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Abstract

DNA methylation as a process that regulates gene expression is crucial in immune cells biology.
Global and gene specific methylation changes have been described in autoimmunity, especially in
Systemic Lupus Erythematosus. These changes not only contribute to the understanding of the
disease, but also some have been proposed as diagnostic or disease activity biomarkers. The
present review compiles the most recent discoveries on this field on each type of immune cells,
including specific changes in signalling pathways, genes of interest and its possible applications
on diagnosis or treatment.
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Introduction

Systemic Lupus Erythematosus (SLE) is an autoimmune, multi-organic and chronic disease
characterised by the presence of auto-antibodies directed to double-stranded DNA and other
cellular components [1]. It is 2—4 times more frequent and with greater severity in
populations such as African Americans, Hispanics and Asians. It is also nine times more
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frequent in women than in men, especially in those who are of reproductive age (18-40
years) [2].

It is postulated that multiple factors such as genetic susceptibility and environmental
exposure are involved in the pathogenesis of SLE. However, it is striking that genetics alone
fails to explain the presence of lupus. The evidence of the discordance between monozygotic
twins of which one presents the disease, and the other does not, an observation that suggests
that external factors play a substantial role in pathogenesis [3]. Recently, this field of study
has been directed towards epigenetic changes such as DNA methylation, histone changes
and the presence of some non-coding RNAs; which modulate the expression of susceptible
genes in SLE [4].

Epigenetics is in turn dependent on environmental factors, the diet, the use of certain
medications, cigarette smoking, etc., and since it is potentially heritable, it represents a
pathway that links external conditions with gene expression [5]. Indeed, specific epigenetic
modifications have been described in patients with SLE [6], so its influence on the
pathophysiology of the disease can play a role.

DNA methylation is the most studied epigenetic change in SLE and consists of the addition
of methyl groups (CH3) to cytosine. These are found at specific points called CpG sites that
are usually found in the promoter, which leads to repression of the expression of the gene in
question. This modification is carried out by DNA methyltransferases (DNMT) [7]. There
are several types of DNMT, such as DNMT1 that handles global methylation after
replication and DNMT3a and DNMT3b responsible for adding de novo methyl groups and
the DNMTS3L that does not have genomic action but regulates de novo DNA methylation

[8].

One of the most specific pieces of evidence of the association between DNA methylation
and SLE is lupus induced by drugs such as procainamide and hydralazine [9].
Hypomethylation is observed in these patients since these drugs are direct inhibitors of
DNMT or signalling pathways like the Ras-MAPK-ERK pathway [10]. Another study that
supports DNA methylation as an event in the pathophysiology of SLE was carried out by
Javierre et al. with 15 pairs of discordant monozygotic twins for Dermatomyositis,
Rheumatoid Arthritis and SLE. They found differences in DNA methylation only for
discordant couples in SLE, specifically in 49 genes related to immune response, cell
proliferation and cytokine production [11].

Regarding the role of environmental exposure, factors such as ultraviolet light and Epstein-
Barr virus infection have been described as triggers of SLE [12]. How it is believed that they
mediate pathogenesis is precisely through epigenetics, which is known to be sensitive to
external stimuli. These findings suggest that events other than genetic predisposition play a
role in the onset of the disease. Given the relevance that epigenetic changes could have a role
in the pathophysiology of SLE, the existing shreds of evidence of the changes in DNA
methylation described for different immune cells will be reviewed in the present work and
are summarised in Table 1.
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In this review, we assess current research exploring the link between epigenetic changes and
pathogenesis of Systemic Lupus Erythematosus. Many signalling pathways, proteins,
transcription factors and non-coding RNAs affect the DNA methylation status of CD4* T
Cells, B cells, monocytes, neutrophils and dendritic cells, which will be reviewed next.

CD4* T cells

The epigenetic phenomenon described most frequently in CD4* T cells of patients with
lupus is global hypomethylation, being more pronounced in active patients [13]. Many
signalling pathways, proteins, transcription factors and non-coding RNAs affect the DNA
methylation status of these cells, which will be reviewed next.

Signalling pathways

The most critical signalling pathway related to DNA methylation is ERK-MAP kinase
pathway, depicted in Figure 1. Sawalha et al. showed in a model of transgenic mice that an
alteration or inhibition of any of the proteins of the ERK pathway would eventually lead to
the downregulation of DNMT. Even more, these mice developed anti dSDNA antibodies
[14]. Another signalling protein involved is Protein Kinase C delta (PKC8), which activates
the ERK pathway through phosphorylation. CD4* T cells of transgenic mice deficient in
PKCS8 developed hypomethylation of sensitive genes like CD70 and a lupus-like syndrome
[15]. Actually, there are evidences that SLE patients have a decreased phosphorylation of
PKCS [16].

These alterations occur not only in the proteins of the ERK signalling pathway but also in
their regulators, such as different types of phosphatases. An increase of the phosphatases
activity results in the inhibition of the ERK pathway, whereas suppression of these
regulatory phosphatases leads to an easier activation of the ERK pathway. For example,
Sunahori et al. described the relation between protein-phosphatase 2 A (PP2A) and the
signalling of the ERK pathway. They showed that PP2A specifically inactivates MEK, which
in turns inactivates ERK, therefore decreasing DNMT1 activity, finally leading to the
hypomethylation of sensitive genes [17]. Indeed, overexpression of PP2A has been reported
in T cells of patients with SLE [18].

Patel et al. also found an increase in the expression of protein phosphatase 5 (PP5) in CD4*
CD28™ T cells from patients with lupus. Then, they analysed the effect of transfection of
PP5 to T cells and found a decrease in the expression of DNMT1 and the increased
expression of genes already known for their sensitivity to demethylation such as perforin,
CD11a, CD70, CD40L, among others [19]. Future studies are needed to know if the effect of
PP5 is selective to any of the proteins of the ERK pathway or if this phosphatase regulates
the pathway in general. Another controversial protein is the phosphatase DUSP23, which is
overexpressed in patients with lupus. However, it is still not known if it has an inhibitory or
stimulatory effect of the ERK pathway [20].

Besides signalling pathways, there are also proteins that might regulate DNMTS in several
ways. One of them is EZH2, which is part of Polycomb repressive complex 2 (PRC2), as an
enzymatic subunit [21]. It was found to be increased in naive CD4* T cells in lupus patients.
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Also, it has a function as an epigenetic regulator inducing broad genome methylation
changes in T cells [22].

On the other hand, augmentation of “growth arrest and DNA damage—induced 45a.”
(gadd45A) in CD4* T cells was associated with DNA hypomethylation changes, as well as
overexpression of sensitive genes like CD11a, and CD70 and autoreactivity. Indeed,
gadd45A was found to be raised in CD4* T cells of lupus patients. Also, when gadd45A was
forced to underexpression, the result was DNA hypermethylation, down-regulation of
CD11a and CD70, as well as a decreased autoreactivity [23]. Another protein that may help
gadd45A is HMGBL. Li et al. found that HMGB1 was overexpressed in CD4" T cells of
patients with lupus. Tentative, HMGB1 might directly bind to gadd45A and stimulate its
effects on DNA methylation [24]. An additional protein that is believed to affect DNA
methylation is MBD4, which appears to have a protective role against demethylation [25].
Indeed, the hypomethylation of a known sensitive gen as CD70 is related to the decreased
expression of MBD4 in CD4* T cells of SLE patients [26].

In addition to phosphatases and other proteins, a regulatory role of the ERK pathway has
been described by microRNAs. Although they constitute a separate group of epigenetic
changes apart from DNA methylation, some miRNAs specifically regulate either the MAPK
pathway or DNMT1. An example of these is miR-29b, described by Qin et al. They found
that there is an increase in the expression of miR-29b in CD4™* T cells of patients with lupus.
Also, when transferring an inhibitor of miR-29b to CD4* T cells from patients with SLE,
both the expression of DNMT1, as well as the global methylation was increased, with a
corresponding decrease in expression of CD11a and CD70 [27]. On the other hand,
miRNA-126 inhibited DNMT1 causing hypomethylation of sensitive genes [28].

An even more interesting phenomenon than DNA methylation’s regulation by microRNAS is
the up-regulation of these by changes such as associated hypermethylation. As described by
Ding et al., hypermethylation of the CGs closest to the start of transcription of the gene for
miR-142, is related to a decrease in its expression in CD4" T cells from patients with lupus.
They also showed that miRNA-142 degrades the mRNA of SAP, CD84, and IL-10. The
downregulation of this miRNA causes an over-expression of SAP, CD84, and 1L-10, leading
to both T cell activation and B-cell hyperreactivity invitro. Similarly, this dysregulation of
miRNA-142 appears to be specific for SLE, since it was not observed in CD4* T cells from
patients with Psoriasis [29].

Finally, patients with SLE may also have disturbances on the counterpart of DNMTs, the
Ten-eleven Translocation proteins (TET). TETS proteins are involved in active
demethylation of cytosines [30]. TET are stimulated by an increased concentration of
intracellular iron, which is inhibited by the protein BDH2. This protein is decreased in CD4*
cells of SLE patients, because of the inhibitory activity of the overexpressed miRNA-21.
This finally leads to the accumulation of iron and overstimulation of TET proteins, leading
to DNA hypomethylation and expression of autoreactivity genes [31].
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Transcription factors

RFX1 is a transcription factor believed to be able to bind to DNMT1 and recruit it to the
promoter region of both CD11a and CD70. RFX1 was found to be downregulated in CD4* T
cells of patients with lupus, and this was associated with an increase in CD11a and CD70, as
well as B cell activation and IgG production [32]. Also, RFX1 is regulated by STAT3
pathway and has a direct effect on IL-17A production. Specifically, RFX1 has an inhibitory
effect on IL-17A, through epigenetic mechanisms. Then, the down-regulation of RFX1
could lead to a lupus flare due to the increased IL-17A [33], because IL-17 has a
proinflammatory effect, inducing the production pro-inflammatory cytokines and
chemotaxis [34].

Specific genes
Jeffries et al. performed a Genome-Wide Analysis (GWA) on CD4* cells of patients with
SLE. They found 341 loci with different methylation between healthy and patients with
SLE, of which 236 were hypomethylated and 105 hypermethylated. Among the genes
reported with hypomethylation were CD9, MMP9, and PDGFRA, and those with
hypermethylation were genes for folate and RUNX3 biosynthesis [35]. In another GWA
study, they found major hypomethylation in genes associated with IFN type I signalling in
all T cells. Even more interesting, interferon genes were also hypomethylated when
evaluating specific subpopulations of memory, naive and regulatory T cells [36].

Although the status of DNA methylation of the entire genome of a cell makes it possible to
analyse the general picture, the description of the methylation status of specific genes has
been associated with phenotypes or clinical manifestations and even specific diagnostic
applications of SLE.

Regarding the association between clinical manifestations and DNA methylation, Zhao et al.
analysed separately patients with specific symptoms, patients were grouped with cutaneous
involvement only (S), cutaneous and renal (SK) and finally, cutaneous, renal, articular
compromise (KJS) categories. They found 1433 hypermethylated genes and 2287
hypomethylated genes in the first group “S,” 1046 hypermethylated and 3360
hypomethylated for “SK” and 2105 hypermethylated with 3296 hypomethylated in “SKJ” as
opposed to healthy controls [37]. This suggests that methylation changes might also be
specific to clinical manifestations, which could lead to further research to diagnostic markers
and targeted treatment options.

Specific epigenetic changes have also been associated with particular manifestations of SLE.
For example, in a study Renauer et al. discovered that in naive CD4" T cells, patients with
malar rash had unique Differentially Methylated Regions (DMR), that differ to those with
discoid rash or SLE without cutaneous involvement. It is striking that the three groups of
patients with SLE shared the hypomethylated region of the IFI44L gene [38].

Regarding specific genes and their relationship with SLE, in another study, Lu and
colleagues explored the methylation of the CD40L gene, which is encoded on the X
chromosome and is expressed by T cells for the co-stimulation of the B cell. They found that
in women with SLE, unlike healthy women and men with lupus, the promoter of this gene
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was demethylated in both chromosomes, which contributed to the overexpression of this
gene in CD4* T cells [39].

In addition to the above, the methylation status of some genes has been proposed as a
biomarker for both diagnosis and monitoring of the activity of the disease. One of these
studies focussed on identifying genes related to kidney damage, finding that
hypomethylation of CG sites in the “carbohydrate (chondroitin 4) sulfotransferase 12 gene”
(CHST12) has a sensitivity of 85.7% and a specificity of 64.3% to identify patients with
lupus nephritis [40].

Cytokines

Cytokines play a critical role in SLE pathophysiology. Recent evidence has shown that
epigenetic mechanisms interact and sometimes lead to the characteristic cytokine
dysregulation observed in SLE. For example, Hedrich et al. found that STAT3 was related
with the hypomethylation of the promoter and subsequent overexpression of IL-10 on T
cells, a feature of SLE patients [41]. Another study showed that IL-10 and IL-13 were
hypomethylated in CD4™ cells of patients with SLE leading to an increase in its mMRNA [42].

One more is the CREMa promoter, which is hypomethylated and with an augmented
expression in CD4* cells of patients with lupus. The mechanism proposed is through the
binding of Set1, which inhibits DNMT3a through the increase of H3K4me3 [43]. On the
other hand, CREM has two different actions on both IL-17A and IL-2. CREM activates
DNMT3a to hypermethylate IL-2 promoter; however, CREM does the contrary effect on
IL-17, increasing its expression in naive CD4* T cells of SLE patients [44].

There are also miRNAs that regulate DNA methylation of some cytokine’s genes. The
overexpression of DLK1-Dio3 derived miRNAs were related to the production of pro-
inflammatory cytokines like IL-1p, IL-6, and IFN +y. Indeed, DLK1-Dio3 was
hypomethylated in MRL//pr lupus-prone mice [45].

Inducible methylation

Finally, one of the main characteristics of epigenetics is its modulation by different
environmental exposures. On this, Wu and colleagues described the effect of UVB light on
CD4* T cells from patients with SLE. They demonstrated that UVB light stimulated the
global hypomethylation of DNA in CD4* T cells, through the inhibition of the catalytic
activity of DNMT1, without affecting the expression of the protein [46]. Another
environmental factor that can alter DNA Methylation is 17b-estradiol; through its receptor, it
mediates the underexpression of DNMT1 in SLE CD4* T cells [47].

Li et al. explored the role of oxidative stress in DNA methylation, using a treatment with
H,0, or ONOO- as oxidisers. It resulted in the reduction of DNMT-1, as well as the ERK
pathway signalling. Closely related to this, PKC phosphorylation was inhibited. All these
events finally caused a decrease in DNA methylation and the increased expression of
sensitive genes [48]. Even more, Strickland et al. observed that mice developed anti-dsDNA
antibody and glomerulonephritis when they received transferred CD4* T cells that were
previously treated with oxidants [49].
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SLE treatment drugs and methylation

B cells

Current research has found that the drugs used in SLE treatment have epigenetic effects on
immune cells. Changes in histones, non-coding RNAs and DNA methylation have been
described for common prescriptions such as glucocorticoids and antimalarials [50]. We will
review next the changes in DNA methylation described for some of these drugs.

Cyclophosphamide is a cytotoxic drug used in cancer and autoimmunity. Zhang et al.
showed that treatment with cyclophosphamide increased DNMT1 protein level, but not its
MRNA, in Jurkat T cells. This result in an increase in the percentage of global DNA
methylation at day 4 of treatment /n7 vitro [51]. On the other hand, Peters et al. described that
Mycophenolate (MPA) produced DNA re-methylation of IFN-y gene of naive T cells but not
in memory T cells [52]. However, in another study, Yang et al. did not find differences in
global DNA methylation, and either in CD40L specific DNA methylation, after MPA
treatment in lupus CD4" T cells /n vitro [53].

Finally, Cribbs et al. investigated the effect of Methotrexate MTX on CD4™* cells and found
no differences in the global DNA methylation status. However, they did observe changes in a
specific gen. MTX treatment increased FoxP3 expression, through the hypomethylation of
its enhancer, which was related to downregulation of DNMT1 [54].

Changes in both global methylation and specific genes in B cells have been associated with
autoreactivity. Some of the mechanisms involved are similar to those described for T cells,
such as alterations in the ERK signalling pathway, with the corresponding inhibition of
DNMT1 and demethylation of sensitive genes [55]. Others are so specific that could be
identified in B cell subpopulations. For example, Scharer et al. described a characteristic
chromatic accessibility pattern in resting Naive B cells of SLE patients [56]. Furthermore,
they also described in a later study that global DNA methylation changed on each stage of B
cell ontology, as cells advance on the differentiation pathway, global DNA methylation
decreases and specific hypomethylated and hypermethylated genes could discriminate
among B cell subsets like resting Naive and DN2 cells on SLE patients [57].

Signalling pathways

Two signalling pathways have been associated with DNMT activity in B cells, IL-6 and B
Cell Receptor (BCR) signalling. BCR signals through nuclear factor-xB (NF-xB) pathway
[58] and IL-6 activates the STAT3 pathway [59], although it is not known the exact
mechanisms that these pathways use to activate DNMT. However, Garaud et al. reported that
activation through BCR increased the expression of DNMT1. Still, in the presence of IL-6,
on the contrary, the expression of DNMT1 is decreased. Both activation by BCR and by
IL-6, change the methylation and produce an increase in the expression of the CD5-E1B
isoform, which produces the decrease of the expression of the second CD5-E1A isoform.
This allows a greater activation of the BCR. Indeed, CD5-E1B presented hypomethylation in
B cells of patients with SLE. Therefore, the formation of a positive feedback loop is
constituted, since the activation of BCR in the presence of IL-6 increases the expression of
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CD5-E1B, which in turn allows a greater activation of the BCR and so on. This circuit was
stopped by using an antibody to block IL-6 [60]. This study has relevance within the
pathophysiology of lupus since an increase in BCR activity has been associated with the
generation of B cell autoreactivity [58].

A subgroup of B cells with overexpression of “transcription factor A-T rich interacting
domain 3a” (ARID3aH), showed a decreased DNA methylation patterns level of IFN related
genes. Although the mechanisms are unknown, ARID3aH might epigenetically regulate
several promoters at once, leading eventually to the overexpression of these genes, which is
a hallmark in the pathophysiology of SLE. This phenomenon was observed primarily in
naive B cells, but not in all B cell subpopulations [61].

Specific genes

Absher et al. reported 166 hypomethylated CGs in B cells, those with the most potent effects
were grouped into genes, finding 95 genes with a strong association with lupus. Regarding
the functional analysis of these genes, at least 60% of them are involved in signalling
through interferon [36].

HRES-1 is another of the involved genes and hypomethylation of HRES-1 was found in B
cells of patients with SLE. Also, the ERK pathway and IL-6 affected the DNA methylation
of HRES-1, even more, blockage of I1L-6 re-established its DNA methylation status [62].

Finally, the methylation status of the gen IFI44L has been proposed as a diagnostic marker.
The hypomethylation at site 2 of the promoter of IFI44L in PBMC, had a sensitivity of
93.6% and a specificity of 96.4% for the diagnosis of lupus. This was validated in 2 cohorts
of patients with a Chinese origin. However, when it was validated in a cohort of European
patients the sensitivity dropped to 82.1% and the specificity to 81.8% [63]. This could be
indicative that some of these new biomarkers could work better according to ethnicity.
Additionally, IFI44L is regulated by interferon, and estrogens stimulate its expression in B
cells [64].

SLE treatment drugs and methylation

An increase of global DNA methylation content after treatment with MTX in T cells, B
cells, and monocytes has been reported. Although its consequences are still not known
because they did not find any change in the expression of DNMT1, DNMT3A, DNMT3B,
GADDA45A, TET1, TET2 and TET3 [65].

Monocytes

Specific genes

Epigenetic changes in monocytes from patients with SLE are beginning to be researched. In
the study by Absher et al. mentioned above, they explored these changes for the first time.
They found 97 CpGs differentially methylated only in monocytes. The most potent effects
were grouped in genes, finding 27 genes with a strong association with lupus. Regarding the
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functional analysis of these genes, at least 54% of these are involved in signalling through
interferon [36]. In another study on discordant twins with SLE, specific genes were related
to recent flares, hypomethylated genes like IF144L, LGALS3BP, DTX3L, PARP9 and
GGT1,; as well as hypermethylated genes like B3GALT4 and PRIC285 were identified [66].

Also, Notley et al. showed that monocyte-derived macrophages, when phagocyte apoptotic
CD4* T cells with hypomethylated DNA, increased its production of pro-inflammatory
cytokines like 1L-6 [67].

Neutrophils

In recent years, the role of neutrophils in the pathophysiology of SLE has been related since
it has been seen that the cells of these patients do NETosis more frequently. This exposes the
genetic material against which antibodies are generated [68]. Although there are few studies
on epigenetic changes in neutrophils of patients with lupus, some of them will be described
below.

Specific genes

In the first of these studies, methylation difference was found in 293 GC sites, of which 68%
were hypomethylated and 32% hypermethylated. Within the genes with hypomethylation
were IFITM1, IFIT3, DDX60, ISG15 and the two with the largest hypomethylation were
MX1 and IFI44L, which are regulated by interferon. As a consequence, the expression of the
mentioned genes was increased [69]. On the other hand, Sukapan et al. identified
hypomethylation of LINE-1 (Long Interspersed Nuclear Elements) in neutrophils of patients
with SLE. The genes with LINE-1 content were correspondingly over-expressed and were
related to cellular functions such as apoptosis. Finally, no correlation was reported between
methylation patterns of LINE-1 with disease activity measured by SLEDAI [70]. Also,
LINE-1 appear to participate during the neutrophil differentiation process [71].

Dendritic cells

Very little is known about epigenetic changes on dendritic cells on SLE. Wardowska et al.,
described that patients with severe Lupus Nephritis had myeloid dendritic cells with a higher
global DNA methylation percentage when compared to healthy controls [72].

Conclusion

Although DNA methylation alterations have been related to autoimmunity and SLE in
several studies, most of these have been done in T cells, especially CD4* lymphocytes.
Recently, the epigenetic landscape of other immune cells, such as B cells, neutrophils,
monocytes, and even dendritic cells, that also participate in SLE pathogenesis, is begging to
be elucidated. Further research on the DNA methylation status and epigenetics of these cells
is needed, and this could increase our understanding of SLE disease.
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Figure 1.

Reported associated factors with DNA methylation changes in CD4* T cells of patients with
SLE. Orange circles represent factors that have been reported with overexpression on
patients with SLE. Dashed lines indicate tentative mechanisms. Designed with ©Motifolio
Drawing Toolkits.
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Table 1.

Summary of main changes in DNA methylation by cell.

Cell type Methylation changein SLE Reference
CD4* T CELLS  Global Hypomethylation [13]
Hypomethylation of CD9, MMP9 and PDGFRA [34]
Hypomethylation of CD40L [38]
Hypomethylation of CHST12 [39]
Hypomethylation of IL-10 and IL-13 [41]
Hypomethylation of CREMa [42]
Hypermethylation of miRNA-142 [28]
B cells Hypomethylation of CD5-E1B [60]
Hypomethylation of IFN regulated genes in ARID3aH cells [61]
Hypomethylation of HRES-1 [62]
Hypomethylation of IF144, IFITM1, YBX1 and TAF8 [57]
Hypermethylation of SOX12, ARFGAP3, CCDC81 and MEG3 [57]
Monocytes Differential methylation on interferon related genes [36]
Hypomethylation of IF144L, LGALS3BP, and DTX3L [66]
Hypermethylation of B3BGALT4 and PRIC285 [66]
Neutrophils Hypomethylation of MX1 and IF144L [69]
Hypomethylation of LINE-1 [70]
Dendritic cells Global hypermethylation on patients with severe LN [72]
PBMC Hypomethylation of IFI44L [63]
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