG autoantibody fine binding specificities
[30]. However, the mechanistic bases by which such genetic
variations lead to specific autoantibody expression remain
poorly explained.

Genetic imprinting of SLE repertoires

Our findings suggest that there can be a common conser-
vation of IgG autoantibody profiles that arise because of
shared genetic inheritance of twins. From one perspective,
these findings were unexpected, as autoantibody responses
are generated somatically from recombination of diverse sets
of antibody minigenes, and which are affected by random
environmental and stochastic influences. In fact, the conser-
vation of expressed IgG responses probably results in part
from shared genetic inheritance of the same sets of histo-
compatibility immune-responsiveness elements [e.g. major
histocompatibility complex (MHC)] that define and restrict
the range of minimal peptides that can be recognized by T
cells. Hence, if immune tolerance is broken, MHC largely
determines the peptides from autoantigens that can be rec-
ognized by autoreactive T cells, and this autoreactive T cell
repertoire is then intertwined in T dependent IgG autoanti-
body responses [31]. We therefore believe that our results
reflect the influence of MHC, as well as immunoregulatory
genes such as PTPN22, CTLA4, PDCD1, IRF5, Ox40L [32]
and STAT4 [33] (reviewed in [30]), which together restrict
the IgG repertoire that is shared by each lupus twin set. We
speculate that these major response factors determine the
specific immunological path that an individual may be des-
tined to travel, with the associated induction of a character-
istic autoantibody profile, as they progress towards overt
lupus disease.

At the time of blood sampling for our panel, 10 of the 14
twin sets were known to be concordant for SLE — a rate of
disease concordance for MZ and DZ twins higher than
found generally by other investigators that we assume
resulted from unintended biases in patient referral and
enrolment. While we were surprised to find conserved IgG
autoantibody profiles in twin sets that were identified as MZ
and also as DZ, it should be mentioned that the zygosity
status of only four of the twin sets was determined by
genotyping. For the remaining 10 twins, status was assigned
based on a history of the presence of single or dual placentas.
We may be speculate that in such cases there may be errors
such that one or more of the DZ twins, F285, F988 and
F1001, which each displayed features of autoantibody reper-
toire concordance, were actually MZ sets.

Our studies extend earlier reports of conserved IgG
autoantibody reactivity among related individuals, including
twins (reviewed in [11]). However, these earlier studies were
of much more limited scope with findings for, at most, a few
autoantibody specificities. We believe that ours is the first to
report broad surveys of IgM and IgG autoreactivity patterns
for natural and disease-associated autoantibodies in lupus
family members. Hence, these earlier studies do not diminish
the significance of our findings of the conservation of shared
IgG autoantibody reactivity patterns by related twins, while
shared twin-specific IgM autoantibody profiles are less
common.

The contribution of circulating IgM to lupus pathogenesis
is not well understood. SLE patients have been reported to
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have defects in the capacity to make polymeric IgM [34],
which could impair the strength of the antigen-binding
interactions. Moreover, mice unable to make polymeric IgM
are reported to be predisposed to lupus and display acceler-
ated disease [35]. Similarly, mice deficient in circulating IgM
develop IgG autoantibodies and lupus-like disease sponta-
neously [36,37]. In our clinical studies, we found that the
F794 set of disease-concordant MZ twins had an absence of
detectable IgM autoantibodies, which is consistent with the
hypothesis that certain clones within circulating polymeric
IgM protects from lupus pathogenesis. The only other indi-
vidual that we found with this IgM-deficient pattern (F1001-
4862) was a DZ twin diagnosed with giant cell arteritis,
an idiopathic inflammatory disease, who was also SLE
discordant.

Circulating IgM and IgG may have very distinct cellular
immunobiological origins and play different functional
roles. In mice, most circulating IgM comes from B-1 cells
[19,38], a distinct subset of mature B cells with differences in
surface phenotype and activation thresholds than the folli-
cular B cells that are the predominant source of T cell-
dependent IgG responses. Significantly, B-1 cells are the
major source of murine antibodies to OxLDL, and this type
of IgM natural autoantibody can protect from the progres-
sion of atherosclerosis [39]. IgM autoantibodies to OxLDL
and MDA-LDL cross-react with determinants on cells
undergoing apoptotic death, but do not recognize healthy
cells [19,40]. Levels of these autoantibodies are increased
greatly following intravenous infusions of apoptotic cells
[41], which suggests that lupus-associated increases in anti-
MDA and anti-PC antibodies could reflect direct T cell-
independent B cell immune responses to apoptotic cells.

Apoptosis is an obligatory outcome of development, pro-
liferation and cell differentiation that continues throughout
the life of the host. Every day, more than 10" cells in our
bodies die by apoptosis. Apoptotic cells are therefore ubiq-
uitous, and in health they themselves do not pose an imme-
diate threat to the host. Presumably for this reason, under
certain conditions apoptotic cells and their membranes have
anti-inflammatory influences. However, if apoptotic cells
are not cleared quickly there can be cellular changes with
progression to necrosis with release proinflammatory
substances. This instead induces potentially damaging
inflammatory responses, and may also enhance the immu-
nogenicity of self-antigens that results in selection and
expansion of potentially pathogenic B cell and T cell clones.
To relate these events to pathogenesis, Walport and col-
leagues have described the ‘waste disposal’ hypothesis, in
which defects in the removal of dying cells and cell debris
have been linked to breaches in immune tolerance and a
predisposition to autoimmune disease [42].

In recent studies, infusions of a B-1 cell-derived mono-
clonal IgM anti-OxLDL antibody was shown to enhance
in vivo macrophage-mediated phagocytic clearance of apo-
ptotic cells, and blunted responses to Toll-like receptor-

mediated inflammatory responses [43]. Evidence that such
treatments can also improve the survival of lupus-prone
mice [43] supports the hypothesis that there are certain
specificities of IgM autoantibodies that play protective roles
in individuals predisposed to autoimmune disease. More-
over, other investigators have shown that infusions of an IgM
anti-native DNA antibody was also protective in another
murine lupus model [44]. Such natural antibody regulatory
protective roles may therefore explain our finding of signifi-
cant direct correlations in the levels of IgM anti-MDA and
anti-OxLDL antibodies with IgM anti-DNA responses
(Table 3). Notably, in the current studies three of the lupus-
discordant twins had significantly elevated levels of IgM
autoantibodies to MDA-LDL and/or to DNA antigens
(Figs 2 and 4) and two also had IgM autoantibodies to
OxLDL, which included the discordant FOO1-BB subject,
who was a major focus of our previous lupus-repertoire
cloning studies that prompted the current investigations
[14]. Also consistent with this hypothesis, in their autoanti-
gen microarray surveys Olsen and co-workers found higher
levels of IgM autoantibody in patients with incomplete lupus
syndromes (ILE) compared with healthy controls [16].
These ILE patients were also found to have diminished clini-
cal disease activity [18], which was postulated to explain the
better prognosis associated with such patients [45].

While we found an overall correlation in SLE patients
between levels of IgM autoantibodies to apoptosis-related
phospholipid and DNA-containing antigens, a similar rela-
tionship was not found for IgM autoantibodies to RNA-
containing antigens. While we wondered whether these
differences may reflect the in vivo accessibility of these dif-
ferent autoantigens, Casciola-Rosen efal. reported that
DNA- and RNA-related antigens may become co-clustered
in the blebs on the surface of cells undergoing apoptotic
death [46], and later studies have shown that Ro60 and La
(SSB) antigens may become surface exposed and accessible
to recognition by specific IgG autoantibodies [47,48]. In fact,
interactions of IgG autoantibody with exposed Ro antigens
on apoptotic cardiac myocytes are reported to interfere with
the efficient phagocytic clearance of these cells, and may
contribute to proinflammatory pathological autoimmune
responses [49]. However, it remains possible that these
autoantigen expression patterns, described for in vitro-
induced apoptosis, may differ in other cell types and during
the pathways of apoptotic death occurring in vivo. The
capacity of IgM autoantibodies for immune recognition of
these RNA-related antigens may also differ. Alternatively, our
findings of correlation of IgM autoantibodies to apoptosis-
associated antigens with DNA-related but not with RNA-
related antigens could also be explained if different inherited
immune response elements are required for anti-DNA and
for anti-RNA-related antibody responses. Based in part on
evidence of higher IgG autoantibody responses in the
affected twins of the disease discordant pairs, we also wonder
whether otherwise protective IgM autoantibody responses
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may at times undergo disease-associated dysregulated IgG
class-switch to subclasses capable of proinflammatory
FcyR-mediated interactions, which then contribute to lupus
pathogenesis.

In conclusion, among the great variation in specific
autoantibody profiles expressed by unrelated SLE individu-
als, our findings demonstrate that autoantigen micro-
arrays can be used to identify characteristic autoantibody
fingerprints. Although our studies could not consider inde-
pendently the influence of environmental factors, the
current surveys provide strong evidence that there is genetic
determination of expressed IgG autoantibody profiles. We
have also found evidence that the mostly highly expressed
autoantibody specificities may be for phospholipid-related
determinants expressed on apoptotic cells. While our studies
were inadequate to consider directly the potential protective
roles of such natural antibodies in genetically predisposed
but unaffected individuals, this issue should be addressed in
larger family-based studies.

Our longitudinal surveys demonstrated that IgG auto-
antibody patterns were generally stable in clinically stable
patients on oral immunosuppressives (Fig. 1). Clustering of
autoantibody profiles was also found in twins on oral immu-
nosuppressives and in a twin set (F1008) that both received
mycophenolate mofetil, while one was also treated with
intravenous cyclophosphamide (Figs 2 and 3). This method-
ological array approach therefore appears well suited for
investigations of the impact on the B cell compartment of
therapeutic interventions, including agents in development
that are designed to induce autoantigen-specific immune
tolerance (e.g. abetimus, synthetic DNA ligand) [50],
or affect specific autoreactive responses by interfering with
specific Toll-like receptors [51] or cytokine responses
(e.g. type I interferon) [52,53].
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