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Objectives: To perform a cross-comparative analysis of DNAmethylation in patients with

systemic lupus erythematosus (SLE), patients with primary Sjögren’s syndrome (pSS),

and healthy controls addressing the question of epigenetic sharing and aiming to detect

disease-specific alterations.

Methods: DNA extracted from peripheral blood from 347 cases with SLE, 100 cases

with pSS, and 400 healthy controls were analyzed on the Human Methylation 450k array,

targeting 485,000 CpG sites across the genome. A linear regressionmodel including age,

sex, and blood cell type distribution as covariates was fitted, and association p-values

were Bonferroni corrected. A random forest machine learning classifier was designed for

prediction of disease status based on DNA methylation data.

Results: We established a combined set of 4,945 shared differentially methylated CpG

sites (DMCs) in SLE and pSS compared to controls. In pSS, hypomethylation at type I

interferon induced genes was mainly driven by patients who were positive for Ro/SSA

and/or La/SSB autoantibodies. Analysis of differential methylation between SLE and

pSS identified 2,244 DMCs with a majority of sites showing decreased methylation in

SLE compared to pSS. The random forest classifier demonstrated good performance

in discerning between disease status with an area under the curve (AUC) between 0.83

and 0.96.

Conclusions: The majority of differential DNA methylation is shared between

SLE and pSS, however, important quantitative differences exist. Our data highlight

neutrophil dysregulation as a shared mechanism, emphasizing the role of neutrophils

in the pathogenesis of systemic autoimmune diseases. The current study provides

evidence for genes and molecular pathways driving common and disease-specific

pathogenic mechanisms.

Keywords: systemic lupus erythematosus, primary Sjögren’s syndrome, DNA methylation, EWAS, epigenetics,
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INTRODUCTION

Systemic lupus erythematosus (SLE) and primary Sjögren’s
syndrome (pSS) are two clinically and immunologically related
chronic inflammatory autoimmune diseases with a multifactorial
etiology. Both diseases have a clear female predominance and
share certain clinical features, such as arthralgia, myalgia,
non-erosive arthritis and leukopenia, while other clinical
manifestations are more disease-specific, e.g., serositis or
glomerulonephritis in patients with SLE, and major salivary
gland swelling or purpura in pSS. B cell hyperactivity resulting
in hypergammaglobulinemia and autoantibody production is a
characteristic feature of SLE and pSS (1, 2). Furthermore, both
diseases are associated with an increased risk for development
of B cell lymphoma, although more prevalent in pSS (3–5).
Another hallmark of both diseases is the activation of the
type I interferon (IFN) system with elevated plasma levels of
IFN-α and transcriptional upregulation of IFN regulated genes,
referred to as IFN signature (6–8). While alternating flares and
remissions are common in SLE, pSS most often has a stable
disease course (9).

Although the precise etiology of SLE and pSS remains
elusive, they are considered to be complex diseases where
genetic predisposition, environmental triggers, and epigenetic
mechanisms contribute to disease development. A substantial
number of major genetic susceptibility loci are shared between
both diseases, such as variants at HLA class II, BLK, IRF5,
and STAT4 as well as at many other loci with smaller effect
sizes (10–13). Genetic variants associated with risk for SLE
and pSS are predominately found in non-coding regions in
the genome and their functional impact has in most cases not
yet been deciphered. It is thought that genetic risk variants
at least partly may exert their impact on disease susceptibility
via their effects on epigenetic mechanisms resulting in altered
gene expression in target cells and tissues (14). In recent
studies, increasing evidence has been assigned to the contributing
role of epigenetic mechanisms in initiation and progression
of systemic autoimmune diseases, and widespread changes in
DNA methylation have been identified in SLE and pSS by
epigenome-wide association studies (EWAS) comparing affected
cases and control individuals (15–18). Albeit results from these
EWASs point to the existence of shared epigenetic mechanisms
across different inflammatory autoimmune diseases, systematic
cross-comparative analyses on the genome-wide scale have not
been performed.

In the current study, we systematically investigated DNA
methylation changes in SLE and pSS addressing the question
of epigenetic sharing and aiming to detect disease-specific
alterations. We performed comparative analyses of genome-wide
DNAmethylation profiles in peripheral blood samples fromwell-
characterized cohorts of patients with SLE, patients with pSS and
healthy control individuals.

MATERIALS AND METHODS

Subjects and Samples
Patients with SLE (n = 347; 86.5% women; mean age 47.0
± 17.2 years) and patients with pSS (n = 100; 89% women;

56.1 ± 13.6 years) attending the Rheumatology Units at the
Uppsala and Linköping University Hospitals, Sweden, and
control individuals from the Uppsala Bioresource of healthy
blood donors (n= 400; 87.7% women; 47.1± 13.2 years) visiting
the Department of Transfusion Medicine, Uppsala University
Hospital, Sweden, were included in the study as previously
described (19, 20). All patients with SLE fulfilled the American
College for Rheumatology (ACR) 1982 SLE classification criteria
(21). All patients with pSS fulfilled the American European
Consensus Group (AECG) criteria (22), and 75% of the pSS
patients were positive for autoantibodies against Ro/SSA and/or
La/SSB. All subjects included in the study provided informed
consent to participate. The study protocol was approved by
the Regional Ethics boards and the study was conducted in
accordance with the principles of the Helsinki Declaration.

Analysis of DNA Methylation
Venous blood samples from patients and controls were
collected in EDTA tubes and kept at −20◦C until DNA
extraction. Isolation of genomic DNA was performed using the
QIAamp Blood Mini/Midi Kit (Qiagen). The Illumina Human
Methylation 450k array (HM450k), which targets > 485,000
CpG sites across the genome, was used to interrogate DNA
methylation in peripheral blood samples from patients with
SLE, patients with pSS, and healthy controls (23). Samples
were randomized on the BeadChip to avoid batch effects.
Data acquisition, preprocessing, quality control (QC), and
normalization of methylation data have been described
previously (19, 20). The post-QC dataset comprised 385,962
autosomal CpG sites.

Publicly available reference DNA methylation signatures of
flow sorted blood cell types were used to estimate blood cell type
distribution for each of the study samples applying the method
by Houseman et al. (24) implemented in the R packageminfi (25)
(Supplementary Figure S1).

Statistical Analyses
For the EWASs, a linear regression model was fitted including
sex, age at sampling, and blood cell type distribution as covariates.
DMCs were defined as p < 1.3 × 10−7 based on Bonferroni
correction for the number of tested sites and an absolute
average difference in the methylation β-value of |1β| > 0.05
between groups.

To classify as shared DMCs, case-control DMCs additionally
had to fulfill the following criterion: p < 6.6 × 10−6 (Bonferroni
adjusted significance threshold based on the 7,625 DMCs
identified in the SLE case-control EWAS; the same p-value
threshold was applied to both diseases) and same direction of
effect in the EWAS analysis of the other disease compared to
control individuals.

A combined set of shared DMCs between SLE and pSS was
obtained by merging the shared DMCs identified with both
aforementioned approaches and removing duplicate DMCs.

To call specific DMCs for one of the two autoimmune diseases,
a DMC had to have a p-value of >0.05 in the EWAS comparing
the other disease to control individuals.
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Pathway Analyses and Functional Genomic
Distribution of DMCs
Probe mapping and annotation in relation to gene regions were
performed as previously described (26). For classification of IFN
regulated genes the Interferome v2.01 database was used (27).
Publicly available data on chromatin modification states from
primary CD3+ T cells and CD19+ B cells were obtained from the
NIHRoadmaps Epigenomics Project for the histonemodification
marks H3K4me1, H3K4me3, H3K27ac, H3K36me3, H3K9me3,
H3K27me3, andDNase I hypersensitive sites (DHS) as previously
described (19, 28). Chromatin mark peaks from these reference
blood cells were investigated for overlap with the genomic
coordinates of DMCs from our case-case analysis of differential
DNA methylation. The regional distribution of all probes (post
QC-probe set) was compared with the distribution of associated
CpG sites using the X2-test, where significance was defined at
p < 0.0035 after Bonferroni correction.

Functional gene-set enrichment analyses were conducted
using the ToppGene Suite database (29). For differential DNA
methylation uniquely associated with SLE in the SLE case-control
EWAS, all unique genes (n = 401) were included in the analysis.
Pathway analyses of shared differential methylation between SLE
and pSS compared to controls and of differential methylation
identified between SLE and pSS in the case-case EWAS, the 1000
most significantly associated DMCs with a unique gene name
annotation each were included.

Random Forest Predictions of Disease
Status
Predictions of disease status were calculated based on the DNA
methylation data interrogated on the HM450k array using
a random forest machine learning method (30) similarly as
previously performed for genotype data (31). The computations
were run using the R package Emil (32) which in turn uses
the R package Random Forest (33). Disease status was predicted
based on methylation β-values in three iterations with five
cross-validation folds per iteration, where each of the 15 cross-
validation runs used 80% of the data for training of the classifier

and 20% for testing. To improve prediction performance and
reduce computational time, CpG sites were selected based on
a linear regression test where approximately the top 1000
associated sites were included. The CpG site selection was
performed once per fold and was calculated only on training data.
The number of variables selected per tree (mtry) and number of
trees (tree) for the random forest algorithm were set to 300 and
1,000, respectively. In total, four random forest based predictions
of disease status were performed: (a) SLE compared to controls,
(b) pSS (all patients) compared to controls, (c) pSS (SSA/SSB
positive patients) compared to controls, and (d) pSS (all patients)
compared to SLE.

RESULTS

In order to advance our understanding of how DNAmethylation
contributes to common and specific features of SLE and pSS
we applied several strategies: first, we identified the differentially
methylated CpG sites (DMCs) that are shared and unique
between SLE and pSS when comparing methylation patterns in
the patient groups to control individuals. Second, we performed
a case-case analysis of differential methylation directly between
patients with SLE and with pSS. Finally, we evaluated the
performance of a random forest machine learning method to
predict disease status based on DNA methylation data.

Shared Differential DNA Methylation in SLE
and pSS Compared to Controls
In two previous studies, we identified patterns of DNA
methylation associated with SLE and pSS, respectively,
comparing patients and healthy blood donor controls (19, 20).
In the SLE case-control EWAS, we had identified 7,625 DMCs.
In the current study we found that 4,725 (62%) of the SLE
DMCs were also associated with pSS (p < 6.6 × 10−6 and
same direction of effect, Figure 1A, Supplementary Table S1).
Applying the same significance criteria as in the SLE case-control
EWAS, our previously published pSS case-control EWAS
identified a total number of 590 DMCs associated to pSS (20).

FIGURE 1 | Venn diagrams of the degree of shared and disease-specific differential methylation between the SLE case-control EWAS and the pSS case-control

EWAS. (A) The SLE case-control EWAS identified a total number of n = 7,625 DMCs (indicated in light purple), of which n = 4,725 were shared with pSS (in gray) and

n = 620 were uniquely associated with SLE (in dark purple). (B) The pSS case-control EWAS identified a total number of n = 590 DMCs (indicated in light red), of

which n = 572 were shared with SLE (in green) and n = 5 were uniquely associated with pSS (in dark red).
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FIGURE 2 | Differential DNA methylation shared between SLE and pSS. (A) Box plots of DNA methylation levels for controls (n = 400), pSS patients (n = 100), and

SLE patients (n = 347) with a notch indicating the group median methylation β, at shared DMCs in SLE and pSS compared to controls at MX1, IFI44L, IFIT1, PARP9,

and CXCR6. (B) Multidimensional scaling (MDS) plot based on DNA methylation levels at IFN regulated genes for all individuals included in the study. For each sample

in the analysis DNA methylation levels at CpG sites located at 10 type I IFN regulated genes (IFI44L, IFIT1, IFITM1, IFITM3, IRF7, MX1, OAS1, PARP9, PLSCR1, and

RSAD2) were used to plot coordinate one and two. Data from controls are indicated in light blue, anti-SSA/SSB negative pSS in dark blue, anti-SSA/SSB positive pSS

in light green and SLE in dark green. (C) Box plots of DNA methylation levels at MX1 and IFI44L with pSS patients stratified for anti-SSA/SSB negative pSS (n = 25)

and anti-SSA/SSB positive pSS (n = 75). (D) Functional pathway analysis. The bar plot depicts the results of the functional pathway analysis of the 1,000 most

significantly associated DMC based on their association p-value in the SLE case-control EWAS exhibiting a gene name annotation in the combined set of shared

DMCs between SLE and pSS. Significantly enriched pathways are presented on the y-axis with their corresponding –log10 (p) on the x-axis.

The vast majority of these DMCs (n = 572; 97%) were also
found in the SLE case-control association analysis (Figure 1B,
Supplementary Table S2).

In total, a combined set of 4,945 shared DMCs was
identified using both approaches, with a majority of DMCs
showing hypomethylation in SLE and pSS patients compared
to controls (n = 3,572; 72%) (Supplementary Table S3). The

shared DMCs with the largest effect sizes were located at
type I IFN regulated genes (Figure 2A, Table 1). It has been
suggested that SSA/SSB antibody positive pSS has a more
pronounced activation of the IFN system (34). Multidimensional
scaling (MDS) analysis based on methylation levels of highly
significant DMCs at 10 IFN induced genes revealed that
the majority of SSA/SSB negative patients with pSS clustered
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TABLE 1 | Top shared differentially methylated sites (DMCs) between the SLE case-control EWAS and the pSS case-control EWAS.

CpG site Position

(chr:bp)

Gene Gene name Mean

meth-β in

SLE

Mean

meth-β in

pSS

Mean

meth-β in

ctrl

1β SLE-

ctrl§
1β pSS-

ctrl§
p-value

EWAS

SLE-ctrl‡

p-value

EWAS pSS-

ctrl‡

cg03607951 1:79085586 IFI44L Interferon induced

protein 44 like

0.34 0.41 0.59 −0.25 −0.18 3.0 × 10−141 9.9 × 10−67

cg05696877 1:79088769 IFI44L Interferon induced

protein 44 like

0.41 0.47 0.67 −0.26 −0.20 1.9 × 10−120 2.9 × 10−50

cg01028142 2:7004578 CMPK2 Cytidine/uridine

monophosphate

kinase 2

0.73 0.81 0.88 −0.15 −0.07 1.2 × 10−64 2.8 × 10−32

cg10959651 2:7018020 RSAD2 Radical S-adenosyl

methionine domain

containing 2

0.16 0.19 0.27 −0.11 −0.07 2.9 × 10−110 1.3 × 10−34

cg22930808 3:122281881 PARP9 Poly(ADP-ribose)

polymerase family

member

0.43 0.52 0.71 −0.27 −0.19 1.4 × 10−105 2.4 × 10−55

cg00959259 3:122281975 PARP9 Poly(ADP-ribose)

polymerase family

member

0.35 0.41 0.58 −0.23 −0.17 9.3 × 10−105 2.6 × 10−48

cg06981309 3:146260954 PLSCR1 Phospholipid

scramblase 1

0.30 0.39 0.54 −0.24 −0.15 4.9 × 10−157 4.1 × 10−51

cg17608381 6:29911550 HLA-A Major

histocompatibility

complex, class I, A

0.49 0.48 0.60 −0.11 −0.12 4.8 × 10−25 3.4 × 10−15

cg07180897 6:32729130 HLA-

DQB2

Major

histocompatibility

complex, class II,

DQ beta 2

0.74 0.73 0.81 −0.07 −0.08 2.7 × 10−10 8.9 × 10−07

cg10152449 7:2444534 CHST12 Carbohydrate

sulfotransferase 12

0.27 0.31 0.39 −0.11 −0.08 3.6 × 10−102 9.5 × 10−28

cg14864167 8:66751182 PDE7A Phosphodiesterase

7A

0.51 0.57 0.65 −0.14 −0.08 3.6 × 10−41 1.3 × 10−18

cg11317199 9:100850391 TRIM14 Tripartite motif

containing 14

0.68 0.66 0.59 0.09 0.07 1.5 × 10−33 1.1 × 10−15

cg05552874 10:91153143 IFIT1 Interferon induced

protein with

tetratricopeptide

repeats 1

0.46 0.57 0.71 −0.25 −0.14 2.5 × 10−128 2.7 × 10−56

cg01971407 11:313624 IFITM1 Interferon induced

transmembrane

protein 1

0.40 0.41 0.48 −0.08 −0.07 3.8 × 10−53 3.3 × 10−30

cg23570810 11:315102 IFITM1 Interferon induced

transmembrane

protein 1

0.49 0.55 0.69 −0.20 −0.14 1.6 × 10−75 6.1 × 10−38

cg03038262 11:315262 IFITM1 Interferon induced

transmembrane

protein 1

0.45 0.48 0.57 −0.12 −0.09 1.6 × 10−50 2.7 × 10−32

cg20045320 11:319555 NA 0.43 0.46 0.55 −0.13 −0.10 1.0 × 10−63 5.3 × 10−26

cg09122035 11:319667 NA 0.36 0.40 0.49 −0.13 −0.09 3.1 × 10−72 1.5 × 10−20

cg17990365 11:319718 IFITM3 Interferon induced

transmembrane

protein 3

0.50 0.53 0.61 −0.11 −0.08 9.5 × 10−56 5.9 × 10−23

cg08926253 11:614761 IRF7 Interferon regulatory

factor 7

0.47 0.52 0.60 −0.13 −0.08 6.8 × 10−81 3.8 × 10−34

cg27209729 11:64428925 NRXN2 Neurexin 2 0.54 0.53 0.61 −0.08 −0.08 9.3 × 10−50 4.6 × 10−27

cg03172657 16:89163625 ACSF3 Acyl-CoA

synthetase family

member 3

0.53 0.53 0.45 0.08 0.07 4.6 × 10−34 3.8 × 10−13

(Continued)
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TABLE 1 | Continued

CpG site Position

(chr:bp)

Gene Gene name Mean

meth-β in

SLE

Mean

meth-β in

pSS

Mean

meth-β in

ctrl

1β SLE-

ctrl§
1β pSS-

ctrl§
p-value

EWAS

SLE-ctrl‡

p-value

EWAS pSS-

ctrl‡

cg10604476 19:10403908 ICAM5 Intercellular

adhesion molecule 5

0.55 0.57 0.48 0.07 0.09 1.1 × 10−13 5.8 × 10−11

cg05825244 20:2730488 EBF4 EBF family member

4

0.54 0.57 0.47 0.07 0.11 2.3 × 10−11 2.4 × 10−11

cg22862003 21:42797588 MX1 MX dynamin like

GTPase 1

0.43 0.51 0.70 −0.27 −0.19 2.5 × 10−126 7.9 × 10−63

cg26312951 21:42797847 MX1 MX dynamin like

GTPase 1

0.26 0.29 0.44 −0.18 −0.14 1.3 × 10−82 1.3 × 10−41

cg21549285 21:42799141 MX1 MX dynamin like

GTPase 1

0.41 0.57 0.83 −0.42 −0.26 3.5 × 10−139 6.9 × 10−59

cg20098015 22:50971140 ODF3B Outer dense fiber of

sperm tails 3B

0.33 0.39 0.49 −0.15 −0.10 7.1 × 10−96 2.1 × 10−33

cg05523603 22:50973101 NA 0.59 0.64 0.72 −0.13 −0.08 4.7 × 10−71 3.8 × 10−26

DMCs with methylation |∆β | > 0.07 in both case-control EWASs are listed ordered by their chromosomal position.
§Methylation ∆β refers to the difference in mean methylation β between patients with SLE, respectively, pSS and control individuals, with a negative value representing decreased

methylation in the patients.
‡P-value for the case-control EWAS.

EWAS, epigenome-wide association study; meth-β, methylation β; NA, not annotated.

together with the control individuals (Figure 2B). For example,
at promoter regions of the IFN regulated genes MX1 and
IFI44L, we observed that SSA/SSB positive pSS patients
had similar methylation levels as SLE patients, whereas
levels in SSA/SSB negative pSS were more similar to the
control group (Figure 2C). Gene-set enrichment analysis was
performed on the top 1000 unique genes annotated to the
shared DMCs in SLE and pSS, and showed the importance
of functional pathways related to neutrophil degranulation
(p = 1.1 × 10−11), innate immune system (p = 6.5
× 10−10), keratinocyte differentiation (p = 4.9 × 10−6),
and p38 MAPK signaling (p = 1.3 × 10−5) (Figure 2D,
Supplementary Table S4).

Unique Differential DNA Methylation in SLE
Next, we sought to define disease-specific DNA methylation
changes to isolate the unique components of SLE and pSS.
DMCs in the SLE case-ctrl EWAS (n = 7,625 DMCs) were
considered as SLE-specific if the same DMCs displayed a
p-value >0.05 in the pSS case-control EWAS. Here, we
identified 620 SLE-specific DMCs (453 hypo- and 167
hypermethylated sites) annotated to 401 unique genes
(Figure 1A, Supplementary Table S1). Figure 3A provides
two examples of SLE-specific DMCs identified at Fas associated
via death domain (FADD, cg08632909) and at hypoxia inducible
factor 3 subunit alpha (HIF3A, cg16672562). To further
characterize the unique DMCs in SLE, we performed a gene
ontology enrichment analysis of the genes harboring SLE-
specific differential methylation, and identified hemostasis
(p = 3.0 × 10−5), innate immune system (p = 4.0 × 10−5), and
FasL/CD95L signaling (p = 8.8 × 10−5) as the most significantly
enriched functional pathways specific for SLE (Figure 3B,
Supplementary Table S5).

Unique Differential DNA Methylation in pSS
We found methylation changes at five DMCs that were uniquely
associated with pSS (Figure 1B, Table 2). These DMCs were
annotated to the low density lipoprotein receptor adaptor protein
1 gene (LDLRAP1, cg21400344), to major histocompatibility
complex (MHC), class II, DP alpha 1 (HLA-DPA1, cg25824217),
and to intergenic regions on chromosome 3 and 14 (cg1289974,
cg08468401, cg22805491) (Figure 3C). With the exception of
the hypermethylated DMC on chromosome 14, all DMCs
specific for pSS presented with decreased methylation in
pSS compared to control individuals, while no significant
difference in methylation at these sites was observed between
patients with SLE compared to controls. The DMCs at
LDLRAP1 and HLA-DPA1 were overlapping with the genomic
position of histone marks for active promoter (H3K4me3) and
enhancer (H3K27ac) regions in reference B cells and T cells,
and with DNase hypersensitivity sites (DHS), indicating that
expression of these genes may be up-regulated in patients with
pSS (Table 2).

DIFFERENTIAL DNA METHYLATION
BETWEEN SLE AND PSS

Next, we performed an association analysis directly interrogating
DNA methylation changes across the genome between patients
with SLE and patients with pSS to identify the CpG sites with the
largest methylation differences between the two diseases.

Using a linear regression model with age, sex, and blood
cell type distribution as covariates, we identified 2,244 DMCs
between SLE and pSS which were annotated to 1,309 unique
genes (Bonferroni adjusted p-value < 1.3 × 10−7 and
an average methylation difference |1β| > 0.05, Figure 4A,
Supplementary Table S6). In Table 3, the DMCs with the
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FIGURE 3 | Differential DNA methylation uniquely associated to SLE or to pSS. (A) Box plots showing DNA methylation levels at unique DMCs in SLE compared to

controls at FADD and HIF3A. (B) Functional pathway analysis of SLE-specific differential methylation. The bar plot depicts the results of the functional pathway

analysis of the unique genes (n = 401) that were uniquely associated with SLE in the SLE case-ctrl EWAS. Significantly enriched pathways are presented on the y-axis

with their corresponding –log10(p) on the x-axis. (C) Box plots showing DNA methylation levels at unique DMCs in pSS compared to controls at LDLRAP1,

HLA-DPA1, cg12899747 (intergenic, chr 3), cg08468401 (intergenic, chr 3), and cg22805491 (intergenic, chr 14).

most prominent differences according to their methylation
|1β| in the case-case analysis between SLE and pSS are
presented. In contrast to our strategy above to identify unique
DMCs for each disease, this direct analysis also has the
potential to identify shared DMCs with differential methylation
between SLE and pSS. We noted that a substantial fraction
of the SLE-pSS DMCs were also differentially methylated
between patients and controls in both diseases (n = 1,162;
52%). This suggests that although a large number of DMCs
are shared between SLE and pSS, important quantitative
differences exist.

The vast majority of SLE-pSS DMCs had decreased
methylation in patients with SLE compared to patients
with pSS (n = 2,002; 89%). Multiple sites among the
relatively few top DMCs with increased methylation in
SLE compared to pSS were located at the transcription
start site region of the Lck interacting transmembrane
adaptor 1 gene, LIME1 (Figure 4B). LIME1 plays a role in
the regulation of the adaptive immune system by linking
B cell and T cell receptor stimulation to downstream
signaling pathways (35, 36). Two DMCs located between
the proteasome subunit beta 8 gene (PSMB8, also known as
LMP7) and the transporter 2, ATP binding cassette subfamily
B member gene (TAP2) on chromosome 6 showed decreased
methylation levels in pSS (cg12094903, p = 4.1 × 10−15,

and cg12048225, p = 1.6 × 10−9) (Figure 4B). Of note,
hypomethylation at these sites was only observed in SSA/SSB
positive pSS (Supplementary Figure S2). PSMB8 encodes
a subunit of the immunoproteasome, which is induced by
IFN-γ (37).

In order to further characterize the DMCs identified in
the analysis of patients with SLE compared to patients with
pSS, we investigated a possible enrichment of DMCs for
functional genomic annotation in relation to CpG islands
and gene property, and for regulatory regions in reference
B cells and T cells. We observed depletion of DMCs
between SLE and pSS for location in CpG islands and
transcription start sites. Instead, the DMCs were enriched in
gene bodies and at histone marks for actively transcribed
genes (Supplementary Figure S3). Conversely, DMCs between
SLE and pSS where underrepresented at regions indicative of
repressed transcription.

We further conducted a functional pathway analysis including
the genes which were annotated to the most significant DMCs
identified in the association analysis between patients with SLE
and patients with pSS, and found neutrophil degranulation
(p = 4.2 × 10−11), innate immune system (p = 3.2 ×

10−9), and C-MYB transcription factor network (p = 3.4 ×

10−6) as the most significantly enriched pathways (Figure 4C,
Supplementary Table S7).
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FIGURE 4 | Results of the cross-comparative analysis of differential DNA methylation between SLE and pSS. (A) Manhattan plot showing the results of the analysis

comparing DNA methylation in patients with SLE to patients with pSS. Presented are the –log10 transformed p-values of the association between the tested CpG

sites and the disease status against the chromosomal position of the investigated sites. (B) Box plots of DNA methylation levels at DMCs identified in the analysis

between patients with SLE compared to patients with pSS at LIME1 and at two neighboring CpG sites within the PSMB8-TAP2 locus. (C) Functional pathway

analysis. The bar plot depicts the results of the functional pathway analysis of the 1,000 most significantly associated DMC in the SLE-pSS case-case analysis that

have a unique gene name annotation. Significantly enriched pathways are presented on the y-axis with their corresponding –log10(p) on the x-axis.
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TABLE 2 | Differentially methylated CpG sites (DMCs) uniquely associated with primary Sjögren’s syndrome (pSS)*.

CpG site Position

(chr:bp)

Gene p-value

EWAS

pSS-ctrl§

1β

pSS-ctrl#
p-value

EWAS

SLE-ctrl
†

1β

SLE-ctrl#
Enhancer‡ Promoter¶ DHS**

cg21400344 1:25870172 LDLRAP1 2.7 × 10−12 −0.06 0.13 −0.0079 No Yesa,b Yesa,b

cg25824217 6:33040535 HLA-DPA1 1.0 × 10−11 −0.05 0.48 −0.0036 Yesa,b Yesb Yesa,b

cg12899747 3:25391527 NA 1.6 × 10−11 −0.06 0.21 −0.0076 No No No

cg08468401 3:14303131 NA 1.2 × 10−9 −0.05 0.85 −0.0011 No No Yesb

cg22805491 14:51172404 NA 1.0 × 10−7 0.08 0.10 0.0158 No No No

*DMCs with p < 1.3 × 10−7 and average methylation difference |∆β | > 0.05 in the pSS case-control EWAS, while p > 0.05 in the SLE case-control EWAS.

§pSS case-control EWAS p-value.

#Methylation ∆β refers to the difference in mean methylation β between patients with pSS, respectively, SLE and control individuals with a negative value representing decreased

methylation in the patients.
†
SLE case-control EWAS p-value.

‡Genomic location of DMC overlapping H3K27ac (active enhancer mark) peak in a) reference CD3+ T cells, and/or b) reference CD19+ B cells.
¶Genomic location of DMC overlapping H3K4me3 (active promoter mark) peak in a) reference CD3+ T cells, and/or b) reference CD19+ B cells.

**Genomic location of DMC overlapping DHS (indicating euchromatin) in a) reference CD3+ T cells, and/or b) reference CD19+ B cells.

DHS, DNase hypersensitivity site; EWAS, epigenome-wide association study; HLA-DPA1, major histocompatibility complex, class II, DP alpha 1; LDLRAP1, low density lipoprotein

receptor adaptor protein 1; NA, not annotated.

Random Forest Prediction of Disease
Status
Finally, we sought to investigate whether DNA methylation
profiles can be utilized for classification of disease status in a
machine learning based approach. We applied a random forest
model to build a classifier for discerning between disease status
in healthy controls and in patients with SLE or pSS, respectively.
In addition, we also performed a stratified classification in
the subgroup of pSS patients that were positive for SSA/SSB
autoantibodies. We found that the classifier performed well in
distinguishing patients with SLE (AUC= 0.96) and patients with
pSS from controls (AUC= 0.91) as displayed in Figure 5A. Only
including SSA/SSB positive pSS patients in the analysis, resulted
in an improved AUC value of 0.94 for discrimination between
pSS cases and controls (Figure 5A). Importantly, reasonable
good performance was also obtained in predicting disease status
between SLE and pSS with an AUC of 0.83 (Figure 5B).

DISCUSSION

The cross-comparative analysis of DNA methylation performed
in the current study facilitates identification of shared and
disease-specific molecular signatures of SLE and pSS. We
observed a widespread shared epigenetic architecture in SLE and
pSS compared to healthy controls, underlining the concept of
similar pathogenic mechanisms contributing to SLE and pSS (8,
38, 39), although we cannot exclude that the observed differences
are reactive. The effect sizes of DNAmethylation changes differed
between the two diseases, while the direction of effect was usually
the same; typically, with intermediate methylation levels in pSS
compared to SLE and controls. We further noted that DNA
hypomethylation at type I IFN regulated genes in pSS was mainly
driven by SSA and/or SSB positive patients, which is in line
with the notion that the IFN signature on the gene expression
level is more pronounced in SSA/SSB positive pSS patients

(34, 40). Neutrophil degranulation was the most significantly
enriched functional pathway for shared DMCs, emphasizing the
role of neutrophils in the pathogenesis of systemic autoimmune
diseases (41).

Analysis of differential methylation that is not shared
between SLE and pSS revealed that the extent of disease-
specific differential methylation is limited, providing evidence
for the hypothesis of largely similar epigenetic landscapes in
SLE and pSS. The rare exceptional disease-specific alterations
in methylation may, however, contribute to disease-specific
pathogenesis and the variation in phenotype between SLE and
pSS. Functional gene ontology analysis of the genes where SLE-
specific differential DNA methylation was found, revealed beside
an enrichment for broader functions of hemostasis and innate
immunity, an overrepresentation of genes involved in induction
and regulation of apoptotic processes and NFκB activation with
a key role for FADD and CASP-8 and -9. The importance of
Fas/FasL-mediated apoptotic signaling in autoimmunity has been
described, and increased apoptosis is a feature of SLE rather than
pSS (42). Epigenetic changes at central genes within this pathway
may contribute to the pathogenic mechanisms unique to SLE.

While the overwhelming majority of DMCs in the pSS
case-control EWAS were also found when comparing patients
with SLE to control individuals, we identified five sites with
a differential methylation profile specific for pSS. The most
significant of these pSS-specific DMCs was located in the
LDLRAP1 gene (cg21400344) and showed hypomethylation in
a CpG island co-localizing with H3K4me3, a histone mark for
active gene promoters, and DHS indicating open chromatin
conformation. Indeed, revisiting our previously published
transcriptome study analyzing peripheral B cells from patients
with pSS and controls, we found upregulated gene expression of
LDLRAP1 in pSS B cells (43). The protein encoded by LDLRAP1
interacts with the intracellular part of the LDL receptor in
mediating endocytosis of cholesterol-rich LDL. The impact of
the upregulated LDLRAP1 gene expression in pSS pathogenesis is
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TABLE 3 | Top differentially methylated CpG sites (DMCs) in the case-case analysis between patients with systemic lupus erythematosus (SLE) and patients with primary

Sjögren’s syndrome (pSS).

CpG site Position

(chr:bp)

Gene Gene name Mean

meth-β in

SLE

Mean

meth-β in

pSS

1β

SLE-pSS§
p-value

SLE-pSS‡

cg21549285 21:42799141 MX1 MX dynamin like GTPase 1 0.41 0.57 −0.16 1.1 × 10−08

cg05552874 10:91153143 IFIT1 Interferon induced protein with

tetratricopeptide repeats 1

0.46 0.57 −0.11 8.1 × 10−11

cg03546163 6:35654363 FKBP5 FKBP prolyl isomerase 5 0.47 0.58 −0.10 1.8 × 10−16

cg04858164 15:57324333 TCF12 Transcription factor 12 0.46 0.56 −0.10 2.9 × 10−31

cg09166556 1:156724277 NA 0.55 0.65 −0.10 1.3 × 10−40

cg09010699 3:195171693 NA 0.43 0.53 −0.10 1.3 × 10−68

cg13984928 17:3704574 ITGAE Integrin subunit alpha E 0.38 0.48 −0.09 2.0 × 10−33

cg21201401 20:62367884 LIME1 Lck interacting transmembrane adaptor 1 0.56 0.47 0.09 6.5 × 10−23

cg16672562 19:46801672 HIF3A Hypoxia inducible factor 3 subunit alpha 0.36 0.45 −0.09 2.3 × 10−11

cg19055828 12:51139321 DIP2B Disco interacting protein 2 homolog B 0.40 0.49 −0.09 1.3 × 10−55

cg15086439 1:236563070 EDARADD EDAR associated death domain 0.38 0.47 −0.09 1.9 × 10−34

cg20934416 5:17444401 NA 0.43 0.52 −0.09 4.3 × 10−34

cg01079652 1:79118191 IFI44 Interferon induced protein 44 0.71 0.80 −0.09 2.0 × 10−09

cg20700740 1:9339683 NA 0.36 0.45 −0.09 1.6 × 10−42

cg19460836 17:79047872 BAIAP2 BAI1 associated protein 2 0.44 0.53 −0.09 2.4 × 10−40

cg00446123 20:62367888 LIME1 Lck interacting transmembrane adaptor 1 0.66 0.56 0.09 8.1 × 10−38

cg10408731 7:65214843 LOC441242 0.42 0.51 −0.09 5.3 × 10−36

cg07110356 17:56355431 MPO Myeloperoxidase 0.42 0.51 −0.09 4.1×10−40

cg00980622 14:75884845 NA 0.41 0.50 −0.09 2.9 × 10−43

cg26298914 14:68798365 RAD51B RAD51 paralog B 0.38 0.47 −0.09 5.9 × 10−49

cg13381110 18:60646614 PHLPP1 PH domain and leucine rich repeat protein

phosphatase 1

0.53 0.62 −0.09 2.8 × 10−20

cg03637218 5:115209107 AP3S1 Adaptor related protein complex 3 subunit

sigma 1

0.44 0.53 −0.09 3.9 × 10−37

cg16125725 15:70101302 NA 0.41 0.50 −0.09 9.7 × 10−39

cg25757820 2:224819307 NA 0.46 0.55 −0.09 4.7 × 10−53

cg25600606 11:33308345 HIPK3 Homeodomain interacting protein kinase 3 0.48 0.57 −0.09 1.0 × 10−51

cg10665891 12:117042917 NA 0.38 0.48 −0.09 2.8 × 10−32

cg25344401 7:4755415 FOXK1 Forkhead box K1 0.44 0.53 −0.09 7.0 × 10−34

cg03340036 4:89446409 PIGY Phosphatidylinositol glycan anchor

biosynthesis class Y

0.45 0.54 −0.09 1.5 × 10−37

cg13618969 9:129184186 MVB12B Multivesicular body subunit 12B

(FAM125B)

0.49 0.58 −0.09 8.1 × 10−39

cg23338668 8:74240259 NA 0.47 0.56 −0.09 1.3 × 10−37

The 30 DMCs with the largest absolute difference in mean methylation (|∆β |) comparing SLE and pSS are listed.
§Methylation ∆β refers to the difference in mean methylation β between patients with SLE and pSS, with a negative value representing decreased methylation levels in SLE.
‡P-value of the case-case association analysis of differential DNA methylation between SLE and pSS.

EWAS, epigenome-wide association study; meth-β, methylation β; NA, not annotated.

yet to be determined. Decreased methylation uniquely associated
with pSS was also observed at the MHC class II locus HLA-
DPA1 (cg25824217) which plays a central role in the immune
system by presentation of exogenous peptide antigens. Genetic
variants at HLA-DPA1 have been associated with a number of
traits, including allergic disease and systemic sclerosis (44, 45),
and upregulated protein expression of HLA-DP molecules has
been reported by a small study in pSS salivary gland tissue (46).

Another region where disease-specific methylation patterns
in pSS were found is the TAP2-PSMB8-TAP1-PSMB9 locus in

the MHC region. Cole et al. have described an extended region
of hypomethylation around the PSMB8 locus in their study
investigating DNA methylation in salivary gland tissue from
patients with pSS (47). While they observed the most prominent
signal in the promoter of the non-coding RNA PSMB8-AS
upstream of the PSMB8 gene, we identified in our study of
whole blood samples, two neighboring DMCs located between
the 3

′

UTR of PSMB8 and the promoter of TAP2 which were
hypomethylated in pSS compared to SLE. Both PSMB8 and TAP2
have pivotal functions in antigen presentation. PSMB8 encodes
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FIGURE 5 | Random forest based prediction of disease status. Receiver

operator characteristic (ROC) curves of the prediction accuracy for the DNA

methylation data based random forest disease status classifications measured

by the area under the curve (AUC), for (A) classification of SLE vs. controls

(indicated in red), pSS (all patients) vs. controls (in blue), anti-SSA/SSB positive

pSS vs. controls (in green), and (B) classification of SLE vs. pSS (in blue).

the β5i subunit of the immunoproteasome, which plays a critical
role in degradation of intracellular proteins for presentation
by MHC class I molecules (48). Dysregulated expression of
the proteasomal subunits β5i and β1i (PSMB9, also known as
LMP2) in peripheral leukocytes and in inflammatory infiltrates
of salivary gland tissue in patients with pSS has been reported in
several studies (49–52), suggesting the immunoproteasome as a
potential drug target (53, 54).

Environmental exposures and genetic information can be
integrated at the level of epigenetic variation, where DNA
methylation has the potential to propagate activity states in
immune cells. Mechanically this is accomplished by altered
methylation at gene regulatory regions which in turn affects
transcriptional events. DNA methylation is established de
novo and maintained during the cell cycle by DNA methyl
transferases (DNMTs). Active demethylation is carried out by

ten eleven translocation enzymes (TETs), while indirect loss of
methylation can take place when DNMTs are inhibited during
the process of DNA replication. It has also been suggested that
(constitutively) altered activity of DNMT and TET enzymes
in autoimmune diseases is causing the observed epigenetic
dysregulation, as reviewed in (55). However, as shown here and
by others, differential methylation is found at specific genes, with
decreased methylation at genes in the IFN system as the most
prominent feature in systemic autoimmune diseases (18). This
suggests that also more targeted mechanisms are at play in the
epigenetic dysregulation.

One of the strengths of the study is the analysis of a
large cohort of clinically well-characterized patients and control
individuals. Interrogation of DNA methylation on the HM450k
array was performed simultaneously for all 847 samples included
in the study, thus potential confounding of associations by batch
effects is unlikely in our study. We further applied rigorous
normalization and QC procedures and strict multiple testing
correction by Bonferroni adjustment of the statistical analyses to
ascertain robust results.

A limitation of these data is that we could only adjust formajor
blood cell types in the analyses and cannot exclude persisting
effects from differential distribution of cell type subpopulations.
Some of the patients with SLE in our study may have secondary
Sjögren’s syndrome (sSS) and studies on epigenetic features of
sSS are currently lacking. It would therefore be valuable to map
the epigenetic landscape in patients with SLE with sSS. Also,
during the disease course, some patients with pSS will develop
clinical or laboratory features of SLE and fulfill classification
criteria for both diseases, often designated pSS/SLE overlap (55).
A longitudinal study in patients with pSS to pinpoint DNA
methylation markers predictive for development of SLE would
be of great interest.

The current study serves as a proof-of-principle of the ability
of machine learning to extract relevant traits from genome-
wide DNA methylation patterns in systemic autoimmune
diseases. The classification facilitates discrimination between
SLE and pSS status with high accuracy. While these results
are encouraging, they need to be validated and replicated in
future studies in additional cohorts. Future approaches within
the field of autoimmunity may be directed toward identification
of methylation signatures that correlate with disease course,
development of severe manifestations and complications, such
as lupus nephritis or lymphomagenesis, and with response to
certain treatments. Similar efforts have already been undertaken
in the field of cancer research, were DNA methylation
data are used for cancer subtype classification and outcome
prediction (56–59).

In conclusion, our current study comparing DNA
methylation across the genome between patients with SLE
and pSS reveals more similarities than differences. Given
the genetic background with similar HLA-associations,
pathogenic mechanisms of type I IFN and B cell activation
as well as overlapping clinical features, this may not be
surprising (8, 10, 39, 55). However, disease-specific DNA
methylation changes occur, indicating specific pathways possibly
contributing to the different phenotypes of SLE and pSS. Future
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studies will elucidate whether epigenetic signatures could
serve as a complement to conventional clinical practice in
identification of predictive parameters, a prerequisite for efficient
precision medicine.
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