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Four Systemic Lupus Erythematosus Subgroups, Defined by
Autoantibodies Status, Differ Regarding HLA-DRB1 Genotype
Associations and Immunological and Clinical Manifestations

Lina-Marcela Diaz-Gallo,"* & Vilija Oke,"* 2 Emeli Lundstrém,"* Kerstin Elvin,? Yee Ling Wu,**
Susanna Eketjall,° Agneta Zickert,' Johanna T. Gustafsson," Andreas Jénsen,” Dag Leonard,®
Daniel J. Birmingham,” 2 Gunnel Nordmark,® Anders A. Bengtsson,” Lars Rénnblom,?

Iva Gunnarsson,' Chack-Yung Yu,* Leonid Padyukov,” 2 and Elisabet Svenungsson'

Objective. The heterogeneity of systemic lupus erythematosus (SLE) constitutes clinical and therapeutical
challenges. We therefore studied whether unrecognized disease subgroups can be identified by using autoantibody
profiling together with HLA-DRB1 alleles and immunological and clinical data.

Methods. An unsupervised cluster analysis was performed based on detection of 13 SLE-associated
autoantibodies (double-stranded DNA, nucleosomes, ribosomal P, ribonucleoprotein [RNP] 68, RNPA, Smith [Sm],
Sm/RNP, Sjégren’s syndrome antigen A [SSA]/Ro52, SSA/Ro60, Sjégren’s syndrome antigen B [SSB]/La, cardiolipin
[CL]-Immunoglobulin G [IgG], CL-Immunoglobulin M [IgM], and 3, glycoprotein | [B,GPI]-IgG) in 911 patients with
SLE from two cohorts. We evaluated whether each SLE subgroup is associated with HLA-DRBT1 alleles, clinical
manifestations (n = 743), and cytokine levels in circulation (n = 446).

Results. Our analysis identified four subgroups among the patients with SLE. Subgroup 1 (29.3%) was dominated by
anti-SSA/Ro60/Ro52/SSB autoantibodies and was strongly associated with HLA-DRB1*03 (odds ratio [OR] = 4.73; 95%
confidence interval [Cl] = 4.52-4.94). Discoid lesions were more common for this disease subgroup (OR = 1.71, 95% ClI =
1.18-2.47). Subgroup 2 (28.7%) was dominated by anti-nucleosome/SmRNP/DNA/RNPA autoantibodies and associated
with HLA-DRB1*15 (OR = 1.62, 95% CI = 1.41-1.84). Nephritis was most common in this subgroup (OR = 1.61, 95%
Cl = 1.14-2.26). Subgroup 3 (23.8%) was characterized by anti-B8,GPI-IgG/anti-CL-IgG/IgM autoantibodies and a higher
frequency of HLA-DRB1%*04 compared with the other patients with SLE. Vascular events were more common in Subgroup 3
(OR =1.74, 95% Cl = 1.2-2.5). Subgroup 4 (18.2%) was negative for the investigated autoantibodies, and this subgroup was
not associated with HLA-DRB1. Additionally, the levels of eight cytokines significantly differed among the disease subgroups.

Conclusion. Our findings suggest that four fairly distinct subgroups can be identified on the basis of the
autoantibody profile in SLE. These four SLE subgroups differ regarding associations with HLA-DRB1 alleles and

immunological and clinical features, suggesting dissimilar disease pathways.
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INTRODUCTION

The diagnostic entities in autoimmune diseases are delin-
eated by sets of consensus criteria. Consequently, there is often
an extensive heterogeneity and overlap within and between these
conditions. This overlap is based on the genetic pleiotropy of auto-
immune diseases (1), as well as similar clinical symptoms, inflamma-
tory biomarkers, patterns of autoantibodies, immune cell reactions,
and long-term outcomes (2). Better characterization of subgroups
and the use of new biomarkers could improve our understanding of
underlying pathogenesis, diagnostics, and disease prognosis and
guide therapeutic interventions for individual patients. In a broader
perspective, we may need to re-evaluate the diagnostic framework
for autoimmune diseases, among which, systemic lupus erythema-
tosus (SLE) is one of the most heterogeneous.

The American College of Rheumatology (ACR) criteria for the
classification of SLE from the year 1982 are based on expert clin-
ical knowledge (3). Extended criteria were proposed by the Sys-
temic Lupus International Collaborating Clinics group (4), and a joint
ACR-European League Against Rheumatism effort published new
SLE criteria (5). However, these later criteria do not question the
unity of SLE as a single entity. On the basis of clinical experience
and the need to identify more homogeneous disease subgroups,
we set out to comprehensively evaluate whether the SLE hetero-
geneity can be dissected using autoantibody status. We thereafter
studied the distribution of HLA-DRB1 alleles, clinical manifestations,
circulating cytokines levels, disease activity, and organ damage.

The diversity of SLE is apparent with regard to clinical manifesta-
tions, type of autoantibodies, inflammatory biomarkers, genetic associa-
tions, and prognosis (2). The strongest genetic associations to SLE map
to the HLA locus on chromosome 6 (6,7), a region with known associa-
tions to the occurrence of autoantibodies and subphenotypes in several
autoimmune diseases (eg, rheumatoid arthritis [8], systemic sclerosis
[9], and primary Sjogren syndrome [10,11]). For instance, we previously
demonstrated that antiphospholipid antibodies (@PL) are associated
with the HLA-DRB1*04/*13 genotypes within SLE (12).

In this study, we implemented an unsupervised cluster analysis
for 13 SLE-associated autoantibodies, measured in patients with
European white ancestry. We identified four subgroups of patients
with SLE, which were differentially associated with HLA-DRB1
alleles, clinical manifestations, circulating cytokine levels, measures
of disease activity, and organ damage. From a clinical perspective,
our results suggest that the present SLE diagnosis can be subdi-
vided into fairly distinct autoantibody-defined phenotypes.

METHODS

Study population. A total of 911 patients with SLE from
three Swedish and two United States centers were included in our
study (Tables 1 and 2). At inclusion, the patients were adults and
self-reported to be of European white origin. All individuals fulfilled
at least four of the ACR classification criteria for SLE (3). When

Table 1. Cohorts include in the current study

n [%] or Median

Population Group [range in years]
Sweden Controls 3186
Females 2387 [74.92]
Age 55 [15-84]
SLE patients 723
Females 628 [86.86]
Age 52 [17-88]
Ohio, USA Controls 468
Females 423190.38]
Age 37 [16-73]
SLE patients 188
Females 177 [94.14]
Age 45 [22-74]

individuals were related, only a single case from each family was
included. The adult patients from Columbus, Ohio, were included
at the Nationwide Children’s Hospital Rheumatology Clinic and the
University Hospital Clinic of Ohio State University (13) (n = 188); in
Sweden, patients were included at the Karolinska University Hos-
pital (n = 452), Lund University Hospital (n = 155), and Uppsala
University Hospital (n = 116). Blood samples were consecutively
collected and stored at —70°C. All analyses were performed on
samples taken at inclusion. Clinical manifestations were only avail-
able for the Swedish patients (Table 3). Disease activity was meas-
ured at inclusion by the SLE Disease Activity Score (SLEDAI-2K)
(14) and the Systemic Lupus Activity Measure (SLAM) (15), and
organ damage was measured by the Systemic Lupus Interna-
tional Collaborating Clinics/ACR Damage Index (SDI) (16).
Healthy individuals (n = 3654) matched by ethnicity were con-
sidered controls in the genetic association analysis. Controls were
either derived from the Swedish epidemiological investigation of
rheumatoid arthritis study (17) (n = 3186) or hospital employees

Table 2. Distribution of the positive status for the 13 studied
autoantibodies

SLE patients from SLE patients from

Sweden Ohio, USA
Autoantibodies n=723 [%] n=188 [%]
Anti-DNA 218 [30.15] 41 [21.81]
Anti-nucleosome 273 [37.76] 48[25.53]
Anti-ribosomal P 40[5.56] 12 [6.38]
Anti-RNP68 59[8.19] 9[4.79]
Anti-RNPA 162 [22.50] 27 [14.36]
Anti-Sm 105 [14.58] 20 [10.64]
Anti-SmRNP 159 [22.08] 29[15.43]
Anti-SSA/Ro52 204 [28.33] 37[19.68]
Anti-SSA/Ro60 293 [40.69] 48 [25.53]
Anti-SSB/La 165 [22.92] 21 [11.17]
Anti-CL 1gG 146 [20.28] 20[10.64]
Anti-CL IgM 150 [20.83] 27 [14.36]
Anti-B2GP1-1gG 151 [20.97] 31[16.49]

Abbreviations: (3,GPI, 3, glycoprotein I; CL, cardiolipin; dsDNA,
double stranded deoxyribonucleic acid; Ig, immunoglobulin; RNP,
ribonucleoprotein; Sm, Smith; SSA/B, Sjogren’s syndrome antigen A/B.
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and medical students from Columbus, Ohio (13) (n = 468). The
ethical board at Ohio State University and the Stockholm regional
ethics board approved the study, and all participants gave
informed written consent to participation. Neither patients nor the
public were involved in the design, conduct, reporting, or dissem-
ination plans of our research.

Determination of antibody status. All autoantibodies
were analyzed in the 911 samples using the same methods and
instruments at Karolinska University Hospital (Table 2). Antinu-
clear antibody (ANA) screening, including antibodies to double-
stranded DNA (dsDNA), nucleosomes, ribonucleoprotein (RNP)
68, RNPA, Smith (Sm), Sm/RNP, anti-Sjdgren syndrome antigen
A (SSA)/Ro52, anti-SSA/Ro60, and anti-Sjogren syndrome anti-
gen B (SSB)/La, was analyzed in serum by BioPlex 2200 (Bio-Rad
Laboratories). The specific ANAs were calibrated according to the
specifications of the manufacturer.

Antibodies against cardiolipin (anti-cardiolipin [CL] immu-
noglobulin G [IgG)/immunoglobulin M [IgM]) and [3,glycoproteinl
(anti- B, glycoprotein | [3,GP1] IgG) were analyzed in the serum of
patients by ELISA (Orgentec), with aPL cutoff levels for positivity
corresponding to the 99th percentile of the normal population (18).

Detection of cytokines. The levels of 14 cytokines in cir-
culation were evaluated in 446 available patients’ samples from
the Karolinska University Hospital (IFN-g, IP-10/CXCL10, TNF-q,
MCP-1/CCL2, IL-10, IL-8, IL-15, MIP-13/CCL4, IL-6, IL-16, IL-
23, IFN-a, IL-17, and IFN-A) (details can be found in supplemen-
tary material).

Genotyping. HLA-DRB1-typing was performed either by
sequence-specific primer polymerase chain reaction assay (DR
low-resolution kit; Olerup SSP) (19) or by direct Sanger sequenc-
ing (Beijing Genomics Institute).

Statistical analyses. Unsupervised cluster analysis was
implemented using the Gower distance matrix (20), followed by
partition around medoids cluster calculation (21). A silhouette
index was used for a number of cluster validations (21), and the
visualization was performed by applying the t-distributed stochas-
tic neighbor embedding method (22). Only patients with SLE who
were positive for at least one autoantibody were included in the
cluster analyses (n = 743); patients who were negative for all 13
autoantibodies were assigned to Cluster/Subgroup 4 (n = 168)
(Figure 1A). We refer to these clusters as disease subgroups in this
study. The details of the statistical analyses can be found in the
supplementary information. Briefly, logistic regression was used
to estimate the relation between genetic or clinical variables and
each subgroup, using sex and age at inclusion as covariables.
The respective P values, odds ratios (ORs), and 95% confidence
intervals (Cls) were also obtained. The Cochran-Mantel-Haenszel
test was used to calculate the OR for meta-analyses or combined

OR (OR.mpinea) @nd 95% Cl for the stratified genetic associa-
tion analysis of the Swedish and the Ohio cohorts. Additionally,
survival analysis was implemented to evaluate whether there is
a relation between the age of the patients and the subgroups.
Kruskal-Wallis and Dunn'’s tests were used to evaluate differences
between cytokine levels and disease activity scores among the
subgroups. A false discovery rate (FDR) of 5% was assumed (FDR
P value [FDRp]). The analyses were performed using R v3.6.3, R
v4.0.2 (23), and PLINK v1.9 (24) software.

RESULTS

Thirteen autoantibodies define four SLE clusters.
The studied cohorts and the distribution of the positivity for
autoantibodies are presented in Tables 1 and 2. Cluster analysis
based on the autoantibody status grouped the patients with SLE
into four subgroups (Figure 1A and supplementary information).
An autoantibody was considered dominant in a subgroup if it
was present in at least 50% of patients in that subgroup. Sub-
group 1 (29.3%) is dominated by anti-SSA/Ro60/Ro52 and anti-
SSB/La; Subgroup 2 (28.7%) is dominated by anti-nucleosome,
anti-SmRNP, anti-dsDNA, and anti-RNPA; Subgroup 3 (23.8%)
is dominated by aPL (anti-CL/IgG/IgM and anti-3,GPI/IgG); and
Subgroup 4, (18.2%) comprises patients who were negative for
all 13 studied autoantibodies at inclusion. Notably, we observed
that the age at SLE diagnosis and age at inclusion in this study
differ significantly among subgroups (Figure 1B, Supplementary
Figure 1A, Supplementary Table 1 and supplementary informa-
tion). Particularly, the patients from Subgroup 2 were diagnosed at
a younger age (median = 29 years, 95% Cl = 27-31 years) (Sup-
plementary Table 1 and Figure 1C), whereas patients from Sub-
group 4 had the highest age at diagnosis (median = 38.5 years,
95% Cl = 32-45 years) (Supplementary Table 1 and Figure 1D).
No significant differences regarding sex distribution across sub-
groups were observed (logistic regression P = 0.65). However, the
percentage of men was highest for Subgroup 2 (13%), lowest for
Subgroup 4 (7.3%), and similar for Subgroups 1 (11.7%) and 3
(12%).

HLA-DRB1 associations: case-control and case-only
analyses. We evaluated the relationship between the HLA-DRB1
alleles and the four SLE subgroups by comparing each subgroup
with healthy controls (HCs), as well as comparing each subgroup
with the rest of the patients with SLE.

Case-control analyses. The HLA-DRB7*03 and *15 alleles
were confirmed as risk factors for SLE when compared with all the
patients to HCs (OR ympineq = 2-3, 95% Cl =2.1-2.4, FDRp = 3E-32
and ORypines = 1.4, 95% Cl = 1.2-1.5, FDRp = 4E-5, respectively)
(Figure 2A and Supplementary Table 2).

We found that the HLA-DRB1*03 allele is a risk factor for
each of the Subgroups 1, 2, and 3 when compared with HCs.
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Figure 1. A, t-distributed stochastic neighbor embedding plot representing the subgroups of patients with systemic lupus erythematosus

identified by an unsupervised analysis using 13 autoantibodies. B-D, Survival plots for the age at disease diagnosis for all the subgroups
(B), Subgroup 2 compared with the rest of the patients (C), and Subgroup 4 compared with the rest of patients (D). 3,GPI, 3, glycoprotein
I; CL, cardiolipin; dsDNA, double stranded deoxyribonucleic acid; Ig, immunoglobulin; RNP, ribonucleoprotein; Sm, Smith; SSA/B, Sjogren’s

syndrome antigen A/B.

However, the effect size for this association is higher for Subgroup
1 (anti-SSA/Ro-SSB/La dominated). The OR oneq fOr the HLA-
DRB1*03 presence in Subgroup 1 compared with HCs was 4.7
(95% Cl = 4.5-4.9, FDRp = 7.8E-47), whereas for Subgroups 2
and 3 it was less than 1.65, with no overlap between Cls (Figures

2B-D and supplementary Tables 3-5).

The HLA-DRB1*15 allele was a risk factor only for Subgroup
2 when compared with HC (OR ypines = 1.6, 95% ClI = 1.4-1.8,
FDRp = 1.7 x 107 (Figure 2C and supplementary Tables 3-6).
Additionally, the frequency of the HLA-DRB1*01 allele was lower in
Subgroups 1 and 3 compared with the controls (OR.qpines = 0-33,

95% Cl = 0.11-0.78, FDRp = 3.7 x 10° and OR = 0.52, 95%
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Cl = 0.13-0.9, FDRp = 0.02, respectively) (Figures 2B and 2D
and supplementary Tables 3 and 5). The HLA-DRB1*04 allele
was associated as a protective factor for Subgroup 1, as was
the HLA-DRB1*07 allele for Subgroup 3, compared with HC
(ORompined = 0.33, 95% CI = 0.003-0.67, FDRp = 4.7E-10 and
ORombines = 0.54, 95% ClI = 0.1-0.98, FDRp = 0.02, respectively)
(Figures 2B and 2D and supplementary Tables 3 and 5). No signif-
icant associations were detected between HLA-DRBT alleles and
Subgroup 4 (Supplementary Table 6).

Case-only analyses. We compared the HLA-DRB1 allele
frequencies between the four subgroups of patients with SLE.
The HLA-DRB1703 allele was more frequent only in Subgroup 1
compared with the rest of the patients with SLE (Figure 2B and
supplementary Tables 3-6). A negative association was observed
for this allele with Subgroups 2 and 3 (Figures 2C and 2D and
supplementary Tables 4 and 5), reflecting the high frequency of
the HLA-DRB1*03 allele in Subgroup 1. The HLA-DRB1*15 allele
was more frequent only in Subgroup 2 compared with other
patients (Figure 2C and supplementary Tables 3-6), which is con-
sistent with the association observed in the case—control design
analysis. The HLA-DRB1*01 allele emerged as a more frequent
factor for Subgroup 2 compared with the rest of the patients
with SLE (Figure 2C and Supplementary Table 4). In contrast,
the HLA-DRB1*01 allele was less frequent in Subgroup 1 com-
pared with the rest of the patients (Figure 2B and Supplemen-
tary Table 3). In a similar fashion, the HLA-DRB1*04 was more
frequent in Subgroup 3 and appeared to be underrepresented
in Subgroup 1 in comparison with the other patients with SLE
(Figures 2B and 2D and supplementary Tables 3 and 5). No sig-
nificant associations were observed between the HLA-DRB1
alleles and the autoantibody-negative Subgroup 4 (Supplemen-
tary Table 6).

Cytokine evaluations. To address further immunological
SLE heterogeneity, we measured several soluble mediators of the
immune system in 446 plasma or serum samples from patients
with SLE. Our analyses revealed differences between the four
subgroups for the levels of eight cytokines (IFN-y, IP-10/CXCL10,
TNF-a, MCP-1/CCL2, IL-10, IL-8, IL-15, and MIP1-B/CCL4)
(Table 4 and Supplementary Table 7). Most differences were due
to the lowest levels of cytokines in Subgroup 4 and highest levels
in Subgroup 2. We observed that IFN-y levels were significantly
higher in Subgroup 2 compared with Subgroups 3 and 4. Addi-
tionally, IL-10 levels were higher in Subgroup 2 compared with
Subgroups 1, 3, and 4. IP-10/CXCL10 levels were significantly
higher in patients from Subgroup 1 compared with Subgroup 3.
There was a trend for higher levels of MIP1-3/CCL4 in patients
from Subgroup 3 when compared with Subgroups 1 and 2.
These data point towards distinct cytokine/interferon profiles in
the defined SLE subgroups.

Clinical manifestations. Specific clinical manifestations
among the defined subgroups were investigated (Table 3). Nephri-
tis is more common in individuals from Subgroup 2 (OR = 1.61,
95% Cl = 1.1-2.3, FDRp = 0.12), although the corrected P value
did not reach significance. Conversely, discoid skin lesions, pho-
tosensitivity, and leucopenia are more frequent in Subgroup 1
patients (OR = 1.71, 95% Cl = 1.2-2.5, FDRp = 0.03; OR = 1.68,
95% Cl=1.2-2.4, FDRp =0.03; and OR = 1.49,95% Cl = 1.1-2.1,
FDRp = 0.04, respectively). Thrombocytopenia and vascular man-
ifestations were more frequent in individuals from Subgroup 3
(OR =2.35, 95% Cl = 1.6-3.5, FDRp = 3 x 10~ and OR = 1.74,
95% Cl =1.2-2.5, FDRp = 0.02, respectively). No clinical manifes-
tations were overrepresented in Subgroup 4; on the contrary, leu-
kopenia and lymphopenia were less frequent in this group. These
analyses reveal that the defined SLE subgroups bear differential
patterns of clinical manifestations.

Disease activity and organ damage. Using the data
available for 446 patients with SLE, we further investigated
whether the disease subgroups also differ in disease activity and
organ damage. The omnibus test demonstrated that there are dif-
ferences for SLEDAI and SDI but not for SLAM (Supplementary
Table 8). Furthermore, differences were observed when the sub-
groups were compared with one another; SLEDAI scores were
higher in Subgroup 2 and Subgroup 3 compared with Subgroup 1
(FDRp = 1 x 10~ and 0.018, respectively). SDI scores were higher
in Subgroup 3 compared with Subgroup 2 (FDRp = 0.016), and a
similar trend was observed when Subgroup 3 was compared with
Subgroup 1 (FDRp = 0.097).

DISCUSSION

Our study demonstrates that a subdivision of patients
with SLE into four subgroups, based on the profile of 13 com-
monly measured SLE-related autoantibodies, reveals differences
across the groups regarding genetic background, age of disease
onset, cytokine profile, clinical manifestations, disease activity, and
organ damage characteristics (Figure 3).

Our results demonstrate differential associations between
HLA-DRBT1 alleles and the identified SLE subgroups (Figure 2).
These observations are in line with the known relationships
between specific HLA genetic variants and the occurrence of
autoantibodies and subgroups in several autoimmune diseases
(8—11). The strong association between the HLA-DRB1*03 allele
and Subgroup 1 further illustrates the known association between
the HLA-DRB1*03 allele and anti-SSA/Ro52/Ro60-SSB/La
autoantibodies (25), which dominate this group. The association
between the HLA-DRB1*15 allele and SLE is here primarily driven
by Subgroup 2, which is dominated by anti-nucleosome/SmRNP/
dsDNA/RNPA antibodies. The relationship between this allele and
anti-dsDNA was previously reported (25), but this result points to
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Figure 2. Forest plots for the statistically significant HLA-DRB1 alleles’ associations with systemic lupus erythematosus (SLE) in three of the
four identified subgroups. (A) Significantly associated HLA-DRBT alleles with patients with SLE compared with control subjects. (B) Significantly
associated HLA-DRB1 alleles with Subgroup 1, dominated by anti-SSA/Ro52/Ro60/SSB positivity, when compared with control subjects
(upper panel) and when compared with other patients with SLE (lower panel). (C) Significantly associated HLA-DRB1 alleles with Subgroup
2, dominated by anti-nucleosome/SmRNP/DNA/RNPA, when compared with control subjects (upper panel) and when compared with other
patients with SLE (lower panel). (D) Significantly associated HLA-DRB1 alleles with Subgroup 3, dominated by anti-B2GPI-IlgG/aCL-IgG/IgM
positivity, when compared with control subjects (upper panel) and when compared with other patients with SLE (lower panel). No significant
associations between HLA-DRB1 alleles and Subgroup 4, patients with negative status for the 13 studied autoantibodies, were detected. RNP,

ribonucleoprotein.

novel associations between the HLA-DRB1*15 allele and anti-
nucleosome and anti-SmRNP antibodies. These observations
suggest that different HLA alleles may have a pivotal impact on the
development of autoantibody profiles in SLE, indicating diverse
pathogenic mechanisms for the subgroups, including the involve-
ment of antigen-specific T cells.

We propose that it may be more logical to divide SLE into
several distinct disease subsets or diagnostic entities as an alter-
native to improve common criteria for SLE. This view is supported
by the present study, which, for the first time, relates autoantibody-
defined SLE subgroups to different HLA-DRB1 allele, and by previ-
ously published studies performed in different populations (26-29).

Our observations are partially similar to those of To et al (29),
who studied seven autoantibodies in a multiethnic cohort. They
identified three clusters that resemble ours, including one with
SSA-Ro/SSB-La, one with Sm/RNP, and one with aPL. The main
difference between their study and ours is that dsDNA autoan-
tibodies were present both in the SSA-Ro/SSB-La and the aPL
clusters. Concordant with our results, vascular manifestations
were associated with the aPL group, and nephritis was more
frequent in the Sm/RNP group. Recently it was shown that anti-
nucleosome and anti-dsDNA are strongly associated with lupus
nephritis in patients with SLE from Egypt (380), supporting our
observation in relation to renal involvement. Similarly, Artim-Esen
et al (26) evaluated seven autoantibodies in a single-center cohort
from Istanbul. They identified five clusters, with striking similarities
to our study and to that by To et al. Despite different methodol-
ogies, three large studies, including the present one, comprising
a total of 3120 patients with SLE, demonstrate the existence of
SLE subgroups characterized by anti-SSA-Ro/SSB-La, anti-Sm/
RNP and aPL antibodies. Importantly, the present study adds
new dimensions to this view by incorporating genetics, cytokines,
and disease activity profiles. These subgroups may differ in their
pathogenic mechanisms. For instance, we previously reported
that patients with SLE who were grouped by SSA-Ro/SSB-La or
aPL antibodies exhibit different proteomic profiles and natural IgM
antibodies targeting phosphorylcholine (31,32). Notably, two of
the observed subgroups resemble other diagnostic entities. The
anti-SSA-Ro/SSB-La subgroup has many similarities with primary
Sjogren’s syndrome, especially regarding autoantibodies and a
known strong genetic association with the HLA-DRB1*03 allele.
It is of note that the genetic association with HLA-DRB1*03 is

restricted to the SSA/SSB-positive subgroup of primary Sjogren’s
syndrome (10). On the other hand, the anti-3,GPl/anti-CL sub-
group shares features with the primary antiphospholipid syndrome
(PAPS). Though less studied, the HLA-DRB1*04 allele has been
linked to pAPS (383,34). The present antiphospholipid syndrome
(APS) criteria (18) and a study by Unlu et al (35) indicate that clin-
ical symptoms in patients with primary and secondary APS do
not essentially differ, which hint a close relationship between Sub-
group 3 and pAPS.

Patients in Subgroup 2 of this study were younger at disease
onset than patients in other subgroups (Figures 1A and 1B). Young
age has been reported to be associated with nephritis (36,37), and
this pattern was also present in our data (hazard ratio of 1.4, 95%
Cl =1.2-1.6, for having nephritis in a survival test adjusted for age
at diagnosis; median age of 27 years, 95% Cl = 25-30, for patients
with SLE and nephritis, in contrast to 35.5 years, 95% Cl = 33-38,
for patients without nephritis). Lupus nephritis was more common
in Subgroup 2, though it was of borderline significance because
age was added as a covariable, which was a significant compo-
nent of the model (P = 1.5 x 107%). We believe that the patients
in Subgroup 2 constitute the core of what is traditionally referred
to as SLE. Common manifestations in this disease subgroup,
such as the presence of nephritis, anti-dsDNA, and complement
consumption, are highly weighted in the SLEDAI score (14), likely
explaining the association between high SLEDAI-2K scores and
Subgroup 2. Both IFN-y and IL-10 are known to be upregulated
in SLE (38-41), and elevated IFN-y activity preceded SLE onset
by several years (42). The highest IFN-y levels were observed in
patients from Subgroup 2, confirming reports of a positive asso-
ciation with nephritis and dsDNA antibodies (32,39). Probably,
these patients may share the molecular signatures described as
the “IFN-high” SLE subset (43) and the “interferon cluster” (44).
Furthermore, IFN-y—expressing cells were frequent and stained
intensely in renal tissue from patients with pediatric lupus nephri-
tis, especially in cases with proliferative nephritis (class Il and V)
(45). IL-10 levels were also highest in individuals from Subgroup 2,
corroborating associations with active lupus nephritis (39,40). In
line with these observations, a T-cell subset, which produces high
levels of both IFN-y and IL-10, was recently detected both in blood
and renal tissue from patients with active lupus nephritis (38).

B,GPl is considered the main antigen for aPL, and the pres-
ence of B,GPI recognizing T cells in both SLE and primary APS
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Figure 3. Representation of the four systemic lupus erythematosus (SLE) disease subgroups identified in the present study. The HLA-
DRB1 alleles in bold text represent significant associations observed in the cases-versus-controls analysis; regular text represents significant
associations observed in the cases versus cases analysis. The arrows pointing upwards symbolize a risk association, whereas the arrows
pointing downwards symbolize a protective association. When two arrows appear, it means that the association between that subgroup with
the given allele was observed in both types of analyses (ie, cases versus controls and cases versus cases). The HLA-DRB1*03 allele was
significantly associated with Subgroups 1, 2, and 3 for both types of analyses (ie, cases versus controls and cases versus cases); therefore,
the first arrow closed to that allele symbolize the direction of the association in the cases-versus-controls analysis, the second arrow indicates
the direction of the association observed in the cases versus cases analysis. Note that the arrows have the same direction only for Subgroup
1. Remarkably, Subgroup 2 is characterized by core SLE features; Subgroups 1 and 3 have convincing similarities to the primary Sjégren’s
syndrome and the primary antiphospholipid syndrome (pAPS), respectively; and Subgroup 4 is a milder version with fewer autoantibodies and
no HLA-DRBT1 association. On the basis of these observations, we suggest that the autoantibody profile can be used to classify the presently
diagnosed patients with SLE into several more homogeneous subgroups, and this approach should be considered when designing future
therapeutic trials. SDI, Systemic Lupus International Collaborating Clinics/American College of Rheumatology Damage Index; SLEDAI, SLE

Disease Activity Score.

hematological manifestations and lower levels of circulating proin-
flammatory cytokines. Although not significant, the frequencies of
serositis (52.6%) and arthritis (85.3%) were higher compared with
those of the other subgroups (Table 3). Most of these patients
(~96%; Table 3) were ever-positive for ANA. Patients from Sub-
group 4 could also be positive for noninvestigated ANA specifici-
ties, or they could transiently have been positive for the investigated
autoantibodies.

Our study has several strengths, including the large and well-
characterized patient samples from two distinct areas. All autoan-
tibodies were measured by the same well-standardized methods
in one laboratory, and the cytokine measurements and evaluation

suggests a role for HLA-DRB1 genes, as reviewed by Rauch et al
(46). Several prospective clinical studies have identified aPL as a
risk factor for vascular events (47,48), a major cause of morbidity
and premature mortality in SLE (49,50). Early identification of aPL-
positive patients belonging to Subgroup 3 is therefore important
because preventive interventions will hopefully reduce the heavy
vascular burden. We therefore suggest that early characterization
of autoantibody profiles could be a helpful tool for clinical progno-
sis and the design of treatment strategies in SLE.

Patients in Subgroup 4, older at diagnosis and charac-
terized by the absence of the investigated autoantibodies and
HLA-DRBT1 associations, had generally milder disease with fewer
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of clinical manifestations were addressed at the same time point
as the autoantibody determination. These SLE subgroups should
nevertheless be seen as clusters in a continuous gradient of
genetic, immunological, and clinical manifestations. Such con-
tinuum is laborious to infer but may be reflected in a correla-
tion matrix among autoantibodies (Supplementary Figure 3) or
through gene expression and methylation signatures, as recently
attempted (44). For example, nephritis is more frequent in Sub-
group 2 (46.1%,); although not significant, it also appears to be
increased in Subgroup 3 (38.9%) compared with Subgroup 1
(23.4%) and Subgroup 4 (33.7%) (Table 3).

It is a limitation of our study that only European white individ-
uals were included, so our results cannot be generalized to other
genetic ancestries. Also, all measurements were performed in a
cross-sectional design, though some antibodies, especially antibod-
ies targeting dsDNA and nucleosomes, are known to vary over time.

To conclude, we demonstrate that, on the basis of the
autoantibody profile, four SLE subphenotypes can be identified.
These groups differ regarding genetic predisposition as well as
clinical and laboratory characteristics. Replication studies in other
genetic ancestries, with a longitudinal design, including incident
cases, evaluating additional relevant data domains (eg, all known
SLE genetic risk factors and relevant tissue and cell transcrip-
tomics) are necessary before our results can be used in a clinical
context. Still the current results are important, in line with previ-
ous studies and clinical experience, and they may influence future
delineations and treatment decisions for patients with SLE.
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