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Abstract

Objective: To comprehensively assess associations of site-specific CD4þ-T-cell hypomethylation of the CD40-Ligand

gene (CD40L) with disease activity of women with systemic lupus erythematosus (SLE).

Methods: CpG-sites within the DNA of the promotor and two enhancer regions (n¼ 22) of CD40L were identified and

numbered consecutively. The rate of methylated DNA in isolated CD4þ-T-cells of women with SLE were quantified for

each methylation site by MALDI-TOF. Disease activity was assessed by SLE Disease Activity Index (SLEDAI).

Associations of site-specific methylation rates with the SLEDAI scores were assessed by linear regression modelling.

P values were adjusted according to Bonferroni-Holm as indicated.

Results: 60 female SLE patients participated in the study (age 45.7� 11.1 years, disease duration 17.0� 8.3 years).

Significant associations to the SLEDAI were noted for CpG22 hypomethylation of the promotor (b¼�40.1, p¼ 0.017,

adjusted p¼ 0.027), trends were noted for CpG17 hypomethylation of the promotor (b¼�30.5, p¼ 0.032, adjusted

p¼ 0.6), and for CpG11 hypermethylation of the second enhancer (b¼ 15.0, p¼ 0.046, adjusted p¼ 0.8).

Conclusion: Site-specific hypomethylation of the CD40L promotor in CD4þ-T-cells show associations with disease

activity in female SLE patients.
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Introduction

Systemic lupus erythematosus (SLE) is a multisystem

autoimmune disorder. Its heterogeneous clinical course

with varying organ manifestations and disease severi-

ties is thought to be a result of a combination of dis-

tinct genetic and environmental factors in each

patient.1–4 An increasingly recognized link between

genetic and environmental factors consists in epigenetic

modifications such as DNA methylation which are con-

trolled in part by environmental factors such as diet,

oxidative stress, or vitamin D levels.3–11 DNA
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methylation occurs at CpG sites within the human

DNA and generally causes silencing of the methylated

gene.4,11,12 Global hypomethylation has been observed

in T-cells of SLE patients.10,13 Co-expression of a

number of hypomethylated genes results in a distinct

autoreactive T-cells subtype that correlates with SLE

disease activity.14 Moreover, inefficient gene silencing

by x-chromosomal DNA hypomethylation is likely to

be one of the key reasons for a striking preponderance

of SLE in women.4,15 In particular, x-chromosomal

CD40L is hypomethylated in CD4þ-T-cells of women

with SLE.16 Consecutive overexpression of CD40L in

turn16 leads to increased stimulation of B-cells with

increased autoantibody production.17,18 Although the

association between global CD4þ-T-cell hypomethyla-

tion of CD40L, increased CD40L expression and SLE

disease activity is arguably accepted, the relationship

between CpG methylation at individual sites and

their effect on gene silencing is strongly dependent

upon the location within the individual gene.19,20 So

far, the impact of methylations at distinct CpG sites

within CD40L on SLE disease activity is largely

unknown. We therefore performed fine-mapping of

methylation sites within CD40L of CD4þ-T-cells
from women with SLE and assessed the results regard-

ing disease activity measures. Moreover, we were inter-

ested to assess associations between high-sensitive

serum CRP (hsCRP) and CD40L methylation status

in SLE, because both markers are considered predic-

tors of cardiovascular disease burden21 which is a lead-

ing cause of death in SLE.22

Material and methods

Patients and clinical data

In this cross-sectional study, consecutive patients were

recruited from the rheumatology outpatient depart-

ment of Heinrich-Heine-University Düsseldorf,

Germany, in case they fulfilled 1997 ACR SLE crite-

ria23 and were >18 years of age, and had no clinical

signs of infections. All patients met 2010 SLICC/

ACR classification criteria. High sensitive serum

C-reactive protein (hsCRP) was assessed as a measure

of systemic inflammation, and dsDNA antibodies as

laboratory measures of disease activity. Disease activity

was further assessed by the Systemic Lupus Disease

Activity Index (SLEDAI). Written informed consent

was obtained from all patients. The study was

approved by the ethics committee of the Medical

Faculty of Heinrich-Heine-University Düsseldorf

(study identification 2016034998), and adhered to the

declaration of Helsinki.

Isolation of CD4þ T-cell DNA

EDTA blood (9ml each) was collected and promptly

processed. Peripheral mononuclear cells were isolated

by density gradient centrifugation with Leucosep

(Greiner Bio-One GmbH, Frickenhausen, Germany)

and Lymphoprep (AXIS-SHIELD PoC AS, Oslo,

Norway) according to manufacturer�s instructions.

Cells were again resuspended in 4ml autoMACS

Running Buffer (Miltenyi Biotec GmbH, Bergisch

Gladbach, Germany) and separated according to man-

ufacturer�s instructions using CD4 MicroBeads human

isolation kit (Miltenyi Biotec GmbH). Subsequently

magnetic bead based automatic isolation of DNA

from CD4þ cells by MagCore instrument (MagCore

Genomic DNA Whole Blood Kit, RBC Bioscience,

New Taipei City, Taiwan) was carried out. The isola-

tion procedure and quality control measures have pre-

viously been described.24

Assessment of CD40L promotor and enhancer

methylation status in CD4þ T-cells

Mass spectrometry analysis of bisulfite-converted

DNA was employed as described previously.25 For

quantitative analyses of aberrantly methylated CG-

rich regions in a larger patient cohort, we selected a

total of 16 regions that cover the promoter region as

well as 2 enhancer regions of the CD40L gene. The set

of 19 amplicons (listed in Supplementary Table 1) was

analyzed by MALDI-TOF MS of bisulfite converted

DNA.25 Genomic sequences of selected regions were

extracted from the UCSC genome browser (www.

genome.ucsc.edu/). PCR primers were designed using

Methprimer (www.urogene.org/methprimer/) and

sequences are provided in Supplementary Table 1.

Sodium bisulfite conversion was performed using EZ

DNA methylation kit (Zymo Research, California,

USA) using 300 ng of genomic DNA and an alternative

conversion protocol. The amplification of target

regions was followed by SAP treatment, reverse tran-

scription and subsequent RNA base-specific cleavage

(MassCLEAVE, Agena, San Diego, CA) as previously

described.25 Cleavage products were loaded onto

silicon chips (spectroCHIP, Agena, San Diego, CA)

and analyzed by MALDI-TOF mass spectrometry

(MassARRAY Compact MALDI-TOF, Agena, San

Diego, CA). Methylation was quantified from mass

spectra using the Epityper software v1.0 (Agena, San

Diego, CA). For CpG dinucleotides that were covered

by more than one amplicon we calculated the mean

methylation ratio.
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Statistical analysis

Associations of the fraction of methylated DNA at the
specific sites to disease activity, and systemic inflamma-

tion were assessed by linear regression. SLEDAI was
missing in one patient, whose data were excluded in
analyses involving the SLEDAI. Associations are
reported in terms of the regression coefficients (b).
Each unit of change in b indicates a % change in the

outcome parameter with each % of change in methyl-
ation: For instance, when assessing the association of
the SLEDAI with any distinct CpG site, a b of �50
would indicate a 0.5 point increase in SLEDAI with
each % of reduced methylation. P-values were adjusted

according to Bonferroni-Holm as indicated. The statis-
tical software R version 3.5.2 was used for all analyses.

Results

Patients’ characteristics

60 female SLE patients, aged 45.7� 11.1 years, disease
duration 17.0� 8.3 years participated in the study.
Immunosuppressive treatment consisted mainly of
antimalarials (68.3%), glucocorticoids (65% at a
mean daily dose of 4.8� 2.4mg), and azathioprine

(15%). Details are outlined in Table 1.

Identification of CD40L promotor and enhancer

methylation sites

A total of 22 CpG sites on human chromosome X
(GRCh37/hg19 reference assembly) were identified in
the promotor and enhancer regions of CD40L and
numbered consecutively (CpG1 to CpG22). Due to
technical issues, methylation status of CpG20 within

the promotor region could not be quantified in 11 out
of 60 patients. Therefore, CpG20 was omitted from

further analyses. The percentage of methylation could
not be quantified in 2 patients at one site each (CpG2
and CpG5) due to technical issues. We therefore imput-
ed these values by median imputation (this corresponds
to 0.14% of the total methylation data points). Details
of the CpG sites assessed are summarized in Table 2.
The rate of methylation of each site with respect to the
SLEDAI are detailed in Figure 1.

Assessment of agglomerative CD40L methylation
measures with SLE activity parameters or hsCRP

In the first step, we were interested to determine if
global CD40L hypomethylation of any one region
(e.g. enhancer 1, enhancer 2, or promotor) was associ-
ated to SLE activity parameters. Therefore, the mean
frequencies of methylation for the CpG sites identified
within each region were calculated. There was no sig-
nificant association to the SLEDAI for the methylation
measure of either enhancer 1 (b¼ 1.7 (95%-CI �30.8 to
34.3), p¼ 0.9), enhancer 2 (b¼ 1.4 (95%-CI �31.2
to 34.0), p¼ 0.9), promotor (b¼�29.8 (95%-CI
�68.8 to 9.1), p¼ 0.1), or the whole region combined
(b¼�10.5 (95%-CI �59.9 to 38.9), p¼ 0.7). Similarly,
these global CD40L methylation measures were not
significantly associated to anti-dsDNA or CRP
(b¼ 375.3 (95%-CI �1766.2 to 2516.7), p¼ 0.7 and

Table 1. Patients’ characteristics (n¼ 60).

Parameter n (%) or mean� SD

Female 60 (100%)

Disease duration 17� 8.3

SLEDAI 4.7� 5.3

CRP (mg/dl) 0.35� 0.68

C3c (mg/dl) 98.2� 16.8

Anti-dsDNA (U/l) 207.6� 347.6

Antimalarials 41 (68.3%)

Glucocorticoids 39 (65%)

Azathioprine 9 (15%)

Mycophenolate 5 (8.3%)

Rituximab 4 (6.7%)

Belimumab 3 (5%)

Methotrexate 2 (3.3%)

Ciclosporine 1 (1.7%)

Table 2. CpG sites of CD40L.

CpG Position Region

CpG1 135726342 – 135726343 Enhancer 1

CpG2 135726386 – 135726387 Enhancer 1

CpG3 135726602 – 135726603 Enhancer 1

CpG4 135726606 – 135726607 Enhancer 1

CpG5 135726646 – 135726647 Enhancer 1

CpG6 135726707 – 135726708 Enhancer 1

CpG7 135726744 – 135726745 Enhancer 1

CpG8 135726746 – 135726747 Enhancer 1

CpG9 135726752 – 135726753 Enhancer 1

CpG10 135726862 – 135726863 Enhancer 1

CpG11 135728699 – 135728700 Enhancer 2

CpG12 135728914 – 135728915 Enhancer 2

CpG13 135728921 – 135728922 Enhancer 2

CpG14 135728989 – 135728990 Enhancer 2

CpG15 135729052 – 135729053 Enhancer 2

CpG16 135730241 – 135730242 Promotor

CpG17 135730265 – 135730266 Promotor

CpG18 135730298 – 135730299 Promotor

CpG19 135730306 – 135730307 Promotor

CpG20 135730413 – 135730414 Promotor*

CpG21 135730438 – 135730439 Promotor

CpG22 135730445 – 135730446 Promotor

CpG sites of CD40L enhancer and promotor region consecutively num-

bered with identification of respective positions in reference to chro-

mosome X (GRCh37/hg19) reference assembly.

*Not included in analyses as outlined in methods section.
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b¼ 2.0 (95%-CI �2.1 to 6.1), p¼ 0.3 for enhancer 1;
b¼�343.7 (95%-CI �2493.5 to 1806.2), p¼ 0.8
and b¼�1.1 (95%-CI �5.2 to 3.1), p¼ 0.6 for enhanc-
er 2; b¼�2026.2 (95%-CI –4595.8 to 543.4), p¼ 0.1
and b¼�4.3 (95%-CI �9.3 to 0.6), p¼ 0.08 for pro-
motor; b¼�672.1 (95%-CI �3937.5 to 2593.3),
p¼ 0.7 and b¼�0.3 (95%-CI �6.6 to 6.1), p¼ 0.9
for all regions combined, respectively).

Assessment of site-specific methylation frequency
with SLE activity parameters or hsCRP

Subsequently, we hypothesized that site-specific hypo-
methylation is associated to increased SLE disease

activity. Therefore, the identified methylation sites

were individually assessed and adjustments for multiple

testing applied.
Concerning the SLEDAI, a significant association

of CpG22 hypomethylation was noted (b¼�40.1

(95%-CI �63.8 to �16.3), p¼ 0.001), which remained

significant after adjustment for multiple testing

(p¼ 0.027). According to these data, each 10%

decrease in methylation of CpG22 within the promotor

region is associated with an increase of the SLEDAI

score by 4 points (Figure 2(a)). Similarly, hypomethy-

lation of CpG17 within the promotor region was asso-

ciated with an increased SLEDAI (b¼�30.5 (95%-CI

Figure 1. Proportion of methylated CpGs within CD40L. Fraction of methylated CpG sites (columns representing distinct CpG sites)
of the CD40L promotor and enhancer region from CD4þ-T-cells of 59 women with systemic lupus erythematosus (rows) with
respect to the Systemic Lupus Disease Activity Measure (SLEDAI, right hand side). Blue indicates higher methylation rate and red
lower methylation rates. Of note, decreased methylation rates at CpG22 (indicated by less blue and more yellow coloring) were
associated to higher SLEDAI scores (b¼�40.1 (95%-CI �63.8 to �16.3), p¼ 0.001).
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�58.1 to �2.8), p¼ 0.03), which however did not main-
tain level of significance after adjustment for multiple
testing (p¼ 0.6). In contrast, hypomethylation of
CpG11 of enhancer region 2 was associated with a
lower SLEDAI (b¼ 15.0 (95%-CI 0.3 to 29.7),
p¼ 0.046), which however did not maintain level of
significance after adjustment for multiple testing
(p¼ 0.9).

Concerning anti-dsDNA, hypomethylation of
CpG15 was associated at a considerable effect size
with increased anti-dsDNA (b¼�2309.3 (95%-CI
�4231.2 to �387.4), p¼ 0.02), which did not maintain
significance after adjustment for multiple testing

(p¼ 0.4). Similar effect sizes were noted for hypome-
thylation of CpG22 and CpG17, but level of signifi-
cance was not reached (b¼�1171.5 (95%CI �3018.7
to 675.7) and b¼�1220.9 (95%-CI �2903.2 to 461.5),
respectively).

Concerning measures of systemic inflammation,
associations of increased CRP with CpG17 hypome-
thylation was noted (b¼�5.6 (95%-CI �8.9 to
�2.3), p¼ 0.001), which remained significant after
adjustment for multiple testing (p¼ 0.029). According
to these data, each 10% decrease in methylation of
CpG17 within the promotor region is associated with
an increase of the CRP by 0.56mg/dl (Figure 2(b)).
Similarly, hypomethylation of CpG22 was associated
with an increased CRP (b¼�4.2 (95%-CI �7.3 to
�1.0), p¼ 0.01), which however did not maintain
level of significance after adjustment for multiple test-
ing (p¼ 0.2).

Discussion

Hypomethylation of immune cells, particularly T-cells
is increasingly recognized as an important promotor of
disease activity and susceptibility in SLE patients.10,14

In particular, hypomethylation of the physiologically
silenced x-chromosomal genes such as CD40L may
explain part of the preponderance of SLE in
women.16 Since the extent to which gene silencing is
achieved often crucially depends on the site of the
methylated CpG,19 we performed methylation fine-
mapping of CD40L in CD4þ-T-cells from women
with SLE in the present study. While no effect of
global measures of hypomethylation to SLE disease
activity measures were noted, hypomethylation of dis-
tinct CpGs at position 17 and 22 of the promotor
region displayed a considerable effect. In line with
this observation, demethylation of CD40L promotor
but not enhancer regions tended to be proportional
to SLE disease activity measured by the SLEDAI in
a seminal study on the subject, albeit including only a
small number of patients.16 Hence, the study did not
attempt to compare different CpG sites within the pro-
motor or enhancer region as to their impact on disease
activity.16 Measures of hypomethylation have been
explored as biomarkers.10 According to our study,
these efforts may have to take the exact site of the
methylation into account, even though potential phe-
notypic consequences of hypomethylation such as dis-
tinct T-cell subsets also show promising potential in
this regard.14 Indeed, genome-wide methylation studies
have shown that phenotypic differences arise from
diverse methylation patterns.2,7 Interestingly, hypome-
thylation of 2 CpG sites within the promotor region
were associated with increased disease activity (i.e.
CpG22 and a trend for CpG17), while a contrary

(a)

(b)

Figure 2. Associations of hypomethylation with clinical param-
eters. 2 A, each 10% decrease in methylation of CpG22 within the
promotor region is associated with an increase of the SLEDAI
score by 4 points. 2B, each 10% decrease in methylation of
CpG17 within the promotor region is associated with an
increase of the CRP by 0.56mg/dl.
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trend was observed for CpG11 which is located in an
enhancer region. In general, hypomethylation favours
gene expression in case it occurs in the promotor
region,4 which is in line with our observations.
However, the same rule applies to enhancer regions,4

and this is in contrast to our above results. However,
demethylating events in case of transcription factor
binding have been described,26 an observation which
weakens this general rule.4

Of note, global hypomethylation of CD40L promo-
tor or enhancer region does not seem to be specific to
female SLE patients, as similar changes have been
noted in female rheumatoid arthritis27 and systemic
sclerosis28 patients as well. Similarly, autoreactive T-
cells overexpressing genes normally surpressed by
methylation can not only be found in SLE, but also
in other autoimmune rheumatic disorders such as rheu-
matoid, systemic sclerosis and Sj€ogren’s syndrome.14

CRP values are generally not regarded as suitable
markers of disease activity in SLE,29 although elevated
hsCRP values are found in SLE patients, and certain
disease manifestations such as serositis, arthritis, and
myositis are often accompanied by raised values in the
absence of infection, representing systemic inflammato-
ry activity.30 However, both hsCRP and the soluble
form of CD40L are markers of an increased cardiovas-
cular disease burden21,31 which in turn is a leading
cause of death in SLE nowadays.22 In the present
study, hypomethylation at CpG17 of the CD40L pro-
motor was significantly associated to higher hsCRP
values. The reason for excess mortality from cardiovas-
cular disease in SLE which is unexplained by cardio-
vascular risk factors it thought to result from systemic
inflammation and immune dysregulation.32 In our
cohort of patients with rather long-lasting SLE, the
reported association of hypomethylation of CD40L
and subclinically elevated CRP (i.e. in the normal
range, Table 1) is therefore intriguing, as it might indi-
cate that epigenetic changes at CD40L may influence
both SLE disease activity and systemic inflammation
and link them to cardiovascular disease burden.
These mechanisms deserve further research.

There are some draw-backs to the study: all SLE
patients included had established disease with a
rather long disease duration, were heterogeneously
treated, and had heterogeneous organ manifestations.
We cannot exclude that newly diagnosed or treatment
naı̈ve patients may differ in their CD4þ-T-cells CD40L
methylation pattern, or that treatments administered
biased results, although we did not observe such an
association in the present study. Moreover, the study
was cross-sectional. Although methylation patterns are
generally established during early embryonic develop-
ment, and only roughly 10% of CpGs display varia-
tions of their methylation status over time4 we cannot

exclude that a longitudinal surveillance of the CD40L

methylation status may render useful information

regarding the individual disease course, potentially

even predict flares. In this regard, methylation of cer-

tain genes (CD3Z), but not others (VHL) have been

reported in a longitudinal study on SLE patients with

relevance to clinical disease activity.33 The mechanisms

of potential variations in methylation and their impact

on SLE disease activity are not sufficiently under-

stood.4 Moreover, site-specific analyses of hypomethy-

lation are technically demanding. For a wide-spread

clinical use, more readily available tests may have to

be developed based on the current data. One such

example is the identification of a distinct autoreactive

T-cell subtype which is likely a consequence of hypo-

methylation as demonstrated by Strickland et al.14

In conclusion, site-specific hypomethylation of

CpG17 and CpG22 of the CD40L promotor in

CD4þ-T-cells shows associations with SLE disease

activity measures in female SLE patients.
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